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Abstract

Attosecond physics is becoming an established methodology for directly prob-
ing the fastest processes in nature. Attosecond optics is enabled by strong
field phenomena and relies on ionization and control of electron wave-packets
in a very rapidly oscillating optical field. Consequently, strong field ioniza-
tion is the starting point of all typically studied strong field phenomena, such
as above threshold ionization (ATI), coherent and incoherent Xray genera-
tion and THz emission from laser plasmas. When a strong periodic driving
field suppresses the binding potential of an electron in an atom, molecule or
crystal, the electron can tunnel out to become a quasi-free particle within a
tiny fraction of the driving optical cycle of the laser pulse twice per optical
cycle near the peak of each prominent half cycle. This thesis describes novel
tools and methods for controlling the ionization via shaping of the light wave-
forms on a sub-cycle level. For the measurement of the ionization dynamics
optical methods are developed that rely on the detection of secondary radi-
ation emitted in the THz and XUV spectral ranges. As suggested by Brunel
two decades ago, the sharp bursts of electrons ejected into the continuum
at the peaks of optical half cycles correspond to many orders of optical har-
monics of the driver frequency. For a symmetric optical cycle, the ionization
bursts of equal strength occur twice per optical cycle leading to the emis-
sion of odd-numbered harmonics spaced at twice the driver frequency. By
adding a field that is twice or half the frequency of the fundamental field it
is possible to break the symmetry of the positive and negative field crests
enabling the emission of even harmonics. A particularly interesting is the
lowest-frequency emission peak that can be interpreted as a “zeroth” order
harmonic sideband corresponding to the THz wave emission. In this thesis
a novel scheme is described where incommensurate frequency two-color field
can generate temporally modulated electric micro-currents in plasma which
allow tuning of the central frequency of the THz sideband.

The Brunel model was initially proposed to explain the high-order har-
monic generation (HHG) in the XUV spectral range. However, the key pro-
cess behind the emission of these very high order harmonics, well above the
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ionization potential of an atom, is the recollision with the parent ion. In the
so-called simple man’s model, the electron ejected into the continuum is ac-
celerated by the laser field and upon its return to the parent ion a high energy
photon is emitted. Optimization of HHG is a very active field of research, as
it is a promising table-top source of coherent XUV and soft X-Ray radiation
packed in extremely short pulses. However the main issue is low generation
efficiency. The extremely short time window of this process that takes place
within a fraction of half-cycle of the optical field, makes it difficult to control
and tailor HHG process. We describe a method for the generation of intense
waveforms that allows controlling the electric field on the attosecond time
scale and it is based on Fourier synthesis of the light wave composed from
several infrared color pulses. These cycle-sculpted waveforms are used for
controlling the ionization bursts and subsequent trajectory of the electrons
that are emitted in the continuum in a way that they are most efficiently
accelerated and return to the ion therefore improving the efficiency of HHG
and extending the cut-off toward higher photon energies.

These multi-color waveform shaped pulses allow high degree of control
over the HHG process, but it is repetitive and the attosecond pulse emission
occurs many times per laser pulse. In order to limit the attosecond XUV
bursts to just one per laser pulse and still be able to control the field of the
pulse, a single cycle ultrashort pulses are necessary for driving HHG. We
describe a novel pulse self-compression scheme that allows 20-fold shortening
of pulses in the IR spectral range down to sub-cycle duration. The scheme is
based on a Kagome lattice hollow core photonic crystal fiber. Upon nonlinear
propagation of the pulse in the fibre due to anomalous dispersion of the
waveguide that compensates the positive chirp induced by the self phase
modulation, the pulse shortens by itself in a very compact setup and allows
high degree of integration into a HHG setup.

The main results presented in this thesis can be summarized as follows:
A concept of multicolor driver pulse synthesis based on spatial and tem-

poral superposition of waves from an optical parametric amplifier is proposed
and demonstrated. Both the absolute (CEP) and relative phase of the con-
stituent pulses at every carrier frequency is controlled. To this end, both an
active phase-locking of the femtosecond pump laser and the passive phase
lock resulting from the operation of a white-light-seeded OPA are employed.

Continuous tunability of THz emission from a two-color-driven laser plasma
is theoretically predicted and experimentally verified by means of a CEP-
locked parametric generator of two incommensurate optical driver frequen-
cies.

A unified view on the generation of low-order sideband (THz emission)
and higher-order optical sidebands (low-order harmonics emission) from a
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laser-driven plasma is developed based on a fully quantum-mechanical de-
scription of continuum-continuum transitions for ionized electrons as an ex-
tension of the earlier semi-classical Brunel model.

Active CEP stabilization is realized for the first time on a multi-millijoule
femtosecond Yb-doped amplifier. A new forward CEP stabilization technique
is proposed and demonstrated on a multi-kHz repetition-rate Yb-doped am-
plifier.

A possibility to optimize the HHG average spectral brightness and ex-
tend the spectral cut-off by means of engineering the electron trajectory in a
multicolor-shaped optical cycle of a linearly-polarized driver pulse has been
demonstrated experimentally and confirmed theoretically. Substantial in-
crease of the peak intensity of the corresponding attosecond XUV bursts in
the time domain is predicted.

An efficiency and bandwidth improving concept for femtosecond OPA
driving with shaped femtosecond Yb-pulses is proposed and demonstrated.
Based on the phase-only pulse shaping, the technique yields a chirped top-hat
pulse for OPA pumping while enabling, simultaneously, a fully compressed
pulse required for efficient generation of the white-light seed for the OPA.

Generation of externally and self-compressed pulses from a novel type
of a gas-filled hollow waveguide – a Kagome-lattice photonic-crystal fiber –
was explored as a means of increasing the pulse intensity and reducing the
number of optical cycles of the driver laser. A sub-single-cycle transient was
generated at the wavelength of 1.7 µm, which enabled XUV emission in a
single isolated attosecond burst regime as evidenced by the observation of a
continuous XUV spectrum free of harmonic modulation.
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Chapter 1

Introduction

1.1 Outline of the thesis

The thesis consists of eight chapters that describe mainly experimental work
on ultrashort pulse generation in a wide range of electromagnetic radiation
spectrum ranging from very low frequency THz pulses up to XUV pulse
trains generated via High order Harmonic Generation (HHG). A key element
behind these experiments is the source that can generate intense waveforms
synthesized from several infrared femtosecond pulses. A substantial effort
was dedicated to the development of such a source, various aspects of which
are detailed in this thesis. The thesis is organized as follows. First chapter
serves as a basic introduction to the main processes in high field physics and
describes one particular experiment that was done as part of this thesis. One
of the key parts of the work is the demonstration of waveform shaping on the
sub-cycle time scale. The intense (reaching 1014 W/cm2) waveforms were ap-
plied for driving THz generation in the ionizing regime and coherent control
of electron trajectories in HHG. All the experiments are based on two under-
lying laser technologies: carrier envelope phase (CEP) control of the pulses
and optical parametric amplification (OPA). The work presented in this the-
sis describes several new schemes for efficient CEP control of high power Yb
based laser systems and improvements of OPAs by a novel rectangular pulse
shaping scheme. The concept of sub-cycle control of the light fields is ex-
tended to THz spectral range allowing the generation of tunable frequency
THz emission in plasma driven by incommensurate frequency fields. Finally
the generation of very short light transients in a specialty photonic crystal
fiber (PCF) down to less than a cycle of a period of the light oscillation is
described.
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1.2 Introduction
Advances in ultrafast laser technology allowed generation of pulses with in-
tensities that reach electric field strengths comparable to the Coulomb field
in atoms. Because the field occur twice per optical cycle and response of
matter to such intensities is extremely fast and nonlinear with respect to
the instantaneous field strength, direct observation of attosecond dynamics
became possible, giving rise to the new research field of attophysics [1]. An
electric field competing in its strength with binding forces can significantly
modify the binding potential seen by outer valence electrons, allowing their
release into the continuum. Liberation of an electron by the laser field from
its bound state is the primary step in strong field – matter interaction [2].
Tunnel ionization and subsequent acceleration of the liberated electron lead
to prominent phenomena like above threshold ionization (ATI) [3] or THz
field generation [4]. Some trajectories allow the electron to return to the
parent ion where it can recombine to the ground state emitting high energy
photons, the process known as high order harmonic generation (HHG) [5].

Traditionally, the required field strengths are achieved by using ultrashort
laser pulses with a sinusoidal carrier wave. The shape of the waveform de-
termines the instances of ionization and the trajectories of released electron.
For a sinusoidal carrier wave, this dependence famously results in the 3.17Up

maximum kinetic energy of a rescattered electron being converted into the
highest HHG photon energy [5, 6] as a direct consequence of controlling
a returning electron wave packet trajectory with a harmonically oscillating
electric field.

The highest peak power of an ultrashort laser pulse is achieved through
pulse compression, i.e. elimination of group delay for all colors comprising
the pulse [7]. Field evolution control, performed either through tailoring
the pulse envelope or through shaping the optical cycles, provides access to
changing the outcome of complex strong field matter interactions. Control
on the femtosecond time scale can be achieved by tuning the envelope of the
driving laser pulse [8]. Control on the attosecond, or, sub-cycle time scale
requires shaping the optical cycle of the carrier wave. Basic field shaping
methods, without mentioning polarization coding methods are the chirping
of the carrier wave [9], control of its phase under a few-cycle envelope [10],
or coherent addition of low-order harmonics [11]. The latter method cor-
responds to Fourier synthesis of an optical waveform. The capacity of the
lower harmonic superposition method, a steep decrease in the generation ef-
ficiency and the fact that harmonics quickly reach the UV region which is
undesirable for driving strong field phenomena. An important improvement
of this multicolor method will be to efficiently generate Fourier components
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down-converted rather than upconverted from the laser frequency. Optical
parametric amplification [12, 13] is an efficient and well-developed technology
to realize such synthesis.

In this thesis multi-color sub-cycle shaping of intense laser fields is de-
scribed that allows direct control of strong-field dynamics. Firstly, the tunnel
ionization is reviewed which is the initial step behind most of the strong field
processes and attosecond dynamics [14]. The direct observation of the ioniza-
tion is shown to be possible using optical and THz range detection schemes.
The final part of this chapter describes the control of the trajectories of
the ionized electrons for tailoring HHG which is applied for improving the
efficiency and extending the cut-off of the generated XUV radiation.

1.2.1 Strong-field ionization

The ionization rate and timing can be controlled via sub-cycle shaping of
the waveform. As suggested by Keldysh in his theoretical work [2], a valence
electron can tunnel through the binding potential barrier, modified by a
strong laser field. Since the probability of ionization reaches its maximum
near the peaks of the electric field, ionization is predicted to be confined
to short intervals of time, lasting a fraction of a half cycle of the light field
oscillation. Typically, the tunneling ionization (TI) regime is defined to occur
when the Keldysh parameter

� =
!L

p
2meIp

|qe|E0
(1.1)

is much less than unity � ⌧ 1 (!L – laser carrier frequency, E0 – amplitude
of the electric component of the light field, Ip – ionization potential of an
atom, me and qe – electron mass and charge respectively). Corrections due
to Coulomb effects that are neglected in the original theory of Keldysh were
introduced by Perlemov et al. in the so-called PPT model [15, 16]. In
the limit when � approaches zero, the PPT model corresponds to tunneling
through a static barrier described by ADK model [17]. Yudin and Ivanov
suggested that tunneling remains significant even for � greater than one [18].
More recently the sub-cycle ionization theory was later extended to solids
[19]. The case, when � ⇡ 1 corresponds to the non-adiabatic tunneling
regime. Since in this regime the corresponding tunneling time is on the order
of the optical half-cycle, the binding potential formed by the atomic field and
oscillating laser field varies during tunneling in this regime. In the regime
of TI, the probability of ionization is extremely sensitive to the amplitude
of the electric field since only a sufficiently strong field can cause substantial
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modification of the binding atomic potential. Consequently, the ionization
rate becomes strongly sensitive to the absolute phase of the light pulse, which
leads to the expectation that the ionization yield reveals a step-wise profile
on a sub-femtosecond time scale where each step is locked to a half-cycle
of the laser field. Such a behavior of the ionization yield has been recently
visualized in an elegant time-of-flight spectrometry measurement [20] where
the attosecond steps in the ion yield were detected using an isolated soft X-ray
attosecond pump pulse and a few-cycle optical probe. It also demonstrates
that the tunneling regime of ionization remains significant even at � values
greater than unity (as it was predicted in [18]) since � ⇡ 3 was used in the
experiment.

1.3 Scope of this thesis
The main motivation of this thesis is the control the light waves on the time
scale of a fraction of a cycle. In general, atoms, molecules and solids can be
ionized in many different ways and the ionization process can vary greatly
on the time scale. For example, laser induced optical breakdown can take
place on the time scale of nanoseconds (10�9 s) in case of long laser pulses
[21]. Such ionization has been extensively studied since the advent of a laser,
however, the mechanism behind it is hardly controllable due to probabilistic
nature of avalanche ionization. This thesis is focused on controlling motion of
electrons in atomic and molecular systems - some of the fastest processes in
physics. Unlike in perturbative nonlinear optics where dynamics are driven
by the envelope of femtosecond pulses, strong-field physics and attosecond
optics rely on ionization and charged particle control in the continuum driven
by the optical field oscillating at PHz frequency. Novel tools, sources and
methods that allow studying dynamics taking place on a sub-cycle time scale
are required in order to study and control these ultrafast processes. Shaping
of the optical single cycle pulse within a contiguous bandwidth spaning more
than an octave is very challenging. We adopted a Fourier synthesis approach
for synthesizing an intense optical waveform with highly controlable shape
of the field on a very short time scale.

Firstly, ionization detection using optical and electron methods is intro-
duced in chapter 2. This involves detection of new frequencies due to TI
induced stepwise increase of electron density and directional electron cur-
rent. A more sophisticated scheme based on high order harmonic generation
described in chapter 3 allows probing the electron wavepacket upon its rec-
ollision with the parent ion and provides additional information about the
kinetic energy of the EWP which can be mapped onto the emitted high order
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Figure 1.1: An illustration of ionization in a strong laser field that can be
viewed as tunneling through a barrier formed by the addition of potential
slope caused the laser electric field (shown as the red curves) and the atom’s
Coulomb potential. After ionization, the motion of the freed electron (black
line denotes electron trajectory in panel (a)) is forced by the laser’s electric
field, and thus the freed electron can come back to its parent ion with a high
kinetic energy and recombine. Upon recombination a high energetic photon
(shown as the purple arrow) is emitted (a). However, the recombination
probability is low, and thus most freed electrons remain in the continuum
and gain energy until the laser pulse has passed (b). Non-returning electron
trajectories are shown as green lines in panels (b) and (c). Generally, the
electron emission is symmetric with respect to the laser polarization direc-
tion. This symmetry can be broken by adding a second laser field with an
appropriately chosen different color and phase (shown as blue line in panel
(c)). The asymmetric electron emission can give rise to emission of a strong
low-frequency (THz) pulse.
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harmonic spectrum.
Since TI is sensitive to the field and not just intensity of the light field,

these ionization and motion control methods require precise control of the
electric field shape. In order to produce waveforms reproducible from one
laser pulse to another, it is necessary to stabilize the CE phase of these
pulses. Chapter 4 describes CEP stabilization of Yb laser systems. The Yb
laser technology has attracted a lot of attention due to capacity to generate
ultrashort pulses at high average power [22, 23]. This is a promising route
toward development of high flux table-top XUV sources. In order to generate
high order harmonics in the soft X-ray spectral range, one has to use longer
wavelength pulses for driving HHG. Longer wavelength field allows more time
for the electron to be accelerated and yields to higher kinetic energy upon
recollision Emax which scales quadratically with the driving laser cycle period
Emax / �2. Scaling of the driving laser field wavelength has been successfully
used for pushing the cut-off toward high photon energies [24, 25], however,
this comes at an expense of a severe drop in efficiency of the single atom. In
chapter 3 a novel scheme is explored based on precise multi-color waveform
synthesis, where the electron trajectory is manipulated in such a way that
yields higher cut-off of the emitted high order harmonics without the loss
of efficiency. On the contrary, unlike the single color driven HHG, in the
multi-color optimized field case the efficiency is improved, because most of
the electrons emitted at the peak of the field correspond to trajectories that
return to the ion and produce useful emission in the form of high order har-
monics. The generation of these multi-color waveform transients in the IR
spectral range relies on the nonlinear frequency conversion and parametric
amplification of light pulses. Parametric amplification of ultrashort pulses
is a very powerful technique, however, it comes at a price of limited conver-
sion efficiency. Chapter 5 describes a method for improving the conversion
efficiency of the OPA via pulse shaping and production of temporally rect-
angular pulses for pumping of a parametric amplifier. Combined with the
high power Yb laser technology this is a step toward improving the photon
flux of HHG based XUV sources.

The multi-cycle repetitive waveforms allow studying sub-cycle dynam-
ics and recovering the recolliding EWP or controlling the direction of the
current induced directional current which yields THz emission. However,
for studying processes that are longer than the cycle of the field, an iso-
lated attosecond pulse is required. Production of these pulses relies on pulse
post-compression. One novel scheme for the generation of sub-cycle pulses is
described in chapter 8. It is based on pulse self-compression in a hollow core
photonic crystal fiber. The key ingredient in this pulse compression scheme
is Kagome lattice fibre that has optimal dispersion profile in the anomalous
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dispersion regime and supports bandwidth spanning over one octave. Firstly,
optimization of Yb laser amplifier pulse spectrum broadening in the positive
dispersion regime in such fiber is presented chapter 7. Pulse post-compression
in hollow core capillaries [26] in the positive dispersion regime is routinely
used for the generation of few-cycle pulses. However, it requires compensa-
tion of chirp which is difficult to achieve over very wide bandwidth. Pulse
self-compression in the anomalous dispersion regime is explored in chapter
8. In this case the positive chirp due to self-phase modulation is compen-
sated by the anomalous dispersion of the waveguide and yields pulse that
shortens by itself while propagating through the waveguide. We confirmed
that this scheme is capable of producing pulses with sufficient peak power
by demonstrating ATI electron steering and HHG experiments using these
pulses.



Chapter 2

Optical and electron detection of
ionization

2.1 Introduction

The direct observation of the ionization in gaseous media by few-cycle pulses
was performed in [20] by means of a time-of-flight measurement. This method
is currently successfully used in attosecond physics [27, 28] for investigation
of different intra-atomic and intra-molecular process in gases [29] and solid
surfaces [30]. This technique implies the detection of charged particles (elec-
trons or ions) that have escaped from the interaction volume and is applicable
for gaseous media or solid surfaces. However, it cannot be used for investiga-
tion of ionization processes in volume of bulk materials. Therefore, for such
materials another method which is not based on direct detection of ionization
products has to be developed.

Recently, an all-optical approach for investigation of ionization dynamics
in transparent media has been devised, which is based on the detection of a
time-resolved optical signal which uniquely originates from the electron tun-
neling [31]. This method utilizes a non-collinear optical pump-probe scheme,
where ionization dynamics created by a few-cycle pump pulse is read out by
a probe pulse in the form of new spectral components. The non-collinear
pump-probe scheme allows discriminating between the delay-dependent sig-
nal in the direction of the probe pulse, originating from ionization, and all
possible signals generated through the nonlinear response of the medium.
From the nature of TI, one can obviously expect that new frequencies are
generated spaced by twice the optical frequency of the ionizing field. This
behavior was first proposed by F. Brunel in 1990 [32], as a mechanism to
explain high harmonic generation (HHG). Although later it was shown by
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P. Corkum [5] that HHG is better explained by recombination of accelerated
electrons after TI (see also Figure 1.1), investigation of harmonic generation
following the mechanism proposed by Brunel can offer more insights in the
dynamics of TI in the adiabatic regime.

In the pump-probe scheme, it is not required that the pump and probe
fields have the same frequency. Thus one may expect that the ionization
profile read out by the probe field gives rise to sidebands separated by twice
the optical frequency of the pump field with respect to the frequency of the
probe field: !sb = !pr ± N · 2!p, where N is an integer number. When
the polarization of the probe field is the same as the polarization of the
pump field, and the fields propagate together in the same direction, the
modulation on the pump field caused by the probe causes a modulation of
the ionization rate, which results in the generation of even more frequencies.
The implications of this insight are reviewed in Figure 2.1.

In this chapter, experimental results are presented on the detection of
ionization via measurement of optical signals induced by TI in different fre-
quency ranges, and a theoretical model of the generation of new optical
frequencies in media ionized by a high-intensity laser field. Firstly, a semi-
classical framework is introduced that describes TI in a multicolor laser field
and a quantum mechanical interpretation. Several experiments supporting
our model are presented. The scheme consists of two pulses, one relatively
strong (pump) and an additional weaker field (probe). When the probe beam
has the same polarization as the pump, and has a frequency close to half the
pump frequency, TI can be suppressed at every other half-cycle, similarly to
when the probe frequency is close to the pump second harmonic. In such a
case, a sideband close to zero frequency can be observed from gaseous media
in the adiabatic TI regime [33]. Such a scheme offers great prospects for
broadband and high peak amplitude THz-pulse generation. Here it is shown
that the frequency of the THz sideband can be continuously tuned by tuning
the frequency ratio of the two color field. More in-depth discussion on fre-
quency tunability of THz pulses generated in plasma is provided in chapter
6. Our experimental observations are in good agreement with calculations
of the optical response from the ionized medium using semiclassical two-step
model. Finally, we show that the directional current in gases induced by
incommensurate frequency fields can be directly detected using a so-called
stereo-ATI electron spectrometer [34, 35, 36]. A classical description of the
electron current following TI in a multi-color laser field can at the same time
accurately describe the electron kinetic energy spectrum, and the generation
of new frequencies from an ionized medium. We also show that the low en-
ergy electron spectrum may be used for a more robust carrier-envelope phase
detection scheme, since the electron yield at low kinetic energies is orders of
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magnitude higher than at high kinetic energies.
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Figure 2.1: Sideband generation due to tunnel ionization effects. In a
monochromatic laser field, due to tunnel ionization, odd-order harmonics
are generated (a). When a weak second laser field is added with a slightly
different frequency, sidebands spaced by twice the stronger laser field’s fre-
quency are generated relative to the weak field’s frequency as well (b). When
the weak laser field’s frequency is equal to half the frequency of the strong
field, the tunnel ionization is enhanced every other half-cycle of the strong
field. The induced asymmetric emission gives rise to sidebands spaced by
exactly once the frequency of the strong field, and thus a field with almost
zero frequency, i.e. THz emission can be observed as well (c). By tuning the
weak field’s frequency away from 1/2 the strong field frequency by �!, the
frequency of the generated THz sideband is shifted by 2�! (d).

2.1.1 Semiclassical model of electron emission and side-
band generation in a two-color field

The semiclassical model of Brunel harmonic emission [32] provides an intu-
itive description of the mechanism of the process. It is based on microscopic
electron current production in a field. Brunel proposed a model initially
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aiming to explain high order harmonic generation. More recently it was
shown that the superposition of two colors, namely fundamental frequency
and the second harmonic of the laser field, induces a directional current and
the model is used to explain the strong THz pulse emission in plasma [37].
In the high-intensity regime, the ionization of atoms or molecules can be de-
scribed as a tunneling of an electron through the barrier into the continuum.
Quantitatively this is calculated using the ADK tunneling rate formula [17].
After the electron is released into a continuum, it is treated as a classical
particle and is accelerated in a laser field. The velocity of an electron in a
laser field E(t) is given by

v(t) =
qe
me

ˆ t

t0

E(t
0
)dt

0
. (2.1)

The resulting laser-field induced electron current density is then calculated
by integrating:

J(t) =
q2e⇢

me

ˆ t

�1
dti�(ti)

ˆ t

ti

dt
0
E(t

0
), (2.2)

where � is the tunneling rate, ⇢ is the density of gas, qe and me are the charge
and mass of an electron. The emission of electromagnetic field is related to
the acceleration of the charge and is therefore proportional to the derivative
of the induced current density J(t):

ETHz /
dJ(t)

dt
. (2.3)

2.1.2 Quantum mechanical treatment of Brunel emis-
sion

The classical interpretation of the emission by the induced electron current
although intuitive, is not rigorous and does have serious limitations. On the
other hand full ab initio numerical integration of time-dependent Schrödinger
equation was performed to calculate THz emission [38, 39] and shows a good
agreement with the experimental data. Initial steps were done to apply a
strong field approximation for the calculation of the THz emission using an-
alytical quantum mechanical model [39]. Here we show that there is a bridge
between the classical model of the emission due to strong field ionization and
charge motion in the laser field and the free-free transitions in the quantum
mechanical interpretation. The semiclassical treatment by Brunel is based on
several approximations. First, only the interaction of the free electron with
the laser field is considered, the Coulomb potential of the core is neglected.
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The model describes the electromagnetic wave emission that arises from the
current J induced by the laser field. The emitted electric field is proportional
to the derivative which is can be expressed as a product of the ionization
rate and the laser field:

J̇ / EL(t) · n(t), (2.4)
where EL(t) is the laser electric field and is the time-dependent electron
density. In the limit of small depletion and strong field regime the free
electron density can be expressed as n(t) = N

´ t
�(tt)dt

0 , where N is the
density of the atoms or molecules and �(t) is the static ionization rate. From
the quantum mechanical perspective, the induced dipole moment is:

d(t) =
D
 (t)|d̂(t)| (t)

E
. (2.5)

The wavefunction of the whole system can be separated into continuum
and bound wavepacket parts  =  b+ c. Similar to the semiclassical model,
let us consider only the free electrons and replace the full wavefunction with
the continuum wavepacket  c. The derivative of the current is associated
with the second derivative of the dipole moment:

d̈(t) = h c(t)|Ftotal| c(t)i, (2.6)
where Ftotal is the total field acting on the electron wavepacket, which can be
separated into two parts: Ftotal = FL + Fcore. The first term corresponds to
the force acting on the electron by laser field and the second term is the force
due to interaction with the core. By neglecting the latter term, the dipole
acceleration becomes:

d̈(t) = FLh c(t)| c(t)i. (2.7)
The right hand side of the equation is just a probability of ionization

times the force of the laser field FLWc(t). Since n(t) ⇡ NWc(t), we see that
the expression (2.7) is essentially the same as the derivative of the electron
current (2.4) in the semi-classical treatment, which means that the emission
mechanism proposed by Brunel arises due to continuum-continuum transi-
tions.

2.2 THz sideband generation from gas
The same ideas that were demonstrated for the odd-harmonic generation
experiments in solids and gases [31, 40] can be seamlessly extended to ex-
plain the emission of low-frequency sidebands in the THz range. In fact, the
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process can be treated as a special case of wavemixing based on transient
nonlinearities and as suggested in Ref. [41] can lead to the emission of THz
“Brunel sidebands”. Mixing the fundamental field with its second harmonic
breaks the symmetry of the cycle and yields to the emission of even har-
monics in addition to the odd harmonics. In addition to even high order
harmonic generation, this was exploited for the generation of THz pulses in
plasma by Cook and Hochstrasser [42]. There exist several interpretations
of the process. Originally, the emission of the strong THz transients was
attributed to a four wave mixing in air. Later, however, it was shown that
the THz emission directly relies on the production of laser induced plasma
[33]. In a semi-classical two-step model, the second color acts as an “AC
bias” by breaking the symmetry of the optical cycle and yields production
of directional electron current. This directional electron burst was directly
observed by means of ATI spectroscopy [43]. This THz generation scheme
serves not only as a tool for studying of ionization processes, but also as a
practical tunable frequency THz source described in details in chapter 6.

2.3 Mapping of electric current with ATI spec-
troscopy

In addition to the optical detection described in the previous sections, the di-
rectional current induced by asymmetric field composed of incommensurate
frequencies was also measured directly using electron spectrometry. Combi-
nation of several colors provides additional knobs to control the dynamics of
sub-cycle ionization. This approach was successfully applied, for example,
for the measurement of electron birth time in the HHG process [44] and iso-
lated attosecond pulse generation [11, 45]. Here this approach was extended
where incommensurate frequency infrared colors are combined to control the
timing and the trajectory of the electron in a continuum.

In this section stereo-ATI electron spectroscopy measurements in xenon
using intense two-color laser pulses are presented. A two color beam that is
composed of a strong 1030 nm and a weaker 1545 nm signal wave is focused
into a xenon gas cell. This incommensurate frequency field supperposition
yields asymmetric electric field. Since the horizontal polarization was used
in the experiments, we denote the positive and negative directions of the
E field and the resulting electron drift directions as “left” and “right”. The
intensity of approximately 0.6 ⇥ 1014 W/cm2 is reached in the focus which
corresponds to the regime where TI is a dominant process (� ⇡ 0.8). In the
strong field regime the electron wave packet evolution in the continuum is
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SPECTROSCOPY

mainly determined by the shape of the laser field and the Coulomb interaction
with the parent ion can be neglected.
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Figure 2.2: A stereo-ATI electron spectrum measurement. a) phase depen-
dent spectrum of the electrons emitted to the right, b) lineout at 15 eV of the
left and right energy spectra for different CEP phases, c) measured asymme-
try parameter dependence on CE phase and electron energy, d) CEP phase
ellipse obtained from asymmetry parameters at 55 and 75 eV energy.

The superposition of two colors leads to beating of the electric field and
can be treated as a train of few-cycle pulses with a DC offset (if the ampli-
tudes of the two fields are not equal) as ilustrated in Figure 2.3. The beat pe-
riod determines the envelope of these few-cycle pulses. In case of equal ampli-
tudes of two colors E1 = f(t) sin (!1t+ 'cep) and E2 = f(t) sin (!2t+ 'cep + 'rel)
under a laser pulse envelope f(t), the resulting field is:

E = f(t)2 sin

✓
!1 + !2

2
t+ 'cep +

'rel

2

◆
cos

✓
!1 � !2

2
t� 'rel

2

◆
. (2.8)
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Figure 2.3: An illustration of two-frequency beating described by (2.8) a)
in case of two equal amplitude fields and b) in case when the second field
amplitude is only 30% (10% intensity). For clarity 20% frequency difference
between the two fields was chosen.

In the case of combination of pulses with a wavelength of 1030 nm and
1545 nm, the synthesized field can be considered as a train of pulses with the
corresponding carrier wavelength � = 4⇡c/(!1+!2) = 1.2 µm and separated
by T = 2⇡/(!1 � !2) = 10 fs in time.

The experimental results are summarized in Figure 2.2. The electron
spectrum and a lineout at 15 eV shown in panels a) and b) are highly de-
pendent on the CEP of the laser pulse. The electron asymmetry modulation
depth at 15 eV exceeds 50%, which indicates good reproducibility of the gen-
erated waveforms. The calculated asymmetry map depicted in Figure 2.2 c)
shows the value of the normalized asymmetry parameter a = (L�R)/(L+R)
versus energy and CEP of the laser pulse. From this data the phase ellipse is
obtained by taking lineouts at two different energy windows [34, 36], which
can be used for in-situ calibration of the actual produced waveform.

Usually for the measurement of the CEP value the high energy part of
the spectrum corresponding to rescattered electrons is used. The low energy
part of the spectrum which is dominated by direct electrons, is also sensitive
to the CEP of the pulse. Here it is demonstrated that the CEP can be mea-
sured in-situ not only from the high energy part of the electron spectrum,
but also the low energy direct electrons can be used to retrieve the CEP
without ⇡-ambiguity. From the experimental data in Figure 2.4 a low energy
window can be observed where the phase of the retrieved asymmetry varies
with electron energy allowing CEP retrieval without ⇡ ambiguity. The ad-
vantage of using low energy electrons over using high energy electrons is that
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Figure 2.4: Phase ellipses obtained by taking lineouts at different positions
of the spectrum in the low energy range that is dominated by the direct
electrons. The retrieved phase on the right hand side is obtained using 11
eV and 16 eV energy windows.

the electron yield much higher allowing for low noise CEP detection without
using very high gas densities. Another advantage of using low energy elec-
trons is the better spectral resolution of time of flight spectrometers at lower
energies.

2.4 Summary
Tunnel ionization is the starting point of most of the strong field interac-
tions. In this chapter optical methods for the detection of tunel ionization
are described. Inspired by the work of Brunel [32], these methods rely on the
detection of the generated new optical frequencies due to nearly step-wise
increase of the density of the liberated electrons every half-cycle of the laser
field. In case of ionization induced by a degenerate two-color field that yields
directional current and THz emission, the direct detection of asymmetric
electron current was detected using stereo-ATI electron spectrometer [46].
The ionization effects described in this chapter rely solely on the TI and the
subsequent electron acceleration in the laser field. In the next chapter a high
order harmonic generation process that involves recollision and the release of
the EWP kinetic energy in the form of high energy XUV photon is discussed.



Chapter 3

High-order harmonic generation
with cycle-sculpted pulses

3.1 Introduction

In chapter 2 the use of asymmetric waveforms was demonstrated for control-
ling ionization and steering of the liberated electrons. Here it is shown that
these waveforms have a practical advantage for driving high-order harmonic
generation [47]. Multicolor multi-cycle driver waveform allows modifying the
returning electron trajectory and, simultaneously, accelerating the tunneled-
out electron to a higher kinetic energy compared to the case of a single-color
sinusoidal driver field [48]. Two-color high order harmonic generation has
been extensively studied in the context of HHG spectroscopy [44, 49] and
two-color gating for isolated attosecond pulse generation [45, 50, 51]. The
attosecond HHG spectroscopy is a novel tool that has been shown to re-
construct molecular orbitals [52]. Using a two-color scheme for HHG where
fundamental and second harmonic fields are cross-polarized, allows resolving
the time when an electron exits a tunneling barrier [53]. Here we focus on
the optimization of the HHG yield and extension of the cut-off toward the
high photon energy.

HHG can be qualitatively described using a so-called semi-classical three
step model [5] illustrated in Figure 3.1. The atom is exposed to a strong
linearly polarized laser field. First, an electron from the outer shell tunnels
through the barrier of the atomic Coulomb potential perturbed by the strong
laser field. The quasi-free electron then follows the electrical field oscillations
and subsequently acquires kinetic energy from it. In the case of a single-
color driven HHG the maximum achievable photon energy is given by the
well-known semi-classical cut-off law [6, 54]:
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Step 1: Tunnel
ionization

Step 2: Acceleration in
the electric field

Step 3: Recombination

U
p

I
p

Figure 3.1: Three step model of high harmonic generation.

h⌫max = Ip + 3.17Up, (3.1)

where Ip is the ionization potential of the atom and the ponderomotive energy
Up is the average electron quiver energy in the laser field:

Up =
q2e

8c3✏0me⇡2
⇥ �2 ⇥ I, (3.2)

here c is the speed of light, qe and me are charge and mass of the electron, and
� and I are the wavelength and intensity of the driving laser field. In other
words, the only available “knobs” for tuning the HHG cut-off (3.1) are the in-
tensity and wavelength of the driving laser field and the ionization potential
of the gas medium used for the generation. In the optimal conditions, the
intensity of the driving laser field is limited to the order of 1014 W/cm2 be-
cause of the rather low ionization fraction that still permits achieving phase
matching [55, 56]. One can increase the cut-off by using high-Ip gases which
allow using higher intensity before depleting the ground state of the gen-
erating medium [57], but highest Ip neutral gas available is Helium. HHG
from ion targets [58] is severely limited by the plasma defocusing and strong
phase mismatch effects. A much more promising route toward high photon
energy coherent XUV radiation generation is the use of longer wavelength
sources for driving the HHG [24]. Although the generation efficiency drops
dramatically with increasing wavelength / ��6 [59], it has been shown that
this scaling can be offset by a favorable phase matching properties at long
wavelengths [25, 60].

Here we explore a different approach for increasing the cut-off by using
multiple colors for shaping of the laser field cycle and controlling the electron
wavepacket trajectory on the attosecond time scale. In a single color case
the electrons that are ejected into continuum at the maximum of the field
(maximum ionization rate) correspond to trajectories that do not return to
the ion therefore most of the electrons that tunnel out do not contribute to
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a)

b)

c)

Figure 3.2: Different approaches for laser waveform shaping: a) shaping of
a multi-cycle laser pulse via manipulation of spectral phase, b) control of
the electric field of a single-cycle pulse, composed of broadband ultrashort
“wavelets”, by varying the CE phase, c) multi-color Fourier synthesis ap-
proach.

the harmonic signal. Only those electrons that are born after the maximum
of the field can return to the ion and generate useful HHG signal. In order
to increase the efficiency of the HHG one can engineer the waveform of the
electric field such that the electrons born at the peak of the laser field would
be efficiently accelerated and return to the ion allowing it to recombine.

Initially a shaped waveform was suggested for optimized re-colliding elec-
tron steering dubbed “the perfect wave” composed of several color pulses.
The perfect wave maximises the kinetic energy of the electron upon recolli-
sion, while keeping the corresponding excursion time short. The high kinetic
energy of the electron wavepacket upon recollision allows generation of high
harmonics with significantly higher cut-off. The efficiency is maintained by
keeping the excursion time short, which prevents the continuum electron
wavepacket from spreading. The optimum waveform or a so-called „perfect
waveform“ resembles the saw-tooth shape and can be generated via shaping
the waveform of the laser field.

An overview of different approaches for the control of a laser field is
summarized in Figure 3.2. Pulse shaping has been successfully used for
coherent control of chemical reactions [61]. These processes are relatively slow
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and take place on the sub-picosecond time scale. Generally, the shortest time
scale over which we can control processes is determined by the bandwidth of
our control signal �⌧ / �⌫�1, which in our case is the bandwidth of a laser
pulse. For example in order to control molecular motion that takes place
on the picosecond time scale it is enough to shape the envelope of a pulse
from a typical femtosecond laser amplifier as illustrated in Figure 3.2 a).
However, when we want to control processes that take place on a time scale
shorter than a cycle of the laser field, we need to have a bandwidth that spans
over one octave. There are several ways to satisfy this condition. One way
is to generate several broadband pulses so that the total spectrum covers
nearly one octave or more and a single cycle or sub-cycle pulse transient
is synthesized. Several groups are quite successfully using this approach,
however, this is quite tricky to implement and still the control over the field
shape on the sub-cycle time scale is rather limited [62, 63]. The main control
parameter in this case is the control of the CEP of the laser pulse [64].
Varying the phase of the carrier wave under the envelope of an ultrashort few
cycle pulse allows changing the field shape and controlling the ionization and
electron trajectory a little bit. This allows controlling whether two or only
a single XUV pulse is produced per one laser pulse [64]. A novel generation
scheme of such very short phase-controlled sub-cycle pulses is described in
chapter 8, however, here a different waveform control scheme based on multi-
color pulse synthesis is analysed. Our approach is to use Fourier synthesis
by synthesizing the field of discrete spectral components that individually
are significantly narrower than the gap between them. Overall this covers
a very broad bandwidth and allows high degree of control of the field cycle
shape. Here it is shown that for repetitive processes like HHG this allows
a high degree of control over the trajectory of the electron wavepacket on a
sub-cycle time scale.
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Figure 3.3: Three-color multi-cycle waveform synthesis concept with fixed
amplitudes and tunable phases [48].

The initial suggestion for this optimized re-colliding electron steering as-
sumed a combination of UV optical harmonics of a 800-nm laser and included
a near-IR sub-harmonic (1600 nm) in the numerical analysis. Here an effi-
cient and technically straightforward approach to adding Fourier components



CHAPTER 3. HIGH-ORDER HARMONIC GENERATION WITH
CYCLE-SCULPTED PULSES 21

at octave frequency spacing is implemented using a phase-locked paramet-
ric amplifier. Shaping of the waveform is achieved via delaying the phases
of the different color components and allows controlling the HHG cut-off as
illustrated in Figure 3.3.

3.2 Experimental setup

100 JYb:KGW
oscillator

Intracavity dispersion
adjustment Slow-loop

CEP control
Yb:KGW

RAStretcher
6.5 mJ

5 J

Yb:CaF2
RA
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Yb pump laser
1030 nm, 1kHz,

<200 fs, multi-mJ,
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p

 +p s  +p  +s i

2 p515 nm

Figure 3.4: Concept of a three-wave CEP-stable synthesizer for HHG driv-
ing. a) general scheme of phase-locked multi-color OPA and dichroic beam
combiner; b) collinear mid-IR CEP-stable OPA; c) a multi-mJ diode-pumped
femtosecond 1-µm CEP-stabilized pump laser.

The general scheme of the experimental setup is depicted in Figure 3.4.
We coherently combine the output from a parametric amplifier to synthesize
a multi-octave spanning Fourier components to synthesize a pulse with con-
trolled waveform. The use of frequency down conversion allows extending
the HHG cut-off to higher photon energy and avoiding multi-photon ioniza-
tion. The parametric amplifier is seeded with a white light supercontinuum
at 1545 nm which is then amplified in an OPA based on KTA crystal. We
combine the output from the OPA with a pulse from the laser together with
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its second harmonic. All these three colors are combined using dichroic optics
and sent into the HHG beam-line. The polarizations of all color components
are parallel, energies are ⇡ 0.5 mJ, and the durations of all the pulses are
comparable (170-200 fs).

In order to achieve a reproducible waveform for each laser pulse the phases
of all individual colors have to be locked. For locking of the phases of the
individual colors we combine the concepts of active CEP stabilization of
the pump laser [10] and passive CEP locking in an OPA [65] illustrated in
Figure 3.4 b). If the CE phase of the pump pulse is actively locked, at the
output of the OPA we get three waves that are mutually phase locked. In
the current state, idler wave is not used at the moment but potentially can
be used to extend the concept of the multi-color synthesis to mid-IR spectral
range.

An Yb:KGW CPA laser system is used as a front-end for a high energy
Yb : CaF2 regenerative amplifier (RA) [66]. Using an electronic phase-lock
loop (PLL), the carrier-envelope-offset phase of the amplifier chain is actively
stabilized [67]. A white-light seeded parametric amplifier is pumped with
actively CEP stabilized pulses and yields phase locked signal, pump and idler
waves that can be coherently combined. The results of the HHG driven by
three incommensurate frequency fields are summarized Figure 3.5. Firstly,
HHG was tested using 180-fs 1.03-µm pulses directly from the Yb laser.
Secondly, as a demonstration that the peak power of the system is sufficient
for energy demanding applications such as HHG, we measure HHG in argon
driven by two waves of our synthesizer individually: the signal wave at 1.545-
µm of a KTA OPA and the fundamental wave at 1.03-µm, as shown in
Figure 3.5a-b).

3.3 Results
Comparison of multi-color driven HHG to the case of individual color driver
is summarized in Figure 3.6. A first obvious effect of coherently combining
those two color components is the increase of harmonic peak density as it
is apparent in Figure 3.5c. Due to a three times larger periodicity of the
two-color field as compared to 1-µm wave and asymmetric half-cycles, the
density of the harmonic peaks increases six times. Since the amplitude of the
individual peaks drops roughly only by a factor of 2, the total flux integrated
over the spectrum of the denser-spaced harmonics increases dramatically.
Moreover, the spectrum generated using the two-color driver extends beyond
the transmission edge of aluminum filter, demonstrating that the cut-off can
be pushed above the saturation limit of the 1030 nm 180 fs pulse.



CHAPTER 3. HIGH-ORDER HARMONIC GENERATION WITH
CYCLE-SCULPTED PULSES 23

When the third color pulse is added, the HHG spectrum becomes highly
CEP-dependent and exhibits phase-dependent cut-off modulation. This CEP
dependence signifies that sub-cycle shaping is a potential tool for controlling
the dynamics of the electron in a strong laser field. The experimentally
measured spectra for different waveforms are in good agreement with simu-
lations based on strong field approximation (SFA) [68]. Also, another feature
aparent in Figure 3.6 c) is the strong dependence of the cut-off on the carrier
envelope phase of the driving laser pulse 'cep. We keep the energies of all
three color components the same and scan two phases. The relative delay
between the 1545 nm and 1030 nm components is kept constant. Instead, we
scan the CEP phase of the input laser pulse that runs through a complete set
of waveforms. Another phase between the 515 nm and the 1030 nm fields is
scanned by rotating a Brewster plate. After normalizing the spectra with re-
combination dipole spectrum we get the electron wave packet spectrum. The
extensive trajectory analysis and absolute calibration of phases is described
in Ref. [47]. Superposition of these different infrared colors with comparable
amplitudes provides a route towards a source of high XUV photon energy
and flux.

3.4 Summary
High order harmonic generation can be used as a tool for attosecond spec-
troscopy in the so-called in-situ or ex-situ configurations. In the in-situ

spectroscopy, the high-order harmonic generation process encodes the at-
tosecond dynamics in the emitted harmonic spectrum [44]. On the other
hand, in ex-situ attosecond spectroscopy, the emitted attosecond pulses, typ-
ically synchronized with an IR pulse, are used to initiate and probe ultrafast
dynamics [28]. Here a different scheme is explored based on multi-color
waveform shaping that allows controlling and extracting information about
continuum electron wavepacket. Also, the multi-color driven HHG can be
used as an optimized source of XUV radiation for ex-situ spectroscopy. The
key technological challenge behind the multi-color waveform synthesis is the
locking of CE phase and is described in detail in the next chapter.
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Figure 3.5: Multi-color HHG. Comparison of HHG spectrum generated in
Argon using single color at a) 1.545 µm, b) 1.03 µm and c) Cut-off region
of the HHG spectrum generated using two-color field composed of 1.03 µm
(!) and 1.545 µm (!/1.5) waves. The spectrum extends beyond the Al filter
transmission edge at 72.5 eV.
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Figure 3.6: High order harmonic spectra generated with phase-locked multi-
ple color pulses. a) a series of measured XUV high-order harmonic spectra
generated using three colors, which depend upon the shape of the optical cy-
cle of the generating intense infrared synthesized waveforms. The waveform
is controlled by scanning the CEP of the driving laser pulse. b) f -2f inter-
ference spectrum used for locking the CE phase. The region with slanted
line pattern corresponds to the linear ramp of the phase which is used for
the measurement of the HHG spectrum dependence vs phase. c) simulation
of the three-color driven HHG spectra CEP dependence for different relative
phases between the 1.545 µm (!/1.5) and 1.03 µm (!) waves 'rel = 0 and
'rel = ⇡/2.



Chapter 4

Carrier-envelope phase control of
laser pulses

4.1 Stabilization of the Yb:KGW amplifier

Amplification of CEP stable pulses with a reproducible waveform under the
pulse envelope is an enabling technology for a variety of strong-field con-
trol applications typified by the generation of isolated attosecond (10�18 s)
pulses and directional electron emission in above-threshold ionization. Both
actively stabilized laser CPA systems [69] and passively CEP stabilized para-
metric amplifiers [65] were reported. To date, amplified Ti:Sapphire based
laser systems delivering actively CEP stabilized few-cycle sub-mJ pulses were
successfully employed in numerous strong field experiments. Femtosecond
diode pumped Ytterbium laser amplifiers present an interesting alternative
to Ti:Sapphire because of the average power and repetition rate scalability
[70]. The importance of CEP control is obvious for quasi-mono-cycle pulses
and therefore is naturally linked to broadband Ti:Sapphire amplifiers. How-
ever, CEP control is also a prerequisite for the generation of reproducible
multicolor fields comprised of carrier waves at arbitrary frequencies [43]. Al-
though CEP-locked Yb fiber oscillators are widely used in frequency-comb
metrology [71], such oscillators are not well suited for time-domain applica-
tions due to a significant phase jitter on the order of a few Hz. In precision
frequency metrology, phase jitter does not play a dramatic role as the drift
of CEP can be measured and taken into account during the measurement.
An additional complication with dispersion managed Yb fiber systems is a
relatively low attainable pulse energy insufficient for strong field applications.
A solid-state Yb:KYW oscillator for metrology with CEP stabilization at a
160 MHz repetition rate was reported [72]. However, due to the difficulties
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with pulse picking from a high repetition rate pulse train and reduced pulse
energy, it is not suitable for seeding a kHz-repetition-rate amplifier.

Yb:KGW
oscillator

Pump
diodes

Power
supply

f-2f
interf.

Comp-
ressor

Reg.
amplif.

f-2f
interf.

PLL

Intracavity dispersion
adjustment

Stretcher

50% BS

t

φ

FI

Figure 4.1: Scheme of CEP stabilization of the Yb:KGW CPA amplifier. FI
- Faraday isolator, PLL - phase-lock-loop electronics, BS - beam splitter.

Here we describe the working of an all-solid-state CEP stable CPA laser
system [67] that is based on an ytterbium-doped potassium gadolinium tungstate
(Yb:KGW) oscillator and regenerative amplifier (RA). The energy of the
high-repetition-rate pulses is sufficient to reach the 1014 W/cm2 intensity
level with soft focusing (f=20 cm), which is ideal for experiments like above-
threshold ionization (ATI) and THz generation in plasma [43].

A general scheme of the amplified laser system and the CEP stabiliza-
tion feedback loop is summarized in Figure 4.1. The Yb:KGW laser system
is a CPA laser system based on a solid-state Kerr-lens mode-locked (KLM)
Yb:KGW oscillator which is used as a seed for the Yb:KGW RA (Light Con-
version Ltd.). The oscillator delivers 8-nJ pulses at a 75-MHz repetition
rate. Both the oscillator and RA are longitudinally pumped by 980-nm
laser-diode bars fitted with customized micro optics. Half of the oscillator
output power is split off with a beam splitter and passed through a transmis-
sion grating pulse stretcher/compressor unit to extend the pulse duration to
250 ps before injecting it into the RA. The repetition rate of the amplifier
can be continuously tuned in the 1-200 kHz range. The amplifier delivers
an approximately constant average power of 6 W at 10-200 kHz repetition
rate. The maximum energy of 1 mJ after a 80% efficient pulse compressor
is reached at 1 kHz. Central wavelength of the amplified pulses is 1030 nm.
The pulse duration is close to the transform limit and slightly varies in the
range of 175-180 fs depending on the repetition rate (1-200 kHz) due to gain
narrowing and saturation effects. The beam quality after amplification in
RA is nearly Gaussian with beam quality parameter M2 < 1.1.
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Figure 4.2: a) spectrum of the oscillator after broadening in a PCF. Inset:
spectrum of the oscillator before the fiber, b) dependence of the fceo sensitiv-
ity on the output power of the oscillator (left) and corresponding measured
integrated phase jitter (right), c) single side power spectral density of fceo
phase noise. The right axis shows the integrated phase jitter calculated using
(4.1), d) amplitude and e) phase transfer functions of the oscillator output
power alone and with an active high-pass filter connected in series.

Since the stretcher and compressor are highly dispersive elements, beam
pointing instability is sensitively reflected in the CEP noise. Due to a suf-
ficiently large gain bandwidth of Yb:KGW that supports 180-fs amplified
pulses with the spectral FWHM > 15 nm, the pulses can be stretched to
a given pulse duration using a lower chirp rate, compared to the case of a
robust but narrowband gain medium, such as Yb:YAG. Therefore, the broad-
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band Yb:KGW system is potentially superior in terms of its CEP stability
and susceptibility to external mechanical noise as a consequence of the short
grating separation distances in the stretcher/compressor.

The oscillator output spectrum (see the inset of Figure 4.2(a)) supports
FWHM 62-fs transform-limited pulses. The cavity dispersion is balanced by
chirped mirrors and finely tuned with an intracavity prism pair, which is also
used to adjust the fceo offset frequency. A Faraday isolator is installed at the
oscillator output in order to suppress parasitic feedback from the nonlinear
interferometer and the amplifier. Without the isolator, the feedback caused
additional noise that disrupted the phase lock. The remaining half of the
oscillator output power (approximately 250 mW) is directed into the nonlin-
ear interferometer (MenloSystems GmbH) for fceo detection. The oscillator
output is spectrally broadened in a 5-cm-long piece of photonic crystal fiber
(PCF) that has a zero of group velocity dispersion at 850 nm. The resultant
supercontinuum spectrum has two pronounced maxima at 1000-1300 nm and
520 nm as shown in Figure 4.2(a). The optical delay between the two spec-
tral parts is adjusted and the infrared continuum part is frequency-doubled
in a two-color Mach-Zehnder interferometer. The beat signal in the output
of this nonlinear f -2f interferometer is then detected with a fast avalanche
photodiode. Beat note signal of the unlocked oscillator is > 50 dB above the
noise floor in 20 kHz resolution bandwidth. Using a phase-lock-loop (PLL),
the carrier-envelope-offset frequency fceo is locked to a reference signal which
is a quarter of the pulse repetition rate frep/4. The feedback loop is closed
by supplying the signal from the phase locking electronics to the oscillator
laser diode driver (Newport, 5600 Series controller). A significant advantage
of an Yb DPSS Kerr-lens mode-locked oscillator over its Ti:Sapphire coun-
terpart is the possibility to control the CEP by modulating the laser diode
current with up to a multi-megahertz modulation frequency, i.e. much faster
than the system memory effect determined by the rather long 0.6 ms upper
state lifetime. The oscillator was optimized to mode lock in a regime where
the dependence of fceo on pump current is the weakest (0.01 MHz/mA). This
greatly reduces amplitude-to-phase noise coupling from the pump source (the
laser diode driver and the diode itself) [73]. The offset frequency sensitivity
to the diode current �fceo/�I is strongly dependent on the output power of
the oscillator and in our case has a minimum at around 580 mW, as shown in
Figure 4.2(b). Further increase of the output power leads to the appearance
of a CW peak in the oscillator spectrum and makes the operation of the oscil-
lator unstable. Due to power-to-phase coupling, the phase jitter � increases
with increasing sensitivity, which suggests that the noise of the oscillator can
be further reduced by suppressing the noise of the power supply electronics.

Using a specially designed electronic second-order active high-pass filter
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which improved the amplitude and phase transfer function of the oscillator,
we extended the bandwidth of the feedback loop approximately fivefold to
50 kHz, which greatly reduced the jitter of the amplified pulses. The ampli-
tude and phase of the laser power modulation were measured as a function of
modulation frequency and the filter was tuned to compensate the decrease of
amplitude and the phase lag at high frequencies. An approximate fceo trans-
fer function of the unlocked oscillator can be determined from the oscillator
output power transfer function which was measured by sweeping the modula-
tion frequency of the pump current in the 1 Hz-50 kHz range and monitoring
the oscillator output power modulation amplitude using a photodiode and a
lock-in amplifier. With the filter included in the scheme, the bandwidth of
the power modulation reaches 50 kHz at -10 dB as shown in Figure 4.2(d-e).

The phase stability of the oscillator was measured using a second out-of-
loop f -2f nonlinear interferometer (MenloSystems GmbH) with the goal to
quantify the noise level induced during spectral broadening in the PCF. The
measured power spectral density (PSD) of fceo [74] phase noise (Figure 4.2(c))
drops down rapidly at around 20 kHz, consistent with the slow response of
the laser gain medium shown in Figure 4.2(d). The integrated phase jitter
(4.1) from 10 MHz to 3 Hz corresponds to 0.16 rad.

��(f) =


2

ˆ 10MHz

f

S(f 0)df 0
�1/2

(4.1)

The fiber introduces approximately 30 mrad integrated phase jitter, as de-
duced from the comparison of the in-loop and out-of-loop measurement of
PSD, while the main part of the noise comes from the residual noise of the
pump diode power supply.

Phase stability of the amplified pulses was measured using a third out-
of-loop interferometer where spectral broadening is performed in a bulk sap-
phire plate. The interference pattern and the reconstructed phase over time
is shown in Figure 4.3(a-b). In addition to the (fast-loop) oscillator stabi-
lization, the phase drift in the amplifier is compensated using an additional
slow-loop stabilization. A personal computer is used to determine the CEP
from an f -2f spectral interferogram and to send a feedback signal to the oscil-
lator PLL electronics. A single-shot measurement of CEP with and without
slow loop is shown in Figure 4.3(c-d). To facilitate root-mean-square (r.m.s.)
phase noise characterization, the pulse repetition rate of the amplifier was
reduced to 10 kHz at which the spectrometer (Thorlabs Inc.) is still capable
of capturing a nonlinear f -2f spectral interferogram in each laser shot. The
r.m.s. width � of the CEP distribution (Figure 4.3(e)) is 0.45 rad, which
corresponds to ⇡ 250 attosecond timing jitter. The remaining phase jitter of
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the amplified pulses is due to the residual phase jitter of the oscillator pulses
and phase distortions accumulated during amplification. One important dif-
ference as compared to the typical CEP stabilized Ti:Sapphire systems in a
multi-pass amplifier configuration, is that the gain of Yb:KGW laser medium
is much lower (⇡ 1.3 per pass), which implies a large number of round-trips in
the RA cavity. This elongates the effective beam path of the injected pulse
and increases the sensitivity to the acoustic vibrations of the Pockels-cell
(PC) [75]. The number of roundtrips in 2.2 m long RA cavity was set to 20,
which is optimal for the 10 kHz repetition rate used for the measurements.
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Figure 4.3: CEP stability after amplification in RA. a) interference pattern of
the f -2f spectrum of the amplified pulses measured using an out-of-loop f -2f
interferometer, b) comparison of the phase calculated from the interference
pattern to the set-point of the phase. A saw-tooth modulation was applied
to distinguish between the intrinsic modulation in the supercontinuum spec-
trum and the CEP-sensitive interference fringes, c) single-shot measurement
of CEP of the amplified with oscillator stabilization only, d) CEP with com-
pensation of drift with a slow-loop, e) distribution of the CEPs with slow-loop
switched on. r.m.s width is � = 0.45 rad.
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4.2 Direct amplifier stabilization
Since its original demonstration over a decade ago, carrier-envelope phase
(CEP) control [74, 76] of mode-locked lasers has come of age, with a recently
demonstrated timing jitter between the carrier and the envelope pushed down
to sub-10-attosecond range [77, 78]. Despite such impressive progress, CEP
control is still limited to a rather narrow class of lasers, including Ti:sapphire
and some other selected broadband solid-state materials as well as some
mode-locked fiber lasers. Moreover, CEP control becomes increasingly com-
plex for amplified laser sources with energies in the millijoule range [79].
Typically, stabilization of a CPA laser source relies on an intricate combi-
nation of two servo loops, a fast oscillator loop and a slow amplifier loop
[10]. While the second loop is necessary to remove residual phase drift in the
amplifier, unfortunately, it also corrupts the residual phase noise in the am-
plified pulse train due to the limited feedback bandwidth as a consequence of
a low repetition rate of the amplifier and a slow readout of a nonlinear phase
meter [80]. While oscillators can nowadays be stabilized down to ⇡ 10mrad
residual CEP jitters [77], 100 mrad stability for an amplified laser source al-
ready appears to be a challenge. Here we demonstrate a direct and versatile
method to stabilize the CEP of an Yb:KGW MOPA laser system, resulting
in sub-100 mrad stability. To the best of our knowledge, this value surpasses
most previously measured CEP jitter for Ti:sapphire CPA systems as well as
previously reported stabilization of Yb-based laser systems [81, 82].

Analyzing the problems of the CEP control in amplified lasers, the mea-
surement of CEP after amplification appears to be a major bottleneck [83].
Typically, a spectral-interferometry based scheme [84] is employed for the
purpose, which requires averaging over > 10 laser shots to avoid detrimental
feedback from detection shot noise contributions. The bottleneck in this de-
tection process is the number of useful photons in the narrow SHG conversion
bandwidth of the f -2f interferometer [85, 86]. As shot-noise limited CEP
detection appears much less challenging [84] for the oscillator heterodyning
scheme [86] than for the spectral interferometry scheme used with amplifiers
[85], we chose to combine the virtues of both approaches, detecting the CEP
of a high-repetition-rate amplifier with the heterodyne scheme that has only
been applied to oscillators so far.

In our experiments, we employed a commercial Yb:KGW regenerative
CPA system (Light Conversion Ltd.) seeded by a solid-state Yb:KGW Kerr-
lens mode-locked oscillator [67], see Figure 4.4 for the general set-up. The
oscillator operates at a repetition rate of frep = 75MHz; the amplifier repeti-
tion rate famp can be freely tuned up to 1 MHz. With the latter settings, the
amplifier delivers average power of 6 W and a pulse duration < 190 fs. Our
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Figure 4.4: General scheme of the frequency synthesis for the stabilization of
a sub-MHz frequency comb from a regenerative amplifier (RA). The dashed
box indicates a part of the setup that is only necessary for an in-depth char-
acterization of amplifier noise.

CEP detection scheme is based on in-line interferometers as they are custom-
arily used for amplifier measurements, but have also been approved for use
with oscillators [87]. The optical layout of our in-loop (IL) interferometer is
shown in Figure 4.5. Supercontinuum is generated in bulk sapphire with µJ
input energy from the amplifier. The resulting white light is collimated us-
ing a spherical mirror. A pair of wedges allows for adjustment of the relative
group delay of the f and 2f components. The light is then refocused into
a BBO crystal for second harmonic generation, phase-matched at 530 nm.
This results in orthogonally polarized f and 2f components. The group de-
lay between these components is then equalized in a 10 mm long birefringent
quartz block. Finally, a polarizer heterodynes both polarizations and the
beam is spectrally filtered before photo detection. A third f -2f interferome-
ter after the oscillator was used together with a phase-locked loop (PLL) for
characterization of the amplifier noise discussed below. This interferometer
is not part of the direct amplifier CEP stabilization scheme.

The measured CEP beat note frequency fCEO at the output of the inter-
ferometer lies in the range between 0 and 500 kHz. For CEP stabilization, the
feed-forward scheme [84] is employed. This scheme is based on an acousto-
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Figure 4.5: Optical scheme of the in-line f -2f interferometer based on white
light generation (WLKG) in a bulk sapphire crystal for beat-note detection,
here P - polarizer, SM - spherical mirror.

optic frequency shifter (AOFS), which is normally directly driven at the
fundamental beat note fCEO. Given that our AOFS has a center frequency
of 300 MHz, a higher-order beat note is used fAOFS = Nfamp + fCEO, with
an integer number N ⇠ 300. In this case, direct filtering of the AOFS driver
signal becomes very challenging. Detecting the interferometer output with a
> 300MHz bandwidth leads to a tightly spaced comb. Compared to a comb
signal with frep spacing, the energy of the individual beat note is about 2
orders of magnitude lower, which leads to a reduction of the electronic signal-
to-noise ratio by 40 dB. The solution here is to use a slow photodiode with
large detection area and synthesize fAOFS by mixing the fundamental beat
with a suitable harmonic of the amplifier repetition rate. The photodiode
used in the experiments exhibits a 13mm2 active area (Thorlabs PDA36A,
used at 75 k⌦ trans-impedance). The capacity of the diode in combina-
tion with the high gain act as a lowpass filter and limit the bandwidth to
⇡ 150 kHz. This bandwidth is sufficient for measuring the fundamental beat
over a significant part of the free spectral range. The noise-equivalent power
(NEP) of our photodectector is specified as ⇡ 1 pW/

p
Hz. With a mea-
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sured power of 35µW on the detector, we therefore expect that shot noise
(⇠ 4 pW/

p
Hz) dominates the noise floor. Identical signal strength of the f

and 2f signal provided and assuming the absence of out-of-band contamina-
tions, these settings should readily enable a beat note visibility of more than
60 dB in a 100 kHz bandwidth, which clearly illustrates the potential of our
method.
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Figure 4.6: a) A general scheme of the frequency synthesis for the stabiliza-
tion of a sub-MHz frequency comb from a regenerative amplifier (RA), b)
narrowband tunable frequency filter scheme.

The driver signal is synthesized from the fourth harmonic of the oscilla-
tor repetition rate and the amplifier carrier-envelope frequency, i.e., fAOFS =
4frep + fCEO. An intermediate frequency scheme is employed to suppress
mirror frequencies and other spurious contributions, see Figure 4.6. This
scheme uses a narrow bandpass filter (RF Monolithics, PX1004-1, 82.2 MHz
center frequency, 80 kHz 3 dB bandwidth). In a first mixing step, the funda-
mental beat is up-converted to the center frequency of the filter using a local
oscillator at ⇡ 82MHz. Figure 4.7 shows the measured rf spectrum prior to
narrow bandpass filtering. For comparison, Figure 4.7 also shows the signal
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that is obtained when the interference is disabled by inserting a glass plate
into the beam path of the f -2f interferometer. The observed visibility of
the beat note indicates that residual phase jitters well below 100 mrad are
possible [88].
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Figure 4.7: Radio frequency spectrum after mixer M1 where the signal from
the photodetector is upconverted by mixing it with a local oscillator. For
comparison, a reference spectrum is shown where the f and 2f components
are delayed, and the beat note is suppressed. Beat note visibility is 55 dB in
a resolution bandwidth of 6 Hz.

Using out-of-loop (OL) characterization with a second inline interferom-
eter, the performance of the CEP stabilization scheme was analyzed, see
Figure 4.8. This analysis indicates a residual rms jitter of � = 87 mrad.
The inset of Figure 4.8 shows a histogram representation of raw spectral
interference patterns to further illustrate the surprisingly low phase jitters
obtained with our scheme. It should be noted that the bandwidth of this
scheme relies on the narrowest filter (80 kHz bandwidth) in the frequency
synthesis scheme shown in Figure 4.6. Moreover, the acoustic travel time in
the AOFS is on the order of a microsecond and certainly did not limit the
obtained performance.

Generally, CEP noise in an amplified laser system may originate from
the oscillator or from the stretcher/compressor pair and the regenerative
amplifier itself. These two contributions, �'osc and �'cpa, respectively, are
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non-correlated. The total resulting phase jitter amounts to

�'total =
q
�'2

osc +�'
2
cpa. (4.2)

In order to evaluate the relative strength of these two contributions and for
analysis of the requirements for the feed-back loop bandwidth, the amplifier
phase noise contributions �'cpa was isolated by locking the oscillator offset
frequency using a conventional feedback PLL, similar to Ref. [67]. In this
configuration, a third f -2f interferometer is used after the oscillator (dashed
box in Figure 4.4) for CEP locking, and the f -2f interferometer after the
amplifier (cf. Figure 4.5) acts as out-of-loop interferometer for amplifier and
stretcher/compressor induced noise characterization. The resulting phase
noise spectrum of the CEP beat note (fCEO = 150 kHz, famp = 600 kHz)
is shown in Figure 4.9. The sensitivity of the measurement apparatus was
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measurement of an amplifier running at repetition rate famp = 600 kHz. The
noise floor (gray line) is obtained by delaying the two colors in the f -2f
interferometer and represents the measurement sensitivity.

checked by inserting an ⇡ 10 mm thick glass plate into the beam after white
light generation in order to delay the f and the 2f component, thereby sup-
pressing their interference. With the exception of a single artifact at 3.3 kHz,
this setup provides a phase signal-to-noise ratio in excess of 30 dB for frequen-
cies up to 10 kHz. The measured phase jitter corresponds to ⇡ 230 mrad,
which is about three times larger than the value deduced from Figure 4.8.
Despite the slightly different measurement methods, this finding clearly cor-
roborates the superior noise performance of this novel direct amplifier sta-
bilization approach. In principle, the origin of this noise may either be the
low sensitivity of the oscillator f -2f interferometer or a large amount of ex-
cess noise in the amplifier. If the latter were true, one would expect to see
a structured noise spectrum rather than a flat plateau [88]. In any case, it
appears challenging to reduce this broadband 230 mrad noise signature with
the traditional slow spectral interferometry approach [85] typically employed
for amplifier stabilization.

To summarize, in this section an amplified ytterbium-based amplifier sys-
tem with sub-100 mrad CEP jitter using feed-forward scheme is described.
The scheme is currently applicable for intermediate laser pulse energy in
the µJ range, essentially limited by self-phase modulation and optical dam-
age in the AOFS. Investigations are underway to remove the acousto-optic
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component from the unattenuated amplifier output, which will eliminate the
corresponding power limitations. A further constraint arises due to the band-
width of the noise spectrum of the oscillator [80]. The current scheme enables
phase noise removal at frequency components up to 1/2 of the amplifier rep-
etition rate. Given the advantage of rf heterodyning, the scheme is most
effective in the laser amplifiers operating at a higher repetition rate, 10 kHz
or above. This scheme significantly widens the scope of feed-forward sta-
bilization. High pulse energy ⇡ 200-fs Yb amplifiers offer an efficient way
to attain few-cycle pulses through nonlinear pulse compression schemes and
optical parametric amplifiers - with the latter being seeded and pumped by
a single Yb laser source. Demonstration of a sub-100-mrad CEP jitter at
the Yb amplifier output, therefore, radically simplifies the task of deriving
usable CEP-stable few-cycle waveforms from Yb driver lasers. This novel
scheme paves a way to combine the efficiency and output power scalability of
ytterbium-based materials with the precision previously only obtained with
Ti:sapphire based approaches.

4.2.1 Feed-back scheme for direct amplifier stabilization
The laser amplifier stabilization of CEP scheme based on the feed-forward
approach presented in Section 4.2 is directly applicable for moderate pulse
energies. The useful CEP stable part of the beam is the diffracted beam, and
one has to send the full pulse energy into the AOFS. In order to overcome
this limitation, a modified scheme for direct CPA amplifier CEP stabilization
based on feed-back approach was tested. In this scheme, the diffracted and
the direct beams are effectively exchanged, and the diffracted beam is only
used for the detection of the beat note, resulting in a CEP stable output
of the amplifier itself. This allows splitting off a fraction of the laser pulse
energy that is just sufficient for beat note detection, enabling use of the
remainder of the pulse energy for applications. Consequently, this approach
greatly reduces the intensity on the AOFS makes the scheme scaleable to
high pulse energies.

The experimental and the electronic scheme of the laser amplifier stabi-
lization using feed-back approach is shown in Figure 4.10 a). The beat-note
is detected after the amplifier, filtered, upconverted by the repetition rate
of the oscillator, and finally sent to a phase-lock loop, which locks a local
oscillator (fLO) centered at 75 MHz (close to the repetition rate of the os-
cillator) to the synthesized signal (frep + fCEO) as shown in the rf synthesis
electronic scheme depicted in Figure 4.11. The AOFS is driven by a signal
that is synthesized from the fLO frequency generator and the third harmonic
of the oscillator repetition rate, such that the final driver signal of 300 MHz
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Figure 4.10: a) Scheme for direct CEP stabilization of a sub-MHz laser ampli-
fier using feed-back loop. Inset: alternative control of the offset frequency via
an additional AOFS. b) f�2f interference fringes modulated with saw-tooth
offset phase.

frequency lies in the working range of the AOFS. The AOFS before the beat
note detection in the f -2f interferometer is necessary in order to ensure that
every pulse in the amplified pulse train has constant CEP. This is accom-
plished by first shifting the offset frequency to a non-zero frequency via fLO
and then locking the detected beat-note by sending the feed-back to the os-
cillator pump source. Since frep + fCEO = fLO due to PLL lock and because
the AOFS subtracts a 4frep + fCEO frequency from the original pulse train,
the output directly from the laser becomes CEP stable. Figure 4.10 b) shows
the interference fringes when the CEP locking is done using the PLL scheme.
The phase is modulated supplying a saw-tooth modulation to the phase offset
input of the lockbox. The resulting phase patterns illustrate that the CEP
is stable and controllable.

This advanced scheme is more scalable in terms of pulse energy. The phase
noise of oscillator and amplifier are measured in a single f-2f interferometer
and compensated by the fast feed-back loop. However, some of the merits
of the feed-forward approach are lost. Namely, the feed-back bandwidth
is limited by the slow response of the laser gain medium, and amplitude-
to-phase coupling is introduced in the oscillator. This issue can be resolved
using a modified feed-back scheme where a second AOFS is placed right after
the oscillator and where a voltage controlled oscillator (VCO) is used for the
control of the offset frequency by the PLL, as shown in the inset of Figure
4.10 a). In this case the bandwidth of the feed-back loop is determined by
the bandwidth of the AOFS and is not limited by the excited state lifetime
of the Yb oscillator.
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Figure 4.11: Electronic scheme for CEP stabilization using feed-back scheme.

4.3 Summary
To summarize, in section 4.1 an all-solid-state actively CEP stabilized am-
plified Yb CPA laser system is described that delivers 180 fs mJ level pulses
with r.m.s phase jitter of approximately 0.45 rad, which is close to the es-
tablished Ti:Sapphire laser systems despite the orders of magnitude longer
upper lasing state lifetime in the Yb medium. This development opens a way
to up-scale the repetition rate and the average power of amplified CEP stable
systems. Direct locking of the high repetition rate amplifier is demonstrated
using feed-forward scheme allows reduction of the CEP jitter below 200 mrad
as described in section 4.2.



Chapter 5

Improving parametric amplifier
efficiency via pulse shaping

Optical parametric chirped pulse amplification (OPCPA) is rapidly gaining
ground as an approach to generate intense few-cycle pulses [89] and reach IR
wavelength ranges [90] where there are no suitable laser gain media for high-
energy operation. Parametric amplification permits extraordinarily broad
phase-matching bandwidths and a huge single-pass gain, thus dismissing the
concern for spectral gain narrowing which is a perennial problem in laser
amplifiers. However, the high OPA gain has its negative side: for a bell-
shaped intensity profile of the pump pulse/beam the unsaturated gain varies
exponentially with intensity, resulting in an effective temporal/spatial filter.
The obvious remedy would be a top-hat pump pulse and a top-hat pump
beam.

Here the advantage of a relatively large bandwidth of a DPSS Yb:CaF2

amplifier are demonstrated which allows us to implement a straightforward
inline shaping technique and obtain a pulse profile optimized for OPA pump-
ing. Whereas the described technique requires minimal changes of the pump
laser source, it brings by significant advantages, which include: 1) a substan-
tial increase in the OPA conversion efficiency, 2) avoidance of OPCPA gain
roll-off in the pump pulse wings, i.e. the temporal equivalent of spectral gain
narrowing, 3) increase of the OPA signal and idler pulse contrast as com-
pared to the standard use of bell-shaped pump pulses whereby the chirped
seed pulse is purposely overlapped only with a narrow temporal section of
the pump around the pulse peak and the temporal wings of the pump pulse
are responsible for raising the ASE (superfluorescence) background outside
the temporal overlap with the seed pulse. Top-hat spatial profile beams can
only be obtained at a aspecific distance from the laser source[91], because the
beam profile is not an eigenmode of the diffraction equation and beam profile
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Figure 5.1: A general layout of the laser amplifier for the generation of top-
hat temporal profile pulses.

changes significantly with propagation as a result. The situation is very dif-
ferent in the time domain. Unlike the spatial counterparts, top-hat temporal
profile pulses can propagate arbitrarily long distances without changing the
pulse profile in a dispersionless medium.

The method of choice relies on phase-only shaping, or chirping, of the
pump pulse. Notably, the resultant carrier frequency variation in time is
comparatively small and allows us to safely disregard any resultant temporal
modulation of the phase mismatch in the OPA process. Crucially, the chirped
pump pulses emitted by the femtosecond Yb amplifier can still be used for
seeding the OPA/OPCPA system. This is achieved by splitting-off a micro-
Joule-level 1030-nm pulse and passing it through a block of glass in order to
recompress the pulse to a level sufficient for the generation of supercontinuum
(OPA seed) radiation in a bulk crystal.

Previously, temporal gain flattening and energy extraction optimization
in OPA [92] was demonstrated with electro-optically sliced nanosecond pump
pulses and multiple staggered picosecond pulses shifted with respect to each
other by controlled time delays [93]. Broadband Yb media, especially Yb:CaF2

[94] which is suitable for high-energy operation with ⇡ 200-fs pulses and > 10
nm FWHM of bandwidth, are suitable for a simple phase shaping that can
be implemented in a CPA scheme before the amplifier. Here a novel scheme
for the generation of top-hat pulses is described. It is based on an acousto-
optic programmable dispersion filter (AOPDF, DAZZLER) [95] included in
an Yb:CaF2 MOPA chain. We also demonstrate the seed generation for an
OPCPA using recompressed pulses in a glass block.
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5.1 Experimental setup

The general scheme of the laser system is shown in Figure 5.1. The laser
system is a cascaded regenerative amplifier with a Yb:KGW MOPA as a
front-end and Yb:CaF2 regenerative amplifier (RA) as a power amplifier.
The Yb:KGW RA is seeded by a Kerr-lens mode-locked oscillator based on
the same gain medium and delivers ⇡ 100 µJ pulses at a tunable repeti-
tion rate. The pre-amplified pulses are then sent into another stretcher that
additionally stretches the pulses so that the pulse duration in the final am-
plification stage is > 500 ps in order to reduce self-phase modulation in the
amplifier. A very low quantum defect (⇡ 5%) allows reducing the thermal
load on the crystal. The laser crystal is cryogenically cooled, which increases
gain cross-section as well as improves thermal properties of the crystal leading
to reduced thermal effects, such as thermal lensing and depolarization losses.
The stretched pulses from the front-end are then sent through an AOPDF
(DAZZLER, FastLite Ltd.) before amplification in the second amplifier. The
length of the dazzler crystal is 25 mm, which allows applying approximately
3 ps variable group delay and supports pulse pulse rep. rates up to several
10 kHz. Pulses are compressed in a reflection grating compressor in order to
avoid self-phase modulation. The stretcher and compressor are matched so
that when the AOPDF is removed, the pulses are compressed nearly to the
Fourier limit. The bandwidth of the final pulses supports 150 fs pulse dura-
tion. The output energy of the amplified pulses is over 6 mJ. Noteworthy,
the AOPDF phase-only shaping of the CPA seed pulses has virtually no ef-
fect on the amplification in Yb:CaF2 because the seed introduced additional
pulse chirping is negligible in comparison with the overall 500 ps pulse stretch
imposed by the CPA system. Due to large chirp of the pulse in the CPA, am-
plitude modulation of the spectrum results in temporal intensity modulation
of the pulse during the amplification and therefore the nonlinearities. The
phase-only filtering allows efficient use of the laser gain medium bandwidth
without changing operation regime of an existing CPA laser system.

5.2 Results

The top-hat pulse is obtained by imprinting a calculated spectral phase by
an AOPDF. The spectral phase that transforms the initial pulse with given
spectral intensity I(!) into top-hat temporal profile I(t) pulse is calculated
using a genetic algorithm. The algorithm optimizes the spectral phase '(!)
using provided measured spectral intensity I(!) and target pulse shape I(t)
so that the r.m.s. difference between the target pulse shape I(t) and the
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Figure 5.2: Temporal characterization of shaped pulses: a) spectral intensity
and reconstructed phase. Dashed line shows the phase setting for the AOPDF
shaper, b) reconstructed temporal profile of the pulse and temporal phase.
For reference a second-order autocorrelation function of the rectangular pulse,
c) and d) FROG traces of the shaped pulse and a recompressed pulse in a
30-cm long SF57 glass block respectively, e) calculated Wigner distribution
of the measured rectangular pulse, f) measurement (red dots) and calculation
(red line) of the recompression of the rectangular pulse in a bulk dispersive
material. A 30 cm long SF57 block of glass was used. Green line shows the
transform limited pulse shape and blue line is the initial rectangular pulse.
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calculated temporal profile F{I(!) exp('(!))} is minimal, here F{} denotes
Fourier transformation. The target top-hat pulse shape I(t) is approximated
using a 6th-order supper-Gaussian function I(t) = exp(�(t/⌧)6). If the spec-
trum of the amplified laser pulse is symmetric, the optimal spectral phase
is also symmetric and can expressed as an even-order polynomial. However,
for an arbitrary spectral shape, the spectral phase is asymmetric.

In order to check the concept and understand the optimal spectral phase
shape better, a pulse splitting concept can be adopted similarly to the one
that was used with picoseconds pulses [93]. The transform limited pulse
can be spit into two replicas by setting different group delays for different
spectral portions. A linear variation of spectral phase causes a group delay
⌧ = d�/d!. By splitting the spectrum into two parts with approximately
equal total energy and setting the linear phase variation of the two parts
with opposite signs of the slopes so that the pulse is split into two replicas
separated by 2⌧ . For an appropriately chosen delay, the two pulses overlap
to produce an approximately top-hat pulse shape. The idea was previously
demonstrated using ultrabroadband pulses and a deformable mirror pulse
shaper [96]. Here we show that even for much less broadband pulses from
Yb:CaF2 amplifier the similar method can be used with a compact AOPDF
shaper.

The temporal profiles of the shaped and initial pulses were measured
using SHG FROG (Figure 5.2 c) and d)). First a residual phase had to be
measured and compensated with the AOPDF. Due to imperfect matching
of the stretcher and compressor gratings (the groove densities were 1700
and 1750 lpmm respectively) and a rather large cumulative optical path in
the RA amplifiers, there is some uncompensated high order spectral phase
left after the compressor which distorts the temporal pulse profile. The
measured residual phase was later taken into account for the optimal pulse
shape calculation simply by subtracting the residual phase from the target
phase profile. The measurement results are summarized in Figure 5.2. The
applied spectral phase and the one retrieved from FROG match rather well as
shown in panel a). The spectrum at the time of the measurement was rather
modulated which causes modulation of the temporal profile of the shaped
pulse as shown in Figure 5.2 b). The duration of the rectangular pulse at half
intensity level is 1 ps. The reconstructed saw-tooth temporal phase exhibits
two linear phase ramps with opposite sign. The slope of the temporal phase
corresponds to instantaneous frequency !(t) = d�/dt, meaning that there is
an abrupt jump of instantaneous frequency approximately in the center of the
pulse. The rise and fall time of the rectangular pulse is mainly determined
by the bandwidth of the laser pulse. Note that the chirp of the pump pulse
has little effect on the phase of the amplified signal wave, although it can be
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used to adjust the amplification bandwidth [97].

5.3 Pulse recompression for seed generation
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Figure 5.3: Supercontinuum spectrum generated using 1030 nm recompressed
pulses. Only the short wavelength side of the spectrum is measured due to
limitations of a silicon detector.

Another aspect in the context of OPA driving is the ability to seed it.
The most attractive property of an OPA pumped by a femtosecond laser is
the possibility to directly seed it with a spectrally broadened pulse obtained
by supercontinuum generation using the same laser pulse [12]. In order to
achieve efficient supercontinuum generation, a steep temporal intensity gra-
dient dI(t)/dt is needed. The top-hat pulses are not efficient for such spectral
broadening, because the intensity is constant during the pulse therefore the
frequency change is zero due to constant nonlinear phase �nl = n2I(t). The
long exposure of the material to the high intensity tends to induce optical
damage before reaching the intensity level required for spectral broadening
[98]. We show that the shaped rectangular pulses can be transformed to a
shorter pulse that is more efficient for the supercontinuum generation using
just a simple block of material provided that the sign of the spectral phase
is chosen correctly. The shaped top-hat pulses have the property that the
pulses are chirped. If the spectral phase is chosen such that the spectral part
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with higher frequency precedes the part with the lower frequency, as is the
case shown in Figure 5.2, the negative chirp can be very well compensated
by a positive dispersion glass block.

The shaped top-hat pulse was recompressed to 230 fs in a 30-cm long
SF57 glass block which induces ⇡ 4.4 ⇥ 104 fs2 chirp. The calculated pulse
profile from the initial top-hat pulse is in a good agreement with the FROG
measurement. Despite some wings of the recompressed pulse that are due to
residual uncompensated high-order phase, the pulse duration is very close to
the transform limit and has a sharp peak. The white light supercontinuum
generated in a bulk sapphire plate using the recompressed pulse spans beyond
500 nm as shown in Figure 5.3.

5.4 Summary and Outlook
In conclusion, the generation of top-hat pulses from Yb:CaF2 MOPA ampli-
fier were demonstrated. The system delivers up to 6.5 mJ pulses at 1 kHz
and is scalable to a high average power due to the availability of high power
laser diodes at 976 nm for direct diode pumping. The system is especially
attractive for efficient amplification of ultrabroadband pulses in OPCPA.
The idler can also be applied; however, in that case additional phase com-
pensation should be used. The recompression of shaped top-hat pulses was
demonstrated using a 30-cm long SF57 glass block which greatly simplifies
the seeding of an OPCPA. When combined with a spatial top-hat profile,
the scheme can greatly improve conversion efficiency of an OPCPA or sec-
ond harmonic generation.



Chapter 6

Frequency tunable THz emission
from laser-driven plasma

6.1 Introduction

Since the demonstration a decade earlier by Cook and Hochstrasser [42] of
intense THz emission from air ionized with a two-colour (!+2!) laser field,
this phenomenon remains in the focus of attention. This is motivated by its
potential as a source of intense single-cycle THz pulses, enabled by the high
generated THz-field strength and large bandwidth and facilitated by the ab-
sence of material damage. The THz-range covers a wealth of fundamental
resonances (in molecules: vibrational and rotational resonances, in solids:
phonon and plasmon resonances, impurity transitions), which opens a wide
field of possibilities for fundamental material and device research [99, 100]
as well as possible sensor applications, including the identification of atmo-
spheric pollutants and use in food quality-control, atmospheric and astro-
physical remote sensing, and (medical) imaging with unique contrast mech-
anisms [101].

Another motivation is the complex underlying plasma dynamics leading
to the THz emission. Both an ! � (2! � !) four-wave mixing mechanism
based on stationary or nonstationary third-order susceptibilities [102], as well
as a tunnel-ionization-induced micro-current mechanism [37, 103] have been
considered. According to the electron current model, the THz emission from
plasma originates from sharp quasi-periodic changes of free electron density
occurring at the peaks of optical field ionization in the tunneling regime. The
induced electron current rapidly varies on the sub-cycle time scale and yields
generation of many harmonics, also known as Brunel harmonics [31, 32].
Similarly to HHG where the mixing of the laser driving field with its second
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harmonic allows breaking the symmetry between the two quantum paths and
yields generation of even harmonics [44], the THz emission can be considered
an even (0th-order) harmonic. This particular mechanism of THz emission
is thus closely related to two prominent phenomena, Above Threshold Ion-
ization (ATI) and High-order Harmonic Generation (HHG), also based on
quasi-periodic sub-cycle ionization followed by electron acceleration in the
driving laser field. High-order harmonics are generated via transitions of
the electron between a continuum state and the ground state, which can be
efficiently controlled on the single-atom and sub-cycle level [47, 48].

Here it is shown that the low-frequency THz emission corresponds to
transitions between continuum states and can also be controlled by shap-
ing the laser field. The semi-classical interpretation in terms of transient
electron currents by Brunel [32] and Kim et al. [37] is recovered from
quantum-mechanical continuum-continuum transition matrix elements us-
ing the Strong Field Approximation (SFA) with a stationary phase analy-
sis. Furthermore, control over the timing of sub-cycle optical field ionization
relative to the sign and value of the vector potential of the pulse [104] is
experimentally demonstrated. This is achieved by fixing the carrier envelope
phases (CEP) and detuning the frequencies of the two optical driving fields
away from commensurability [105]. This results in a very wide continuous
tunability of the THz frequency emitted by the laser-generated plasma.

This frequency dependence of THz emission received little attention as
mostly the commensurate ! + 2! schemes have been used so far. Incom-
mensurate frequency combinations have been realized by superimposing a
broadband 20-fs pulse with its narrowband second harmonic; however the
tunability range in this case is limited to the bandwidth of the fundamen-
tal [105]. Employing the relatively broad tuning range of the OPA, the ini-
tial evidence for the wide frequency-tunability of the THz-emission [40, 43]
was obtained. Also, a scheme similar to our experimental setup based on a
near-degenerate optical parametric amplifier (OPA) superimposed with the
fundamental laser pulse has been implemented [106]. However, due to lack
of CEP stabilization of the driving laser, field-resolved detection of the gen-
erated THz pulse was impossible. Furthermore, in that work only the lowest
THz-frequencies (< 3 THz) and only very small detunings from the exact
degenerate case have been considered.

Here, an incommensurate-two-colour scheme for THz generation is demon-
strated, where the ratio !1/!2 is not an integer, based on a nearly degenerate
OPA pumped by a CEP-stable Ytterbium-based laser emitting at 1030-nm
wavelength. Inspired by our initial experiments [40, 43], we present extensive
experimental data, theory and calculations that agree with the measurement
data. The spectral properties of the generated THz emission is analyzed
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Figure 6.1: (a) Scheme of mixing two incommensurate frequencies for gen-
erating tunable THz emission. (b) Scheme of the atomic transitions in a
strong laser field: transitions between a continuum and a ground state yield
HHG, while transitions between continuum states yield low order harmonic
generation (including THz). (c) Perturbative four-wave mixing scheme for
THz generation.

over a wide range of detuning frequencies from the exact commensurate case.
With the CEP stabilised input pulses we are able to generated CEP-locked
THz pulses and detect them in a field-resolved measurement, thus demon-
strating their applicability for time-domain spectroscopy probing the ampli-
tude and phase response of a material. Due to the long wavelengths of the
constituent colours (1030 nm and 1800–2060 nm), our scheme is a promising
route for a high-efficiency [107], CEP-locked, broadband and widely tunable
mid-IR/THz source.

6.2 Quantum mechanical transient electron-current
model for THz emission

A proper quantum mechanical treatment of THz emission is desirable to
support the commonly used semi-classical two-step model by Brunel [32]
and Kim et al. [37]. A very successful fully quantum mechanical model that
describes emission of an atom exposed to a strong laser field is based on the
SFA [68], where the influence of the atomic potential on the electron in the
continuum, as well as the influence of all bound states except the ground
state are neglected. Recently full ab-initio quantum TDSE calculations were
performed to calculate THz emission [38, 39], but the drawback is that the
physical nature of the underlying dynamics is difficult to interpret. Here
we use an analytical SFA model to calculate the atomic emission and derive
the expressions that are identical to those previously attained in a classical
description by Brunel of recollision-free harmonic emission.

An electron in a continuum interacting with the strong laser field can be
described as a wavepacket, which propagates in phase space:



52
6.2. QUANTUM MECHANICAL TRANSIENT ELECTRON-CURRENT

MODEL FOR THZ EMISSION

 c(t) = �i

ˆ t

0

Û(t, tb)V̂L(tb)Û0(tb, 0) 0 dt
0, (6.1)

where Û0(t1, t0) and Û(t1, t0) are the field-free and full propagators between
times t0 and t1 and the operator VL(t) describes the interaction with the
laser field. Here the velocity gauge is used. The interpretation of Eq. 6.1,
which has proven both very fruitful and accurate, is that tb are the instants
of strong-field ionization and  c(t) is a superposition of many wavepack-
ets emitted into continuum at times tb. Calculations based on semi-classical
wavepacket propagators or quantum-trajectories explicitly utilize this picture
by representing quantum mechanical amplitudes as sums over contributions
of wavepackets moving along classical trajectories [108]. Therefore, we ex-
press Eq. 6.1 as a sum over such wavepackets  (r(t, tb), t), emitted by the
parent neutral system at times tb and propagated to t:

 c =
X

tb

 tb [r(t, tb), t] . (6.2)

Note that these equations are formulated for a linearly polarized laser field,
so the electron dynamics are limited to a single dimension along that polar-
ization direction.

The emission of electromagnetic radiation is proportional to the dipole ac-
celeration, i.e. the time-derivative of the dipole velocity ḋcc(t) ⌘ h c |p̂| ci,
where p̂ = ir is the momentum operator (atomic units are used throughout
the paper). With Eq. 6.2, the dipole velocity of the whole wavepacket is given
by the sum of dipole velocities for all birth times: ḋcc(t) =

P
tb1,tb2

h tb2 |p̂| tb1i.
Expressing the wavefunction of the free electron born at instant tb as a plane
wave,  tb [r(t, tb), t] =

p
⇢ (tb, t, r)eiS(tb,t,r), where S = pr � E (t� tb) is the

action and ⇢ is the electron density, it can be shown (see Appendix), that
the diagonal terms (tb1 = tb2 ) are the stationary points in phase space and
thus dominate this sum. Wavepackets emitted at different times, tb1 6= tb2,
are separated in space, i.e. have a reduced overlap and lead to rapid phase
oscillations. We can thus simplify the dipole velocity to a single sum over
birth instants:

ḋcc(t) =
X

tb

h tb |p̂| tbi , (6.3)

and express the continuum-continuum transition dipole velocity matrix ele-
ments as:

h tb |p̂| tbi =
ˆ

dr⇢ (tb, t, r) v (r, t, tb) + �ḋ(t), (6.4)
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with the velocity v = @S/@r. Here, the first term describes the case when the
wavepacket overlaps with itself and �ḋ(t) provides corrections. These may
arise if some wavepackets emitted at different times have met at some place
in the phase space later.

This is an important difference as compared to HHG, where the contin-
uum and bound parts of the two wavepackets evolve differently and accu-
mulate a phase difference that depends on frequency and ultimately leads
to chirped emission of attosecond pulses. In C-C transitions, however, the
requirement for the wavepackets to overlap yields the Brunel harmonic radi-
ation which is unchirped.

We now concentrate on the first term in Eq. 6.4 and rewrite:

ḋcc(t) =
X

tb

ˆ
⇢ (tb, t, r) dr

| {z }
W (t,tb)

´
⇢ (tb, t, r) v (r, tb, t) dr´

⇢ (tb, t, r) dr| {z }
v(t,tb)

=
X

tb

W (t, tb)v(t, tb)

(6.5)
as a sum over all ionization instants tb of the product of W (t, tb), the norm
of the wavepacket created at time tb, and v(t, tb), the average velocity of the
wavepacket.

The wavepacket norm is time-independent and is given by the ionization
probability at tb: W (t, tb) = �(tb)�tb, where �tb is the saddle point region
and � the instantaneous ionization rate. Thus we have:

ḋcc(t) =
X

tb

�(tb)�tbv(t, tb) =

ˆ t

�(tb)v(t, tb)dtb. (6.6)

Here we see that ḋcc(t) is the driving term for the Brunel harmonics [32] and
would correspond to the current density in the quasi-classical model of Kim
et al. [37] if multiplied by the atomic density in the generating medium. The
emitted electromagnetic field is proportional to the dipole acceleration

d̈cc(t) = � (t) v (tb = t; t) +

ˆ t

� (tb) v̇ (tb, t) dtb. (6.7)

The first term of this equation is proportional to the small initial velocity
after tunneling: v (tb = t; t) ⇡ 0, which is neglected in the usual three-step
picture, and the second one is the force F [t, r(t, tb)] = v̇ (tb, t) acting at time t
on the wavepacket at the position r(t, tb) (center of mass of the wavepacket).
The force is given mainly by the laser field and the Coulomb potential of
the ion F [t, r(t, tb)] = Flas(t) + FCoul [r(t, tb)]. In practice, the laser field
usually dominates for electrons ionized in the strong-field regime, so the
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dipole acceleration is simply given by:

d̈cc(t) = Flas(t)

ˆ t

� (tb) dtb. (6.8)

The emission is simply proportional to the driving laser field multiplied by
the ionization steps

´ t
� (tb) dtb. The spectrum of the emission is obtained

by Fourier transforming Eq. 6.8

d̈cc(!) = Flas(!) ? F
ˆ t

� (tb) dtb

�
(!), (6.9)

which results in the convolution of the laser field spectrum and the spectrum
of the ionization steps.

Now we apply the formalism derived above to the calculation of the emis-
sion spectrum in the case of a two-colour mixing scheme, which allows gen-
eration of even harmonics, including the THz sideband. Simulating our ex-
perimental conditions, the field in the calculation is composed of a strong
fundamental wave at the frequency !p and a weaker signal wave at around
half the frequency of the fundamental wave E(t) = Ep(t)ei!pt + Es(t)ei!st,
where Ep(t) and Es(t) are the envelopes of the pump and signal waves re-
spectively. The direction in which the electron is emitted is given by the
sign of the velocity vd(tb) = v(t ! 1, tb) at which the electron drifts after
the laser pulse is over. Fig. 6.2 b) illustrates the asymmetric case of the two
colour field where all of the electrons ultimately fly in one direction. The
build-up of this directional electron current is responsible for the emission of
the low-frequency-THz waves (see Fig. 6.2 c,d).

Tuning of the central frequency occurs when two incommensurate fre-
quencies are mixed. This is illustrated in the right column of Fig. 6.2 for a
0.6! + !–combination, and compared to the commensurate case (0.5! + !)
in the left column. While in the latter case, the growth of a directional
net-current (Fig. 6.2b) leads to the emission of a low-THz-frequency field
(Fig. 6.2c,d), the modulation of the current direction resulting from the de-
tuning of the signal-frequency by �! leads to a 2�!-shift of the center of
the emitted THz-spectrum (Fig. 6.2g,h). The shift of lowest order sideband
frequency is then compared to the experimentally measured THz-emission
frequency. Higher order sidebands are beyond the EO sampling detection
range and were not measured in this experiment.

This tunability is further analysed in Fig. 6.3 b). The THz-emission ap-
pears as a zeroth order sideband alongside higher-order sidebands [31]. The
THz sideband starts close to zero frequency at degeneracy (!s = 0.5!p) and
its frequency increases as the frequency of the signal wave is tuned. This effect
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Figure 6.2: Simulation of the induced current, using Eqs. 6.6–6.9 with
�(tb) = exp[�2(2Ip)3/2/(3|Flas(tb)|)] and the classical expression v(t, tb) =

�
´ t
tb
Flas(t0)dt0, for two-colour fields with two frequency ratios: the left and

right-hand sides correspond to the commensurate and incommensurate fre-
quency case, respectively. Shown are the considered driving electric fields
(first row), the dipole velocity (Eq. 6.6), corresponding to the induced
current (second row, blue line; the red line shows a low-pass filtered ver-
sion), the low-pass filtered (retaining only the THz-sideband) dipole accel-
eration (Eq. 6.8), corresponding to the emitted THz-field (third row), and
the spectral intensity of the emitted radiation (square of Eq. 6.9) (fourth
row). The considered ionization potential is that of nitrogen molecules,
Ip = 15.7 eV. The !p-component of the driving field has a peak field strength
of Fmax = 27 GV/m (corresponding to 1 ⇥ 1014 W cm�2), and the !s-
component has Fmax = 13.5 GV/m and a relative phase of ⇡/4.
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can be interpreted as a temporal phase modulation, shifting the THz side-
band towards higher frequencies as illustrated in the inset of the Fig. 6.1a).
Although the described THz emission mechanism is a phenomenon of in-
trinsically non-perturbative nonlinear optics, the resultant THz frequency
tunability follows the law ⌦ = 2!s � !p (Fig. 6.3b), as is also the case in
the perturbative four-wave mixing picture, illustrated in Fig 6.1c). We also
predict the feasibility of generating weaker sidebands corresponding to 6, 8,
etc. photon processes. This process clearly enables a tunability through the
complete THz and mid-IR spectral regions [105].
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Figure 6.3: Simulated power spectrum of the emission (square of Eq. 6.9)
as a function of the frequency !s of the tunable signal wave, for the same
conditions as in figure 6.2.
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6.3 Experimental implementation
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Figure 6.4: Scheme of the experimental setup. THz emission was detected
via electrooptic (EO) sampling setup based on GaSe crystal. The probe
pulses were generated in an additional OPA and compressed down to 20 fs
in a prism compressor.

An Ytterbium-based laser amplifier and a near-degenerate OPA were used
to generate two-colour pulses that were used for plasma excitation (Fig. 6.4).
The Yb:KGW regenerative amplifier is actively CEP stabilized [67] and is
used to pump a two-stage near-degenerate OPA. First, part of the laser
energy is split into three parts. One part is used to generate a broadband
super-continuum by focusing it in a sapphire plate. The part of the so-
generated spectrum around 680–720 nm is used as a seed for the first OPA
stage. The second part of the beam is frequency-doubled and serves as a
pump for the first OPA stage. The resulting difference-frequency (idler)
wave from the first stage (1800 nm to 2100 nm) is then amplified as a signal
wave in the second OPA stage, pumped by the third part of the fundamental
laser beam. The resulting CEP of the OPA output is thus equal to the pump
laser pulse CEP phase [65], up to a constant: 's = 'p + const.
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At the output of the OPA, the pump wave at �p = 1030 nm and the
signal wave at �s =1800–2100 nm are separated using dichroic mirrors and
then re-combined after adjusting the divergence of the beams and the relative
delay. The polarization of each of the two colour-component pulses are linear
and set parallel to each other. The phase delay between the two constituent
colour waves is ⌧� = 'p(�s � �p)(2⇡c)�1 + const., and can thus be controlled
via the fundamental laser CEP 'p.

6.3.1 Observation of directional electron current

We verified that the two-colour pulses used for THz generation induce a
directional electron drift by measuring the photoelectron spectra produced
via above threshold ionization (ATI) with a stereo-ATI spectrometer [46,
36]. The electron spectrometer consists of a small xenon-filled gas cell (<
1mbar) placed in a vacuum chamber with two identical time-of-flight (TOF)
electron spectrometers oriented opposite each other in order to measure the
photoelectron spectrum emitted in the opposite directions. The generated
photo-electrons pass through small holes in the gas cell into the TOF arms.
Each TOF arm consists of a field-free propagation tube (⇡ 50 cm) and a
micro-channel plate (MCP) electron detector. The linear polarization of
each of the two-colour driving wave is in the direction of the TOF detectors.
The signals from the two TOF detectors are then acquired with multi-scaler
card and processed using a computer.

The ATI spectrum in one direction measured for different CEP phases of
the laser pulse is shown in Fig. 6.5 a).This measurement is done with the OPA
tuned at degeneracy (�s = 2060 nm) so that the maximum directional drift
is produced, as illustrated in the left column of figure 6.2. The asymmetry of
the low-energy direct electrons is opposite to that of high-energy rescattered
electrons (not considered in figure 6.2) and partially reduces the asymmetry
of the total electron yield. However, because the number of direct electrons
is much higher than of the rescattered ones, the total yield still exhibits a
modulation depth higher than 15%, as shown Fig. 6.5 b). These findings
prove that in our experimental conditions, the induced electron current is
highly directional and we are working in the tunneling regime, as assumed
for the theoretical model.

6.3.2 CEP-locked, tunable THz emission

We now demonstrate the phase-locked temporal modulation of this induced
electron current to achieve tunability of resulting CEP-locked THz emission.
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Figure 6.5: Stereo-ATI electron spectrometry measurement results obtained
with two commensurate-frequency pulses: �p = 1.03 µm and �s = 2.06 µm.
(a) Electron energy spectrum (log scale) measured on one side of the stereo-
ATI spectrometer as function of the fundamental laser CEP. (b) Total elec-
tron count in left and right directions of the stereo-ATI spectrometer obtained
by integrating the electron spectrum of the left and right detectors.

For THz-generation, the combined two-colour driving waveform is focused
using an f = 7.5 cm parabolic mirror into ambient air. The field of the
generated THz radiation is detected using electro-optic (EO) sampling. In
general, the bandwidth fmax in the EO sampling detection scheme depends
on the probe pulse duration fmax ⇡ 1/(2⌧probe) and it is the main limitation
in our setup. The probe pulse of ⌧probe ⇡ 20 fs duration was generated by
amplifying the spectral portion at around 900 nm of the white-light super
continuum in a separate OPA stage and then compressing the pulse in a
prism compressor near transform limit (see figure 6.4). The probe pulse was
characterised using SHG Frequency Resolved Optical Gating (FROG) with
the result shown in Fig. 6.6.

The phase of the THz wave according to the frequency dependence is
'THz = 2's � 'p. Therefore, the degenerate scheme where fundamental
and frequency-doubled pulses are mixed (with CEPs '2! = 2'! + const.)
provides a passive stabilization of the THz-pulse’s CEP, ('THz = 2'!�'2! =
const), similar to difference-frequency generation based on a second-order
nonlinearity (�2) [65]. Since in our case, 's = 'p + const., the CEP of
the THz-pulse is the same as that of the fundamental laser pulse: 'THz =
'p + const. Because of the field-sensitive EO sampling of the THz emission,
active stabilization of the laser CEP is thus mandatory. In other words,
for non-CEP-stabilized driving pulses, the THz emission is still emitted, but
their CEP is random from pulse to pulse.
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Figure 6.6: Temporal characterisation of EO sampling probe pulse using SHG
FROG. a) measured FROG trace, b) reconstructed spectrum and group delay
of the pulse c) measured temporal profile and calculated Fourier limit.

This is why, as shown in Fig. 6.7a), without active CEP stabilization of
the laser pulse, the emitted THz waveforms for each laser pulse are averaged
out in our EO sampling. By locking the laser CEP, we create reproducible
THz fields that let us study the two-colour-driven plasma dynamics.

The detected THz emission spectra as function of the signal wavelength
�s  2�p are shown in Fig. 6.7 b). Despite the rather narrow bandwidth
of our 180-fs pulses that were used to excite the plasma, mid-IR emission
frequencies up to ⇡ 40 THz were measured as the result of detuning the
OPA from degeneracy. The frequency of the THz-sideband shifts towards
higher frequencies due to temporal current modulation when the OPA is
detuned from degeneracy, as illustrated by the numerical simulations shown
in figure 6.2. We can detect only the lowest THz-sideband in the spectrum
due to the limited bandwidth of the THz detection apparatus. At higher
frequencies, the probe pulse duration is significantly longer than the half-
cycle of the field to be measured. The decreasing sensitivity of the THz
detection setup at higher frequencies also contributes to the broadening of
the spectrum for higher frequency detuning. The experimentally obtained
frequency dependence agrees well with the semi-classical transient electron-
current model simulations in figures 6.2 and 6.3: we observe a shift by ⇡ �⌫
for a signal wavelength tuned to !s = (!p +�⌫)/2.
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Figure 6.7: Experimental THz-generation results with !p + !s two-colour
driving fields (!s = (!p + �⌫)/2), for various detunings �⌫, created by
combining the fundamental wave (�p = 1.03 µm, 250 µJ) with the tunable
signal wave (�s = [2.06, 1.96, 1.84, 1.80] µm, 20 µJ). (a) Electric field of
the THz transient measured using EO sampling in case of locked CEP or
free running laser, for zero detuning, �⌫ = 0, i.e. exactly commensurate
frequency ratio. (b) Temporal traces of the EO sampling signal for different
detunings �⌫, (c) THz emission spectra of plasma calculated from the EO
signal, represented on linear scale. (d) The same spectra as in (c), represented
on logarithmic scale. Each spectrum and temporal trace was normalised to its
maximum. The arrows in panel (d) show the theoretically predicted central
frequency of the emission.
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6.4 Summary
The tunability and CEP-stability of the THz emission from a laser-induced
plasma-spark is demonstrated by mixing two incommensurate CEP-stable
optical driving fields, forming a parametric waveform synthesizer producing
shot-to-shot reproducible strong-field multi-colour waveforms. The measured
frequency dependence of the THz emission is consistent with the commonly
used transient electron current model. We have derived this model here for
the first time from continuum-continuum transition matrix elements in a fully
quantum-mechanical treatment.



Chapter 7

Pulse post-compression using
Kagome lattice fibres

Waveguide-based pulse post-compression is a traditional technique for broad-
ening the bandwidth of injected pulses, enabling subsequent recompression to
a few-cycle duration. Solid-core single-mode fibers are well suited for single-
cycle pulse compression at nJ energy levels [109]. In the 1 � 10 mJ-level
energy range, hollow-core gas-filled glass capillaries with a bore diameter of
several hundred µm are routinely used for the generation of 3 � 5-fs pulses
[110]. Despite the success of both the solid and hollow-core waveguides, there
are no satisfactory solutions for 5 fs pulse compression at the intermediate,
1—50-mJ energy level, which is the regime of many modern high-repetition
rate MHz laser systems serving a variety of applications in ultrafast spec-
troscopy, micro-fabrication, etc. The main problem lies in the scalability of
the hollow-core technique as the reduction of the core diameter a leads to
rapidly mounting transmission losses that scale as ↵ / a�3. Consequently,
low power-handling capacity of small-core capillaries limits the pulse repe-
tition rate to tens of kHz. Hollow-core photonic crystal fibers (HC-PCF)
[111] offer an elegant way out to maintain an adequate pulse intensity at
low energies to ensure efficient spectral broadening. However, due to a lim-
ited band gap size, band-gap guided HC-PCFs support a narrow bandwidth
insufficient for few-cycle pulse generation. The bandwidth restriction was
recently overcome by employing a Kagome lattice, which resulted in fibers
with a very large guidance bandwidth, low dispersion [112], exceptionally
low optical loss, and high damage threshold [113], see Figure 7.1. Here an
efficient broadening of Yb laser amplifier pulses in a Kagome lattice HC-PCF
is numerically modeled and experimentally demonstrated. The experiments
validate the expectation that Kagome fibers are highly suited for converting
rather long femtosecond pulses from various modern Yb DPSS and YDFA
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sources into octave-spanning continua with the prospect of re-compressing
them into single-digit femtosecond pulses.

Figure 7.1: A SEM image of Kagome lattice HC-PCF. The name “Kagome”
is composed from the words kago, meaning "basket", and me, meaning "eye"
and it comes from a traditional Japanese woven bamboo pattern that is used
to make baskets.

7.1 Nonlinear propagation calculation

The estimations of dispersion profile and nonlinear pulse propagation simu-
lations are presented here in order to better understand the regime of pulse
compression in Kagome fibres and optimize the experimental parameters such
as gas pressure, fibre length and input pulse energy. The goal is to check the
limits of spectral broadening of 200-fs input pulses that is achievable using
a simple model that includes SPM and an approximate dispersion profile of
the waveguide. The simulations show that compression down to a few-cycle
regime should be possible as described in the subsequent sections below.

Nonlinear pulse propagation was simulated by solving nonlinear Schrödinger
equation using 1D split-step algorithm. The pulse propagation is described
using the following equation:
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@⇠
+

i

2

@2U

@⌧ 2
� LD

6L0
D

@3U

@⌧ 3
� i

LD

LNL
|U |2 U = 0, (7.1)

where ⌧ = t/T0, LD = T 2
0 /�2 and L0

D = T 3
0 /�3. The pulse duration parameter

T0 = 77 fs was chosen to match 200 fs FWHM Gaussian pulse centered at
� = 1.03 µm.
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7.1.1 Waveguide dispersion of the Kagome fibre
First, the waveguide dispersion was estimated by approximating it with the
dispersion of a corresponding diameter capillary and adding gas dispersion
at different pressures. The second and third order dispersion terms as well
as dispersion lengths for different Argon pressures are shown in Figure 7.2.
The capillary inner hole diameter used in the simulations is 40 µm and the
duration ⌧fwhm = 200 of the input laser pulse was chosen according to the ex-
perimental conditions. At these relatively high pressures that can be used in
the experiments the dispersion of gas becomes comparable or even stronger
than the waveguide dispersion allowing the tunability of zero-GVD wave-
length towards longer wavelengths. Third order dispersion term contribution
is important as well and increases with increasing wavelength.
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Figure 7.2: Calculation of second- and third-order dispersion of a Argon filled
waveguides for different pressures.

7.1.2 Short fibre case
First, pulse spectrum broadening in a relatively short fibre (0.5m-long) was
calculated for 100 bar Argon case. Since ionization effects on pulse propaga-
tion are neglected in these calculations, all the noble gases are comparable
and only the dispersion is affected by the gas type and pressure. From the
dispersion calculation data presented above, GVD �2 = 895 fs2/m and third
order dispersion �3 = 1530 fs3/m values were used for pulse propagation sim-
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ulations. Results are summarized in Figures 7.3 and 7.4. One notable trend
is the red shifting of the broadened spectrum. This is most likely due to de-
creasing GVD of the combined fibre and gas dispersion at longer wavelength
which keeps the longer wavelength part of the pulse short and allows further
broadening. Such red-shift of the spectrum is consistent with the experimen-
tal data for high pressure of Krypton and Argon described in Section 7.2.
Another notable effect is the transformation of a Gaussian input pulse into
an approximately top-hat profile at higher input pulse energies.

These simplistic simulations indicate that clean SPM broadening down
to few-cycle regime should be possible. Low, but non-negligible positive
dispersion of the high-pressure filled fibre smoothens the spectrum of the
broadened pulse.
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Figure 7.3: Calculated pulse spectrum and temporal profile as a function of
input pulse energy at the output of 0.5 m long fiber filled with 100 bar Argon.
Note that each spectra on the left graph are normalized to its maximum
value for better visibility. The temporal profile graph on the right is not
re-normalized because the intensity variation is not so strong.

Pulse spectrum and temporal profile evolution over the fiber length at
2 µJ input pulse energy is shown in Figure 7.4. The broadening slows down
at z ⇡ 25 cm. After that the modulation of the spectrum becomes less
pronounced, the center of the spectrum shifts towards red side and a weak
wing at 1.3 � 1.4 µm starts appearing. Temporal profile also exhibits an
increased rate of broadening at z ⇡ 25 cm.
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Figure 7.4: Spectral and temporal pulse profile evolution during propagation
over 0.5 m long fibre. Input pulse energy Ep = 2 µJ.

7.1.3 Long fibre case
The second set of calculations was done for a 2.5 m long fibre and lower
input pulse energies, results are shown in Figures 7.5 and 7.6. The spec-
trum still exhibits a monotonic broadening with increasing input energy and
the pulse energies are much lower as compared to 0.5m-long fibre case. The
difference, however, is that the pulse duration is much longer and increases
with increasing input pulse energy due to strong dispersive pulse broadening.
The dynamics of the propagation over distance shown in Figure 7.6 is now
more complex. In the first ⇡ 0.5 m distance the spectral width increases
nearly linearly, similarly to the short fibre case. Then broadening saturates
because pulse duration gets longer due to increasing chirp. Finally, the in-
frared part of the spectrum which corresponds to nearly zero or negative
dispersion regime continues to grow.
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Figure 7.5: Pulse spectrum and temporal profile dependence on input pulse
energy for 2.5 m long fiber, 100 bar Argon. Here also each spectra on the
left graph are normalized to its maximum value for better visibility. The
temporal profile graph on the right is not re-normalized.
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Figure 7.6: Spectral and temporal pulse profile evolution in a 2.5 m long
fibre. Input pulse energy Ep = 0.8 µJ. Each spectra on the left graph are
normalized to its maximum value, while the temporal profile graph on the
right is not re-normalized.
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7.2 Experimental results

As a model source for testing pulse broadening, a sub-mJ 180-fs 10 kHz
repetition rate Yb:CaF2 CPA is used. The 75-cm-long fiber with inner core
diameter of around 30 µm was filled with Krypton. Pulse energies up to 16 µJ
were used in the experiment. The damage threshold of the fibre was observed
at around 35 µJ. The spectrum measurements of the supercontinuum were
done using optical spectrum analyzer which has approximately flat spectral
response. In comparison to the previous experiments where longer pulses of
energies up to 1 µJ were used [114], the laser source used in this experiment
allows achieving a much higher peak power and enables generation of octave-
spanning supercontinuum.

The the spectral measurements were done using optical spectrum analyzer
(OSA) which has approximately flat spectral response. The pulse compres-
sion of the laser was optimized by installing an acousto-optic pulse shaper
(DAZZLER), the retrieved pulse shape is shown in Fig. 7.7. The FWHM
input pulse duration is 190 fs and the temporal profile is rather clean from
high order phase.

However, input pulses contain some side pulses separated by a long delay
of the order of several 10s of ps due to etalon effects in the amplifier. Due to
these pre/post pulses the measured spectra of the broadened pulses have a
strong peak which has approximately the shape of the fundamental spectrum
of the pulse as it is described in section 7.2.2. Such structure should not be
present in the case of pure SPM broadening. This peak in the spectrum can
be related to the low pulse contrast of the system. Figure 7.7 d) shows the
retrieved pulse from a FROG trace where a very wide time window was used
for the measurement. One can see that the amount of energy outside the main
peak is approximately 15%. Upon broadening the energy of the main peak
is distributed in a broad spectrum, while the pre- and post-pulses have low
intensity and are almost not broadened. This shows up in the spectrum as
a sharp peak near the fundamental frequency which contain approximately
the same amount of energy as these side pulses. These sidebands are due
to etalon effects in the amplifier and in principle could be suppressed to
some extent by optimizing the optical element quality in the regenerative
amplifier cavity. An alternative source of high contrast femtosecond pulses
is an OPA which generates pulses clean from these side pulses because of
temporal cleaning due nonlinearity of the white-light supercontinuum seed
and is a way to perform a very clean spectral broadening measurements.
Spectral broadening results using IR OPA source are described in chapter 8.
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Figure 7.7: Input laser pulse FROG measurement. a) temporal profile, b)
spectrum, c) FROG trace, d) retrieved pulse shape from a 100 ps wide time
window FROG scan. The integrated energy in the sidebands is approximately
15%.

Below are shown the measured spectra for 0.75m fibre length, different
gases (Argon and Krypton) at different pressures. The spectra are normalized
to the total energy by dividing by the integral over the whole spectrum.

7.2.1 Spectral broadening results in Argon

Figures 7.8 and 7.9 show the pulse energy dependent spectra for different
pressures of Argon. The general behavior can be roughly summarized as fol-
lows. First, for low pressures the spectrum simply broadens symmetrically
toward long and short wavelength sides due to SPM. Second, after increasing
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the pressure to 15 bar at approximately 12 µJ energy, a very broad spectral
wing appears in the visible spectral range. This very broad spectral wing
carries relatively low energy content of the pulse. Together with this short
wavelength wing also a peak in the infrared side of the spectrum appears,
approximately at 1300 nm, which is marked as (1) in Figure 7.8. With in-
creasing pressure the generation threshold of the visible wing decreases. At
around 20 bar pressure one can see that the intensity of the IR side-band
decreases and the visible side becomes very weak. At 25 bar the central
wavelength of the IR bump at 1.3 µm is increasing with increasing energy
and at even higher pressures it totally disappears.

5 bar

E
n

e
rg

y
[u

J]

5

10

15

10 bar 15 bar

20 bar5

10

15

25 bar 30 bar

35 bar5

10

15

40 bar 50 bar

70 bar

800 1000 1200 1400

5

10

15

90 bar

Wavelength [nm]
800 1000 1200 1400

110 bar

800 1000 1200 1400

1

Figure 7.8: Spectral broadening in 0.75m long Kagome fiber filled with Argon
at different pressures. Spectra are shown in linear intensity scale. (1) shows
the appearance of a maximum in the long-wavelength range.
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7.2.2 Spectral broadening results in Krypton

In order to obtain broad smooth spectrum of the pulse, a positive substan-
tial dispersion is needed. This can be achieved using higher dispersion gas at
high pressure. Figures 7.10 and 7.11 show energy-dependent supercontinuum
spectra for different Krypton pressures and input pulse energies. First, for
low pressures the spectrum simply broadens symmetrically around the input
spectrum toward the long and short wavelength sides due to self-phase modu-
lation [115]. At the gas pressure of 10 bar at approximately 12 µJ input pulse
energy a broad spectral wing in the visible part of the spectrum appears. It
spans down to the short wavelength side of the transmission band at around
500 nm, although the energy contained in this spectral wing is very low as
compared to the total pulse energy. Simultaneously with the appearance of
the short-wavelength wing, there also emerges an infrared sideband at ap-
proximately 1300 nm denoted by (4) in Figure 7.11 (a). With increasing the
pressure, the threshold for the generation of the visible wing decreases. At
around 20 bar pressure, the intensity of the IR side-band decreases and the
visible side becomes very weak. At 25 bar, the central wavelength of the IR
sideband around 1300 nm is progressively red-shifted with increasing energy.
At even higher pressures, this band becomes unnoticeable.

Pulse broadening dynamics are mainly determined by the total group
velocity dispersion of the waveguide and the gas. Figure 7.11 (b) shows
the approximated GVD of the waveguide tunable by changing the Krypton
pressure. For very low pressures, the driving laser wavelength falls into the
weak negative dispersion regime. The optimal regime for the pulse post-
compression is an SPM broadening in the positive dispersion regime with
the dispersion length LD = ⌧ 2/|�2| chosen to approximately fit the fiber
length. Owing to a relatively strong polarizability of Krypton, the zero GVD
point at 15 bar is shifted to the driving laser wavelength and at 35 bar
pressure the dispersion is already strongly positive and favors efficient SPM
spectral broadening. Due to higher polarizability of Krypton as compared
to Argon, similar broadening regime is achieved at lower gas pressures. For
example 30 bar of Krypton somewhat resembles the regime of 110 bar in
Argon. Figure 7.11 (b) shows the spectrum corresponding to the maximum
extent of the spectral broadening obtained. The bandwidth supports pulses
as short as 2 fs assuming that the phase is compressible. The energy in the
main pulse is over 80%, the long pedestal that contains the remaining energy
can be attributed to the input pulse contrast. Upon spectral broadening,
the energy of the main peak is distributed in a broad spectrum, while the
pre- and post-pulses have low intensity and are almost not broadened. This
shows up in the spectrum as a sharp peak near the fundamental frequency
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which contain approximately the same amount of energy as these side pulses.
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Figure 7.10: Pulse spectrum broadening results in Krypton, fibre length 0.75
m, linear intensity scale. (1) shows the abrupt appearance of an extremely
wide spectral wing, (2) shows the appearance of a maximum in the long-
wavelength side, (3) shows that initially the broadening follows the typical
conical SPM structure, while at higher energies the shape is totally different.
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Figure 7.11: a) Dependence of supercontinuum spectrum at different pulse
energies and Krypton gas pressures. Color code is shown on a logarithmic
scale. Blank areas are due to different scanning ranges of the spectrometer
used during the measurement. Feature (1) shows the abrupt appearance of
an extremely wide spectral wing, (2) shows the appearance of a maximum in
the long-wavelength side, (3) shows that initially the broadening follows the
typical conical SPM structure, while at higher energies the shape is totally
different, (4) a bump in the spectrum at 1.3 µm is also visible even before
visible light generation starts. b) spectrum measured at 35 bar pressure
and 16 µJ pulse energy. c) corresponding temporal profile of the transform
limited pulse, d) waveguide dispersion at different gas pressures.

A spectrum for the transform-limited pulse duration calculation shown
in Fig. 7.12 was taken from the data set shown in Fig. 7.10. The bandwidth
supports pulses as short as 2 fs, although one still needs to check how com-
pressible it is. The energy in the main pulse is over 80%, the long pedestal
that contains the remaining energy can be attributed to the limited input
pulse contrast.
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Figure 7.12: Left panel: transform-limited pulse duration calculation from
spectrum broadened in 0.75 m long fibre filled with 20 bar Krypton. Input
pulse energy is 16 µJ. Right: corresponding calculation of the energy con-
tained in the main pulse by integrating the over the time axis and normalizing
the total pulse energy to unity. The 0.1 offset at the edges of the integral
shown on the right indicate that 2x0.1 = 20% of the total pulse energy is
outside the main pulse.

7.3 Solitonic self-compression
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Figure 7.13: Solitonic pulse self-compression in the anomalous dispersion
regime of Kagome fibre. Input pulse energy Ep = 17 µJ, pulse duration
⌧fwhm = 100 fs, center wavelength � = 1.5 µm.

A totally different post-compression regime, the so-called solitonic self-compression,
happens in the negative dispersion region of the transmission spectral win-
dow of the waveguide. An in-depth analysis, measurements and applications
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using post-compressed pulses in this regime is discussed in Chapter 8. Cal-
culation results of propagation of 100-fs long pulse centered at � = 1.5 µm
through a fibre filled with 1 bar of Argon is shown in Figure 7.13. These
parameters were chosen to approximately match that of the pulses from a
typical KTA crystal based OPA pumped by a femtosecond Yb CPA laser.
The pulse compresses in time and its spectrum widens at a distance of z ⇡ 0.5
m. Second �2 = �1400 fs2/m and third �3 = 3500 fs3/m order dispersion
which is dominated by the waveguide dispersion at this pressure was included
in the calculation and the input pulse energy corresponding to the N=3 order
soliton was used. The third order dispersion yields the slant visible in the
temporal profile evolution and distortion of the spectrum for higher solitonic
compression revivals.

7.4 Summary
In this chapter an octave spanning supercontinuum generation in a Kagome
lattice HCPCF in the high power regime is described. Kagome fibre has a
very broad transmission bandwidth, low loss and intermediate mode diame-
ter. The scheme allows extending pulse post-compression schemes down to
the few-cycle duration at a high repetition rates.



Chapter 8

Sub-Cycle Gigawatt Peak Power
Pulses Self-Compressed by
Optical Shock Waves

In this chapter a scalable pulse self-compression scheme is presented that
uses Kagome photonic crystal fibre with a large hollow core filled with a
noble gas as a nonlinear optical medium [116]. The scheme is based on a
modified solitonic regime in which an optical shock wave enhances temporal
focusing and the energy buildup in the temporally focused part of the pulse
proceeds to an unconventionally high level. The enhanced solitonic com-
pression scenario is enabled by a fortunate combination of the wave guiding
mechanism, optical nonlinearities and dispersion properties of a hypocycloid
core Kagome-lattice hollow-core photonic crystal fibre (HC-PCF) [112]. We
show both experimentally and theoretically, that, in a single step, ultra-short
infrared pulses with energies of several tens of microjoules undergo a 20-fold
nonlinear self-compression to reach a sub-cycle duration and a gigawatt peak
power at the fibre exit. These results represent a radical improvement, both
in terms of peak-power levels and compression efficiency, compared to all
previously reported pulse self-compression schemes regardless of their type
and geometry, be it free-space or waveguide [117].

The ability of ultrashort laser pulses to self-compress in negative disper-
sion waveguides is widely known since the observation of the optical soli-
ton over 30 years ago [118]. Solid-core photonic crystal fibres are partic-
ularly well suited for accurate dispersion shaping and controlled solitonic
self-compression [119, 120], but they are not scalable for high-energy op-
eration as the correct dispersion profile generally corresponds to tiny core
diameters. Secondly, the material damage threshold sets a severe limit on
the maximum pulse energy [113]. Gas-filled capillaries permit high energy
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throughput and are routinely used for mJ level few-cycle pulse generation
[26], but the negative dispersion is weak and is usually overtaken by the
positive dispersion of the gas thus preventing self-compression. Finally, the
advent of photonic bandgap (PBG) guiding hollow-core photonic crystal fi-
bre [111] showed promise to overcome these limitations of hollow capillaries
following the pioneering demonstration of megawatt peak power solitons in
this type of fibres [117]. However, restrictions originating in the photonic
bandgap guiding mechanism and intrinsic problems of the HC-PCF perfor-
mance have imposed difficulties in terms of a limited transmission band-
width, high dispersion slope, and multimode structure [121] thus hampering
the quest for nonlinear compression of high energy broadband pulses. The
advent of HC-PCF with inhibited coupling between guiding channels cre-
ated a new paradigm in optical guidance whereby core guided modes could
cohabitate with cladding modes with no significant interaction between the
two types of modes [122]. Unlike the earlier photonic bandgap guided HC-
PCF, the ones with inhibited coupling [123] stand out with a significantly
larger bandwidth, lower dispersion and higher power handling, opening the
opportunity to reach very high intensities capable of ionizing the gas in the
fibre core [115, 124]. Shockwaves are widespread in nature and generally lead
to generation of extremely sharp features in time. Here we show that the op-
tical shocks of sub-cycle duration [125, 126] can be generated experimentally
in a single guided-photonics structure. We exploit the latest advances in the
inhibited coupling guiding HC-PCF design that have led to a lower trans-
mission loss and a smaller power fraction propagating inside the glass walls
[113], much improved single-mode operation [112], and a controllable nega-
tive dispersion. We identify and experimentally demonstrate a new regime of
optical pulse compression, in which an optical shock wave, arising as a part
of the highly nonlinear guided-wave evolution of an ultrashort laser pulse,
enhances solitonic pulse compression. Sub-cycle field waveforms, generated
as a result of this dynamics, combine the most striking features of optical
shock waves on the one hand and solitons on the other. Most crucially from
the viewpoint of practical high-intensity applications, this unique combina-
tion of solitonic and shock-wave phenomena was achieved at intensity and
peak power levels higher than 1014 W/cm2 and gigawat respectively, which
are unprecedently high for an optical fibre. Remarkably, this dynamics takes
place in a wave-guided manner, in the single-cycle self-compression limit and
a single mode fashion. A further practical attribute is the scalability of this
regime in both pulse energy and wavelength. Finally, by refocusing the self-
compressed 1014 W/cm2 beam from the fibre, the scheme can serve as a source
for strong field applications. We employ above-threshold-ionization (ATI) of
Xe atoms in a stereo time-of-flight spectrometer [46, 36] to act, firstly, as a
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Figure 8.1: Pulse self-compression scheme based on Inhibited Coupling guid-
ing HCPCF and the field measurement using stereo ATI photoelectron spec-
trometry. a) The experiment consists of launching infrared 80-fs pulses with
energies of up to 120 µJ into 0.2 meter long hypocycloid-core Kagome HC-
PC with an inner-circle of 82 µm (corresponding to a mode-field diameter of
⇡ 64 µm). The pulses were generated in an optical parametric amplifier, and
which wavelengths were tuneable in the ⇡ 1.4� 1.9 µm. The fibre shown in
the inset b) was optimized for this spectral range, exhibiting a linear loss of
⇡ 70 dB/km [113] and an S shaped dispersion curve over 1000 nm-2000 nm
optical bandwidth and featuring anomalous dispersion ranging from 0 to
0.5 ps/km/nm within the spectral range of 1150-2000 nm. The solitonic self-
compression in the negative dispersion regime is achieved by filling the fibre
with Xenon to a pressure of 4 bar so to provide the necessary optical nonlin-
earity. At such a low pressure, the dispersion is dominated by the negative
dispersion of the waveguide as shown in panel c).

practical demonstrator that the output pulses lays in the strong-field regime,
and as a full electric field characterization tool of the generated pulses, which
allowed a preliminary verification of the carrier envelope phase stability of
the solitonically self-compressed pulses.

Figure 8.1 illustrates the uniquely simple Kagome-fibre-based pulse post-
compression scheme. Input 80-fs pulses centred at 1800 nm are launched into
a negative dispersion waveguide where they undergo self-compression. The
Kagome fibre is placed inside a high-pressure gas cell capped on the output
side with a quartz window that is only 0.1 mm thick to minimize distortions
of the out-coupled self-compressed pulse. To eliminate additional dispersive
broadening, only reflective optics is used downstream for conventional and
ATI-based pulse characterization. Complete temporal, spectral and spatial
characterization of the input and output laser waveforms was performed us-
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Figure 8.2: The spatial uniformity and whole-beam compression is illustrated
in the spatio-temporal reconstruction of the pulse depicted in panel a) and
measured beam profile shown in the inset. The panel b) and c) shows the
photoelectron spectrum of ionized Xe atoms in two directions in Stereo-ATI
spectrometer using self-compressed pulses for +cos and –cos electric fields.
The panels d) and e) show that the self-compressed pulses retain the CEP
phase of the much longer input pulses despite the very high compression
ratio. The CEP of the input pulses was locked and the dependence of the
electron spectrum was measured when the CEP of the laser is d) modulated
with a liner phase ramp scanned with the speed of 12 rad/s and e) kept
stabilized.

ing the technique of spatially encoded spectral phase interferometry for direct
electric-field reconstruction (SEA SPIDER). Key results of the SEA SPIDER
and stereo ATI measurements of the self-compressed pulses are presented in
Fig. 8.2. The experimentally obtained spatio-temporal pulse intensity dis-
tribution shown in Fig. 8.2a proves that the self-compression mechanism is
indeed active across the entire beam cross-section and is not limited to its
central portion—one of the key strengths of the demonstrated method for
nonlinear pulse compression of high-energy pulses. Figure 8.2b and 8.2c
shows ATI spectra obtained for different CEP settings (with a phase differ-
ence of ⇡) of the 60 µJ output pulses obtained when the cell is filled with
1 bar of Ar. The dramatic asymmetry in the flux of the photo-ionized elec-
tron outgoing in the direction of the highest-intensity half-cycle of the laser
pulse serves as a direct proof that the electric field of the pulse carries but a
single dominant half-cycle. Using the procedure described in section 8.4, the
measured stereo ATI spectra allow us to calibrate the CEP values and the
actual peak intensity, 5⇥ 1013 W/cm2, that was reached in the ATI appara-
tus. By engaging an active CEP lock on the laser pumping the IR OPA that
supplies 1800 nm input pulses we were also able to verify that CEP stability
is preserved in the self-compressed output pulses as confirmed by an ATI
measurement shown in Fig. 8.3d and e.
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An experimentally measured as well as a numerically modelled evolution
of output pulse temporal and spectral profiles after the propagation in the
HC-PCF is shown in Figure 8.3 as a function of input pulse energy. The
dynamics reveal pulse self-compression in a negative dispersion fibre down to
sub-cycle duration. FROG and SEA-SPIDER techniques were used to char-
acterize the initial stages of the self-compression down to few-cycle regime
to independently confirm the same result (see section 8.1 for details). How-
ever, with the spectra ultimately spreading into the multi-octave range, only
the SEA-SPIDER technique remained adequate pulse characterization in the
single-cycle regime. As a consequence of the over-an-octave bandwidth, the
red and blue wings of the spectrum exhibit significantly different divergence,
with longer-wavelength components diverging faster than the blue ones. For
the pulse components near the beam axis, the faster loss of the spectral con-
tent in the red wing amounts to an effective pulse broadening in time. To
limit such spectral filtering caused by different beam divergences, we used a
spherical mirror to re-image the output of the fibre onto the sum-frequency
crystal and onto the ATI gas target as sketched in Fig. 8.1a. Re-imaging
of the fibre output mode on the target effectively reconstitutes all the spec-
tral components and allows formation of a sub-cycle pulse that otherwise
would have been purged to a full cycle pulse known to be the limit for a
free-propagating pulse as a consequence of the Gauss theorem. Because the
ionization regime can be reached by the self-compressed pulse inside the
Kagome waveguide itself, the energy of the single-cycle pulse critically de-
pends on the choice of noble gas. The highest output pulse energy, 75 µJ,
was reached for Ar because of its high ionization potential. These pulses were
capable of driving the ATI apparatus (Fig. 8.2b,c) although their duration
was not as short as in the case of Xenon gas.

The highest quality self-compression results, summarized in Fig. 8.3, were
achieved for the gas with the highest non-linearity, Xe. As a consequence of
its lower ionization potential, we had to restrict the maximum usable input
energy to 35 µJ resulting in the highest output energy of 25 µJ corresponding
to a sub-cycle pulse. These sub-cycle pulses result from an original sequence.
As demonstrated in Fig. 8.3, at low input pulse energies, the pulse starts to
shorten due to the interplay between the negative group velocity dispersion
(GVD) and the self-phase modulation (SPM). At progressively higher input
pulse energies, the nonlinear spectral broadening is increased and the resul-
tant pulse duration is reduced approximately linearly with the pulse energy,
as depicted in Fig. 8.3d). Starting with energies around 26 µJ a needle-like
structure emerges on the pulse. Subsequent dynamics differs significantly
from the conventional high order solitonic pattern because the pulse con-
tinues to shorten instead of breaking up. Numerical modeling convincingly
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Figure 8.3: Measured pulse self-compression at different energy levels. a) ex-
perimentally measured spectra after the waveguide. b) output pulse profiles
measured with SEA-SPIDER technique c) Intensity (red) and instantaneous
field intensity (blue) profiles of the shortest self-compressed pulse. d) De-
pendence of the self-compressed pulse duration and peak power on the input
pulse energy.

shows that the breakup is constrained due to the higher order nonlinear
terms. At 35 µJ input pulse energy a 4.5 fs pulse is formed. Further increase
of the energy does finally break the pulse up. The pedestal of the pulse is
intrinsic to the self-compression process. The main pulse contains around
50% of the energy at the shortest 4.5 fs pulse case. At the expense of slightly
sacrificing the pulse compression ratio, the pulse fidelity can be substantially
improved such that around 60-70% of the energy is gathered in the main
pulse. The fibre length of 0.2 m was chosen to achieve the required non-
linear length at a safe operational gas pressure in the fibre cell (section 8.5
describes optimization of experimental parameters). Higher soliton numbers
enable compression to shorter pulse widths within shorter stretches of fiber.
On the other hand the input pulse energy and peak intensity is limited by
the ionization of the noble gas. As expected, Xenon provided the highest
self-compression degree because of the highest nonlinearity versus ionization
rate ratio and - as a consequence of being an atomic gas - absence of a de-
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layed Raman response. The intensity in the fibre is already in the strong-field
regime, i.e. the self-compressing pulse begins to ionize the gas. Consequently,
the use of a gas (Xe) with a low-ionization potential limited the maximum
usable energy of the self-compressed pulse in this waveguide to ⇡ 40 µJ. At
higher energies, plasma dispersion effects ruin the self-compression mecha-
nism. Despite the low energy, the pulses compress to a single cycle and at a
GW peak power level. For the cosine electric field pulse where the peak of
the envelope coincides with the peak of the electric field, the instantaneous
intensity of the adjacent electric field peaks is 50% less than the main peak.
For the extreme nonlinear processes like strong field ionization or high order
harmonic generation this confines the interaction to the single main peak of
1.4 fs duration.

Figure 8.4: Different phases of the pulse self-compression in a waveguide.

The experimental measurement results are in good agreement with the-
oretical simulations that allow getting more insight into the physics behind
the self-compression process. Figure 8.4 outlines the stages of soliton pulse
self-compression down to a sub-cycle pulse width. In the case of octave-
wide bandwidths, the nonlinear dynamics of the pulse shape deviates sub-
stantially from the classical soliton dynamics picture. On the propagation
scale of the nonlinear length LNL, self-phase modulation (SPM) induces a
chirp and gives rise to noticeable spectral broadening of the laser field. In
the regime explored in our work, the dispersion length LD in this regime is
⇡ 290 times larger than the nonlinear length LNL, corresponding to a soli-
ton number N =

p
LD/LNL ⇡ 17. With such a mild dispersion, SPM has

enough time and space to generate a large nonlinear phase shift and dra-
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matically broaden the spectrum before dispersion effects start to play any
noticeable role in the solitonic dynamics. At around z ⇡ 0.05z0 ⇡ 0.08LD,
(z0 is the soliton period) dispersion starts to compress the central part of the
pulse, where the chirp is almost linear. As the pulse width becomes close to
a single field cycle at z ⇡ 0.045z0, shock-wave effects come into play, blue-
shifting the spectra and steepening the trailing edge of the field waveform.
Following the point of maximum compression, achieved at z ⇡ 0.05z0, self-
steepening generates an intense blue wing of the spectrum, which eventually
falls beyond the zero-group-velocity-dispersion wavelength. Pulse compres-
sion in this regime is thus enhanced by self-steepening and is limited by the
finite range of air-mode guidance in the gas-filled fibre core. A more in-
depth discussion on pulse propagation dynamics and numerical simulations
are presented in sections 8.2 and 8.3

8.1 Experimental setup

The experimental setup consists of a femtosecond IR optical parametric am-
plifier (OPA), Kagome lattice fibre enclosed in a gas cell and an apparatus
for spatially encoded spectral phase interferometry for direct electric-field
reconstruction (SEA-SPIDER) used for conventional pulse characterization.
Figure 8.5 depicts the detailed schematics of the optical arrangement, ex-
cluding the ATI spectrometer used in the demonstration of the strong-field
capability described in section 8.4. The output of the OPA pumped by a
solid-state Yb : CaF2 chirped pulse laser amplifier running at 2 kHz is tun-
able in the 1.4�1.9 µm range and produces transform limited pulses of 80 fs
duration across the tuning range. The dispersion estimation of the fibre show
that for gas pressures used in the experiment the waveguide stays in the neg-
ative dispersion regime at wavelengths � > 1.1 µm. This allows formation
of high-order solitons and ultimately leads to the formation of an optical
shocks resulting in pulse self-compression at a certain distance. The position
where the shortest pulse is formed can be controlled by changing the input
pulse energy. More details on the pulse scaling and optimization are given
in section 8.5.
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Figure 8.5: a) A general scheme of the experimental setup and the mid-IR
SEA-SPIDER pulse characterization apparatus. BS – beam splitter, M –
mirror, IF – narrowband interference filter, WLG – white light generation
in bulk YAG plate. b) an illustration of geometrical smearing effect in non-
collinear SHG FROG measurements: i) two non-collinear beam crossing in
the case of SHG FROG and ii) two long-pulse ancilla beams and a short test
pulse fully overlap in the case SEA-SPIDER. c) raw SEA-SPIDER traces for
several input pulse energies, pulses were self-compressed in 20 cm long fibre
filled with 3 bar Xenon.

Pulses from the OPA centered at 1.8 µm wavelength are coupled into the
Kagome fibre. The chirp of the input pulses from the OPA is fine-tuned
using a prism compressor. The evolution of the pulse temporal profile as a
function of input pulse energy was recorded using the SEA-SPIDER tech-
nique. The SEA-SPIDER setup was optimized for mid-IR spectral range by
using ancillary beams derived directly from the laser pulse at �0 = 1.03 µm.
To obtain a frequency shear between the two ancillary beams, they were
passed through two independently tuned 3-nm narrowband interference fil-
ters. As a result, the wavelength of one ancillary beam is 1025 nm whereas
the other ancillary beam is at 1035 nm. The two ancillary beams and the
self-compressed test beam are focused using a common spherical mirror onto
a BBO crystal, resulting in the generation of two non-collinear sum-frequency
beams. The two sum-frequency signals are subsequently spatially filtered and
re-imaged on the imaging spectrometer [127]. By processing the measured
interference pattern the full temporal profile is reconstructed. The setup was
carefully calibrated and cross-checks were applied by simultaneously record-
ing FROG traces so long the bandwidth of frequency-broadened pulses re-
mained within the working bandwidth of the FROG apparatus. The SEA
SPIDER and FROG pulse reconstructions under such conditions produced
a very nice agreement. Despite the use of a noncollinear beam geometry the
SEA-SPIDER technique is free of geometric time smearing. Another factor
that makes it a technique of choice for measuring over-an-octave bandwidth
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Figure 8.6: SHG FROG traces, reconstructed temporal profiles and spectra
of the self-compressed pulses for several input pulse energies. Input pulse
parameters: �0 = 1.6 µm, 75 cm long fibre filled with 3 bar Krypton.

pulses with potentially a sub-cycle duration is the lack of bandwidth limi-
tation to within a single octave. The sum-frequency signals are generated
from the interaction with narrowband ancillary beams, whereby the entire
test pulse volume, despite the noncollinear arrangement, is fully overlapped
with the ancillary beams that carry long narrowband pulses and are of a rel-
atively large diameter. The two sum-frequency beams are then filtered using
simply a spatial filter and re-imaged on the imaging spectrometer. The full
temporal profile of the self-compressed pulse is reconstructed by processing
the measured interference pattern of the two ancillary beams on the imaging
spectrometer slit.

The SEA-SPIDER technique allows reconstruction of the temporal pulse
profile across one transversal spatial coordinate. These measurements, in
combination with the direct beam profile measurement using a pyroelectric
camera confirm that the pulse self-compresses uniformly across the beam.

As a crosscheck of the SPIDER measurements, we characterized the dy-
namics of the pulse profile evolution using SHG FROG technique. The results
are summarized in the Fig. 8.6. Although the experimental conditions are
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slightly different, these measurements confirm that the pulse uniformly self-
compresses at this high peak power regime forming a short pulse with most
of the energy concentrated in it. The experimental parameters were not op-
timized, namely the input pulses were centred at 1.6 µm, there was some
uncompensated chirp of the OPA source, which resulted pulses with stronger
pedestal. The limitation of FROG technique is that the bandwidth is limited
to below one octave. In other words, for the over-an-octave bandwidth, the
second harmonic of the long wavelength wing overlaps with the short wave-
length spectral wing of the fundamental pulse. In the non-collinear geometry
pulse duration is inevitably overestimated due to geometrical smearing effect.
Despite these limitations, pulses as short as 8 fs were measured using SHG
FROG technique independently of SEA-SPIDER measurement.

The CEP of the input source was locked and controlled using active CEP
stabilization loop of the Yb pump laser as shown in Figure 8.7 a). The OPA
is seeded via supercontinuum generated in a bulk YAG plate which inherits
the CE phase of the driving laser pulse [128]. The oscillator and CPA of the
driving laser is stabilized using two feedback loops, the fast loop based on
heterodyne phase detection stabilizes the oscillator and the second loop based
on spectral phase detection stabilizes the slower phase drifts in the amplifier.
The stabilization of the driving laser system is described in details in chapter
4.1. However, since OPA is used for frequency conversion anyway, it is possi-
ble to simplify the setup greatly by implementing passive CEP stabilization
in the OPA [65, 76, 10] as shown in Figure 8.7 b). The passive CEP lock is
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achieved by generating seed at 1800 nm via difference frequency generation
between the short wavelength side of the supercontinuum spectrum and the
frequency doubled pump pulse [129].

Figure 8.8 shows characterization data of the OPA source that was used
for the experiments. The pulses from the OPA are nearly transform limited
and do not require any sophisticated dispersion management apparatus typ-
ically attributed to OPCPA schemes [130]. The central wavelength can be
tuned within the range of 1.4-1.8 µm. The spot of the beam has a rather
good quality with symmetric Gaussian profile. The temporal profile, how-
ever, has some residual chirp. The chirp, in principle, can be compensated
using ⇡ 30 mm glass block, however, the third order phases add up. For the
best compression a pulse shaper (i.e. DAZZLER) can be used.
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Figure 8.8: Characterization of the OPA used for the Kagome experiments.
a) spectra at different central wavelengths, b) and c) beam profile and the
lineouts. Panels d)-g) shows the temporal characterization of the input pulse
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glass block. d) measured FROG trace, e) reconstructed group delay of the
spectral components of the input pulse the fiber, f) group delay dispersion,
g) temporal profiles of the input pulse, calculated compression using a 30
mm glass block and the transform limited pulse shape.
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8.2 Pulse propagation dynamics

The envelope evolution upon nonlinear pulse propagation in the waveguide
is a highly complex process involving an interplay between the nonlinear
phase shift due to intensity-dependent refractive index and dispersion of the
waveguide and the filling gas. Note that unlike in the case of femtosecond
pulse filamentation [131], the dynamics is mainly confined to one dimension
in space because of a true waveguide geometry and the complicated spatial-
temporal coupling effects can be neglected under the conditions used in this
experiment. This not only results in a spatially uniform pulse at the output
of the fibre, but also greatly simplifies the analysis of the nonlinear dynamics
and yields a better understanding of the physics behind the self-compression
process. Moreover, the use of noble gas as a nonlinear medium that has no
vibrational or rotational Raman activities provides a nearly perfect instan-
taneous nonlinearity that works favorably for the formation of optical shock
waves. In the case of non-linear propagation in the self-compression regime,
the short pulse is obtained at a specific distance in the fibre for a given con-
ditions. However, the fibre length cannot be varied in the experiment. The
easily variable parameter is the pulse energy which also determines the posi-
tion at which the short pulse is formed. Figure 8.9 shows the measured pulse
spectrum and temporal profile dependence on the input energy. Generally,
the higher is the input pulse energy, the broader is the spectrum and the
shorter is the pulse at the output of the fibre. The dynamics can be roughly
divided into three phases. In the first phase, the pulse continuously shortens
with increasing input pulse energy as indicated in the graph Fig. 8.3d. This
regime can be considered as a classical high order soliton evolving towards
short peak formation. The spectrum broadens nearly symmetrically, the
positive chirp due to self phase modulation is balanced with the phase shift
induced by the anomalous dispersion of the fibre (see Figure 8.1c). However,
when the pulse gets shorter, the peak of the pulse is slowed down relative to
the rest of pulse temporal components due to the dependence of the group
velocity on the intensity and an optical shock wave formation sets in en-
hancing the pulse shortening [126]. Finally in the last stage marked (iii) in
Figure 8.9 a very short light transient is formed right at the exit of the fibre
with the envelope duration shorter than the field cycle with most of the input
pulse energy concentrated in it. At this point the peak intensity reaches the
level where ionization becomes significant and eventually limits the further
increase of peak power.
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Figure 8.9: Dependence of the self-compressed pulse spectrum (left panel)
and temporal profile (right panel). The dynamics can be divided into three
phases: (i) classical high order soliton formation, where the SPM-induced
nonlinear phase is balanced by the phase acquired due to the negative dis-
persion of the fibre and the input pulse power is several times the power of
the fundamental soliton. (ii) the spectrum of the self-compressed pulse in-
creases enough so that the group velocity dependence on intensity steepens
the trailing edge of the pulse and an optical shock wave starts to be formed.
(iii) an intense sub-cycle duration light transient is formed as a result of
shock-wave-enhanced soliton self-compression.

8.3 Numerical simulation of nonlinear pulse prop-
agation

In the case of solitonic self-compression, the short pulse is obtained at a spe-
cific distance in the fibre for a given conditions. However, the fiber length can-
not be varied in the experiment. The easily variable parameter is pulse energy
which also changes the position where the short pulse is formed. The simula-
tions show that varying the pulse energy is somewhat similar to the varying
the distance except that soliton order is also changing. The simulation of
⌧fwhm = 80 fs pulse centered at �0 = 1.7 µm propagation through a fiber
with second �2 = �442 fs2 and third �3 = 1380 fs3 order dispersion medium
(shown in Figure 8.1 (c)) for various input energies is shown in Figure 8.10.
The simulation was done for Krypton (n2 = 2.6 ⇥ 10�23 m2W�1bar�1) at 6
bar pressure and d = 82 µm fiber core diameter. Sidebands in the spectrum
moving towards long wavelength side with increasing energy can be identified
in measured and simulated spectra. The corresponding soliton order at the
first compression cycle is approximately N ⇡ 4. The second and third order
dispersion values were approximated using a polynomial fitted to capillary
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dispersion profile calculated using finite element analysis.
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The spectrum and temporal profile corresponding to the first compression
cycle at pulse energy Ep = 3.5 µJ is shown in Figure 8.11. Due to third order
dispersion, the pulse profile is asymmetric with a higher “bump” at the long
wavelength side which is consistent with our experimental observations.
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Figure 8.11: Simulated spectrum and temporal profile at Ep = 3.5 µJ.

A more detailed comparison of the effect of the spectral phase of the input
pulse is shown in Figure 8.12. The propagation dynamics and the spectrum
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strongly depends on the shape of the input pulse. Positive chirp tends to
induce formation of two symmetric “bumps” and splitting of the spectrum.
Negative chirp yields first narrowing of the spectrum and then again broad-
ening. More importantly, the third order phase yields asymmetric spectrum
and formation of a sharp spike in the spectrum as shown by arrows in panels
d) and e). This illustrates the necessity for careful phase control of the input
pulses as even a small chirp on the input pulse that does not significantly
change pulse duration, has a dramatic effect on the self-compressed pulse
shape.
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Figure 8.12: Simulation of solitonic self-compression for various input pulse
shapes. a) transform limited pulse, b) positively c) and negatively chirped,
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of z = 1 m; The corresponding soliton orders are: a) N = 4.9, b) N = 7.5,
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in the presence of the third order phase.
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8.4 Characterization of the self-compressed pulses
with stereo-ATI electron spectrometry

Here self-compressed pulse characterization using stereo Above Threshold
Ionization (stereo-ATI) electron spectrometry is described. These experi-
ments also serve as an example of the application of these self-compressed
pulses for strong field experiments. Using stereo ATI spectrometer that con-
sists of two time-of-flight (TOF) electron spectrometers in two directions we
measure the photoelectron spectrum of the ionized noble gas atoms (Xe) for
different carrier envelope phase (CEP) values. The calculated instantaneous
intensity (field squared) of the shortest self-compressed pulse and the ion-
ization rate of xenon as shown in Figure 8.13. By focusing that into 60 µm
spot, the peak intensity 6⇥1013 W/cm2 is reached. Due to highly non-linear
nature of the ionization, only one half-cycle yields significant ionization rate,
leads to a cleaning effect of the wings.

The CEP dependent ATI spectrum measurement is a tool that provides
direct information on the number of cycles in the ultrashort pulse [132]. For
a cosine pulse ('cep = ⇡/2), there is only one strong half-cycle that gener-
ate electrons that are drifting only in one direction. The other half-cycles
have much lower instantaneous intensity and produce much lower electron
yield. Moreover, in the energy resolved photoelectron spectrum one can di-
rectly measure the cut-off which is proportional to the instantaneous intensity
Up / Iinst⇥�2. By measuring the ratio of the cut-offs in the left and right di-
rections U left

p /U right
p , one can directly measure the ratio of the instantaneous

intensity of the adjacent half-cycles. For a sub-cycle pulse the intensity of the
adjacent half-cycle be <50%. The shortest pulse generation and the strong-
field ATI spectrometry experimental conditions were slightly different, for the
ATI experiment the fibre length was optimized for high energy therefore the
pulses are slightly longer, producing pulses with the adjacent half-cycle peak
intensity ratio of around 60% as shown in the measured electron spectrum
in Figure 8.13.

One challenge of the nonlinear pulse self-compression is that the pulse
intensity in the last stage of the compression, just before the fibre exit, is at
its highest. The high intensity compatible with the level needed for strong-
field experiments can be achieved by filling the fibre with high ionization
potential (Ip) noble gas and tightly refocusing the self-compressed beam on
target. In the experimental scheme shown in Figure 8.13 a), we filled the fibre
with Neon gas and the lower Ip Xenon gas was used in the ATI spectrometer.
The beam was refocused with demagnification factor f1/f2 = 2 thus further
increasing the intensity in the interaction region. This allowed nearly fully
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Figure 8.13: An illustration of application of the self-compressed pulses for
strong field physics experiments. a) experimental scheme for the use of self-
compressed single-cycle pulses for ATI electron spectrometry. DSO – digital
sampling oscilloscope. Spherical mirror focal lengths f1 and f2 were chosen
in order to increase the intensity in the ATI spectrometer. Panels b) and d)
show the large asymmetry of the electron spectrum in the two directions for
different CEP, indicative of +cos and –cos electric fields, whereas panel c)
shows the symmetric case, indicative of a sin electric field. Panel e) shows the
instantaneous intensity and the intensity ratio of the two adjacent half-cycles
Ipre/Ipeak and f) electric field of the shortest self-compressed pulse. Panel g)
show the corresponding calculated ionization rate in Xe assuming 60 µm spot
size.
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ionizing the target gas while completely avoiding detrimental effects due to
ionization in the fibre.

8.5 Optimization of self-compression and en-
ergy scalability

The fibre length, gas type and pressure were optimized to ensure the shortest
pulse generation. The duration of the self-compressed pulse can be decreased
by increasing the corresponding soliton number which translates into short-
ening the fibre length. Higher soliton numbers help to achieve shorter pulse
widths within a shorter stretch of fibre and make the pulse less sensitive to
the nonuniformities of the transmission of the fibre as the dynamics is con-
fined to a shorter length. However, the reduction of the nonlinear phase shift
due to shortening of the fibre has to be compensated by increasing the non-
linearity of the medium. The gas type is chosen according to the nonlinearity
and pressure limitations of the experimental setup. Different inert gases (Xe,
Kr, Ar, Ne, He) have different ionization potentials Ip. The higher the Ip, the
higher the intensity can be achieved before detrimental ionization effects sets
in, the more energy can be coupled into the fibre. However, the nonlinearity
of the gas also decreases strongly with increasing Ip. For the experiment, the
Xe gas was chosen which has the highest nonlinearity. Another optimiza-
tion parameter is the gas pressure in the cell – the nonlinearity �n grows
linearly with the pressure. This means that for example, that by increasing
the pressure twice, almost the same dynamics can be achieved at just half
of the intensity. The ionization probability is a highly nonlinear function
of intensity. However, in the experiment in order to out-couple the pulse
with minimal distortion a very thin window has to be used which limits the
pressure that can be used in the gas cell. In the experiment Xe at 4 bar was
used. The maximum pressure that we achieved with 150 µm thick window
is 10 bar.

The maximum transmittable pulse energy depends on a number of exper-
imental parameters, such as coupling efficiency, nonlinearity of the filling gas,
pulse duration, etc. Although we did not do a systematic damage threshold
measurements, we did observe damage of the fibre at around 150 µJ of the
input pulse energy. However, recently mJ level pulse transmission through a
very similar fibre structure was demonstrated [133]. Furthermore, our system
provides a lot of freedom in scaling both in terms of pulse energy and spec-
tral properties. These control parameters of our system are the following:
a) the fibre transmission and dispersion can be tailored by simply changing
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Figure 8.14: Comparison of the beam profile at the output of the fibre for
different input pulse energies.

the cladding silica web thickness. With this, one can tune the dispersion
regime and zero-GVD wavelength; b) the fibre dispersion is so low that in-
troducing a gas provides a further dispersion control. c) energy scaling and
photo-ionization handling could be done by simply introducing a higher Ip
gas such as helium, and/or operating at low pressure. This could be done
without compromising the nonlinear spectral broadening by adjusting the
fibre length and its effective area.

Another limitation is the spatial self-focusing inside the fibre due to Kerr
lens which limits the maximum peak power. The critical power scales with
wavelength as Pcrit / �2, therefore the infrared spectral range around 1.8 µm
we use in our experiments acts favorably and allows achieving higher peak
power of the final self-compressed pulse. The experimental parameters were
optimized in order to achieve the shortest pulse duration keeping the peak
power below the self-focusing threshold. The changes of the beam profile
at the output of the fibre at low and high input energy are minor in our
experiments, as shown in Fig. 8.14.

We experimentally show the possibility to upscale the energy of the self-
compressed pulse by choosing the type of gas and simultaneously adjusting
the gas pressure and the fibre length. The pulse compression in the Kagome
fibre can be optimized for various regimes and the extremely short pulse du-
ration comes at the expense of reduced fidelity of the pulse. The shortest
duration of the self-compressed pulse measuring 4.5 fs FWHM (Figure 8.3)
was obtained in a 20-cm long piece of fibre filled with Xe (Ip = 12.13 eV) at
the pressure of 4 bar and the corresponding input pulse energy was 35 µJ.
The highest output energy of 75 µJ of the self-compressed pulse in our experi-
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ments was obtained in a 45-cm-long piece of fibre filled with Ar (Ip = 15.8 eV)
at the pressure ⇡ 1 bar. These results demonstrate great flexibility of the
nonlinear pulse compression scheme whereby the substitution of the gas ion-
ization potential and dispersion can be efficiently compensated by controlling
the gas pressure and the fibre length. Nevertheless, there is a noticeable im-
pact on the fidelity of the self-compressed pulse as the shortest duration
obtained at the highest energy in the case of Ar measures 6 fs FWHM. The
ability to reach an efficient self-compression regime over a wide parameter
space including the pulse energy, wavelength and the Kagome waveguide ge-
ometry proves the overall robustness of the method and its adaptability to
application-dictated target parameters.

In order to illustrate the effect of the dispersion of transmission optical
elements on the pulse profile of these short self-compressed pulses and empha-
size the importance of optimizing the optical setup for minimal dispersion,
calculation shown in Figure 8.15 shows the distortion of the 3 mm thick fused
silica window on an ultra-short 8-fs pulse.
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Figure 8.15: Calculation of the effect of a 3 mm thick window dispersion on
the self-compressed 8-fs pulse.

8.6 Configurations of the strong-field source
The self-compression scheme in Kagome fiber described here is compatible
with several geometries used in generic strong-field experiments. Specifically,
one challenge is the delivery of the self-compressed pulse onto the target and
the ability of the nonlinear self-compression scheme to compensate extra
dispersion between the fiber exit and the target to which the pulse has to
be delivered at the highest possible level of compression. Here, we assume
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Figure 8.16: Schemes of pulse delivery to an application and corresponding
pressure profiles along Kagome fibre in case of a) fibre mounted in a static gas
cell and b) a pressure gradient case when the output of the fibre is mounted
directly in a vacuum chamber.

that a dispersion-less focusing is employed by use of a concave mirror and
distinguish two generic geometries suitable for a strong-field experiment, as
summarized in Fig. 8.16. The first relevant geometry, shown in Fig. 8.16a,
is based on a Kagome waveguide in a cell with a static gas pressure. At the
minimum, this includes an inevitable extra dispersion of the out-coupling
window. In some schemes, on top of that one might be also required to com-
pensate additional dispersion contributions arising from propagation through
air and an in-coupling window. The second scheme, shown in Fig. 8.16b, as-
sumes fiber termination directly into a vacuum target chamber. The main
conceptual difference between the two schemes is that the one with vacuum
termination avoids extra bulk dispersion and supplies a longitudinal pressure
gradient.

The case of extra bulk dispersion (Fig. 8.16a) is frequently encountered
in gas-based self-compression schemes [134, 135] and can be turned into an
advantage because the intensity of the divergent beam in the exit window
is low and it can be treated as a linear bulk compressor. The bulk disper-
sion of the window in the case of the IR wavelength is anomalous, i.e. of
the same sign as the gas-filled waveguide dispersion. Because of that, one
can terminate the process of nonlinear self-compression at a safe peak power
level and then additionally post-compress the pulse with bulk dispersion to
reach a higher peak power level while avoiding additional nonlinear interac-
tion. In section 8.5 it is explained how the interplay of the intensity, gas
nonlinearity, gas pressure and the waveguide length can be used to optimize
the compression level and the peak power. In a practical experiment, in
which the gas type and the fiber length are fixed, we carefully tune the gas
pressure and attenuate the input pulse energy to achieve the desired balance
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between the pulse energy and pulse fidelity and duration. In the context of
the experiments with Xe and Kr filling gases presented in the main article
text, we point out that the presence of small extra bulk dispersion allows us
to increase the pulse energy on target compared to the case when the highest
peak power would be reached inside the fiber, entailing ionization loss and
associated pulse distortions. We conservatively estimate that the use of a 150
µm thin output window helps us win additional 10-15% of the usable pulse
energy and an even larger fraction of the achievable peak power (cf. section
8.2) compared to the case when the self-compressed pulse exits the waveguide
without a small amount of pre-chirp compensated by the window. The case
of vacuum termination (Fig. 8.16b) closely resembles the pressure-gradient
technique used in the hollow waveguide chirping technique for high-energy
pulses [136]. The main advantage of this scheme is that the energy trans-
mission can be significantly boosted in comparison with the static pressure
case because the gas density is progressively reduced with the growth of the
peak power, helping to hold off ionization losses. Whereas the experiments
presented in the paper were performed using the fiber in a static gas cell, we
have also investigated the suitability of the scheme in the geometry shown
in Fig. 8.16b. Figure 8.19 compares the evolution of the pulse spectrum as a
function of input energy in both geometries for a L=45 cm piece of Kagome
filled with a static pressure of 1.2 bar (Fig. 8.19 a,c) and with evacuation
connected to the fiber output Fig. 8.19 b,c).

8.7 Fibre properties

Transmission curve of the 3 meter long fibre is shown in Figure 8.17. The
transmission signal was normalised to the supercontinuum light source. The
spectrum exhibits a very low loss for the wavelengths longer than 1 µm. This
corresponds to the fundamental band of the inhibited coupling guiding fibre
[122] and extends above 2.4 mm; which is the long-wavelength detection limit
of the used spectrum analyser.

The dispersion of the waveguide was modelled using finite element anal-
ysis and commercially available software package. The modelled structure
was extracted from scanning electron micrograph (SEM) of the fibre. The
detailed of mode solving can found in the supplementary materials of Ref.
[122]. The group velocity dispersion in the spectral range relevant to this
experiment is shown in Figure 8.1 c). The polynomial fitting function (8.7)
and its coefficients that describe the dispersion are listed below:
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Figure 8.17: Measured transmission spectrum through 3 m long fibre. The
transmission signal is normalised to the whit light source. The graph was
kindly provided by F. Gérôme and F. Benabid.

GDD
⇥

ps
nm⇥km

⇤
= �3335.64⇥ ⇤⇥

⇥ (0.00931144� 0.0181275⇥ ⇤+ 0.00986497⇥ ⇤2 � 0.000860359⇥ ⇤4) ,
(8.1)

here wavelength L is expressed in units of mm.

8.8 An integrated self-compression and XUV-
generation scheme

Coherent soft XUV sources based on high-order harmonic generation (HHG)
are required for applications in non-invasive materials imaging and control
and are of great importance in time-resolved atomic and molecular physics.
Recently, the collection of available femtosecond sources for driving HHG
grew to include long-wavelength optical parametric amplifiers (OPA) [137]
and high-repetition-rate Yb fiber and slab lasers [23], representing the trends
for wavelength- and average-power scaling aimed at improving the XUV pho-
ton flux. For driver wavelengths in the near- and low mid-IR, the process of
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Figure 8.18: Experimental scheme of integrated pulse self-compression based
on Kagome HC-PCF and XUV pulse generation via high order harmonic
generation. We launch 80-fs pulses with up to 120 µJ energy into a 45 cm
long Kagome HC-PCF with an inner-circle of 82 µm (mode-field diameter
⇡ 64 µm). The input pulses were generated in an optical parametric amplifier
with 1.7 µm signal wavelength. The fiber, whose cross section is shown in
the inset, was optimized for this spectral range, exhibiting a very low linear
loss of ⇡ 70 dB/km and negative dispersion throughout the spectral range
of 1.2–2.0 µm. Solitonic self-compression is achieved by filling the fiber with
several bars of a noble gas providing optical nonlinearity while remaining
in the negative dispersion regime. The output of the Kagome HC-PCF is
refocused onto a gas cell where HHG is generated and a 0.2 µm Aluminum
filter separates the XUV radiation.

HHG is accomplished within a single optical cycle, leading to essentially an
isolated attosecond XUV burst. Consequently, a massive development effort
has been invested over the past decade into the generation and application of
quasi-single-cycle driver pulses for HHG. A typical scheme includes an exter-
nal pulse compression stage—an SPM-based spectral broadening [26] with a
subsequent dispersion compensation—wedged between the laser source and
the HHG setup and severely compromising the robustness of the chain in
the whole range of aspects: pointing instabilities, intensity and phase fluc-
tuations, thermal drift, etc. The quest to eliminate the problems associated
with a separate setup for external pulse compression has led to the emer-
gence of hybrid methods in which the shortening of the driver pulse and
the high-order harmonic emission are combined in the same target medium.
Recently, for the mJ energy range, pulse self-compression and HHG, both
taking place in a single filament in the target gas, were reported [138, 25].
In the sub-mJ pulse energy range, however, such a fortunate combination is
not feasible because it is not possible to supply the correct dispersion profile
in a high-pressure gas target.
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In this section a very robust scheme is presented allowing to combine
a waveguide-based self-compression of IR pulses with energies up to 100 µJ
with HHG in an integrated scheme depicted in Fig. 8.18. The nonlinear pulse
shortening down to a single cycle duration [116] takes place in a Kagome-
lattice microstructure fiber filled with a noble gas [112, 115, 122, 123, 124].
The pulse characterization measurements described in the previous sections
of this chapter confirm that the self-compressed output can ensure, with
moderate focusing, peak intensities sufficient for driving high-field phenom-
ena such as above threshold ionization [116]. Here we demonstrate that such
pulses are also capable of a far more challenging driving of a bright HHG
source. Prior to integrating the Kagome self-compression stage into the HHG
setup, we have verified that it was possible to perform XUV generation also
in a stand-alone version, i.e. when the Kagome setup was completely isolated
from the vacuum HHG setup and the extra dispersion—contributed by the
exit window of the Kagome gas cell, passage in air, and the entrance win-
dow of the HHG chamber—has noticeably negatively pre-chirped the pulse.
The integrated setup depicted in Fig. 8.18 solves the issue of a mechanically
robust, dispersion-free coupling of the self-compressed pulses into the HHG
target. In addition, the termination of the exit facet of the Kagome fiber
into vacuum, rather than into a static pressure as in a cell, supplies a useful
pressure gradient. The latter ensures that the gas density is progressively
lowered as the peak power of the pulse undergoing self-compression during
its propagation down the fiber core progressively grows. As a result, it is
possible to bypass the limit imposed on the energy of the self-compressed
pulse by ionization of the gas in the vicinity of the output facet of the fiber
and, consequently, to increase the energy available for HHG driving. The
presented combination of a nonlinear compression technique coupled to an
HHG target provides very well controllable adjustment parameters and en-
ables the use of different gases in the Kagome fiber and the HHG target.
The gases are chosen to deliberately prevent ionization inside the Kagome
fiber (requiring a higher ionization potential, Ip, gas) and enable it in the
HHG target (filled with a lower Ip gas). The optimum pulse compression is
achieved by balancing the backing gas pressure connected to the inlet at the
entrance of the Kagome fiber and the injected pulse energy.

The input end of the fiber is connected to a miniature gas cell filled with
Krypton (the high-Ip gas) at around ⇡ 1.3 bar absolute pressure. The output
end of the fiber is introduced into the vacuum system of the HHG beam-line.
This creates an approximately linear gradient of the gas pressure in the fiber.
Due to small core and long length of the fiber, the gas flow rate through the
fiber is negligible compared to the gas load of the HHG gas target. The
input pulse energy and the gas pressure in the fiber is adjusted in order to
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get the shortest pulse at the output of the fiber. In the XUV generation
vacuum chamber the output beam from the fiber is refocused into a 0.7
mm long Xe gas target using two spherical mirrors (radiuses of curvature
R1=-400 mm and R2=-200 mm respectively). The demagnification factor
of two as well as the lower Ip of the Xenon gas used in the target for the
HHG allows achieving high degree of ionization level required for the XUV
generation while simultaneously avoiding detrimental effects of plasma on the
pulse self-compression. Input 80-fs pulses centred at 1.7 µm are launched into
Krypton-filled Kagome HC-PCF where they undergo self-compression due to
combined effects of the self-phase modulation, negative dispersion and shock-
wave generation and yield an impressive 20-fold pulse shortening.

The spectrum measurements of the self-compressed pulses are shown in
Fig. 8.20. The intensity of the self-compressing pulse towards the end of the
fiber increases and reaches values that lead to low but significant strong-field
ionization of the fiber-filling gas at the maximum input energies. This is
an undesired effect and the pressure gradient allows reducing its effects as
the pressure towards the end of the fiber decreases. In contrast to differen-
tially pumped hollow-core capillary post-compression setups in the normal
dispersion regime [26], the optimal pressure gradient direction in our case
is opposite. In the positive dispersion regime the pulse intensity decreases
during propagation due to losses, while our case is exactly opposite, the pulse
intensity increases towards the end of the fiber. The comparison of the de-
pendence of the spectrum evolution in case of uniformly filled and pressure
gradient case shown in Fig. 8.19 panels b) and c) was done by measuring the
spectrum at the output of the fiber in ambient air and when the chamber
was evacuated. Due to pressure gradient most of the nonlinear interaction is
concentrated in the beginning of the fiber thus effectively shortening the in-
teraction length and increasing corresponding soliton order. In other words,
because the highest gas pressure is present only at the fibre input and the
pressure at the output is 0, the effective interaction length in the vacuum-
terminated case is roughly halved compared to static cell case. Correspond-
ingly, the pulse energy at which the optimum pulse spectral broadening and
the pulse compression are expected are significantly increased from 65 to 100
µJ. The broadest spectrum in the case of a pressure gradient shown in Fig.
8.19 d) exhibit notable increase of the blue side of the spectrum indicating a
shorter transient generation of the self-compressed pulse.

Temporal characterization the pulse compression in a fiber filled with
Xenon gas was done using SEA-SPIDER technique [116], the pulse duration
and peak power dependence on the input pulse energy is shown in Fig. 8.20
a). At optimum input pulse energy the pulse self-compresses from 80 fs down
to single optical cycle regime. The Fig. 8.20 b) shows two temporal pulse
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Figure 8.19: Self-compression in a differentially pumped Kagome fiber. Pan-
els a) and b) show the measured spectral evolution at the output pulse as a
function of input pulse energy in case of atmospheric pressure at the output
(almost no pressure gradient) and vacuum (large pressure gradient) respec-
tively. c) comparison of broadest spectra in case of small and large pressure
gradient in the fiber.

profiles and illustrates the control of the self-compressed pulse duration by
changing the input pulse energy.

The characteristic measured HHG spectra using self-compressed driver
pulses are shown in Fig 8.20 c). Discrete harmonic peaks are observed when
input pulses are of lower energy and self-compression yields longer, multi-
cycle pulses. When the input pulse energy is increased, the pulse shortens
to the single cycle regime and the number of emitted XUV bursts decreases
leading to near-vanishing harmonic peak modulation. An additional cross-
check against artifacts due to visible stray light on the CCD detector was
made by inserting a glass plate into the XUV beam path which absorbs the
XUV radiation but transmits the visible background. Even though, the CEP
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Figure 8.20: a) self-compressed pulse duration and peak power dependence on
the input pulse energy measured with SEA-SPIDER technique, b) compari-
son of corresponding temporal pulse profiles, where lower input pulse energy
(27.5 µJ) yields multi-cycle self-compressed pulse (blue line), and at higher
input pulse energy (30 µJ) pulse shortens close to one optical cycle (green
line). c) measured HHG spectra corresponding to different self-compressed
pulse durations. The red curve shows nearly vanishing harmonic peak mod-
ulation which is due to reduction of the number of emitted XUV bursts. The
light green curve shows XUV transmission through Xenon medium which is
responsible for the increased losses at lower photon energies.

of the driving pulses was not locked in this case, the preliminary high-order
harmonic generation results clearly shows the potential of the scheme for
implementation of a compact isolated attosecond pulse generation setup.

8.9 Spectral broadening in a positive disper-
sion regime

In order to illustrate the flexibility of the pulse compression in Kagome fiber,
we demonstrated continuous transition from negative to positive dispersion
regime by increasing the filling gas pressure to a very high value. Measure-
ments were done in the positive dispersion regime using rather high 33 bar
Krypton pressure and shorter driving pulse wavelength, �0 = 1.5 µm. In this
case the spectrum broadens due to SPM and yields positively chirped pulses
at the output of the fiber. It was possible to partially compensate the positive
dispersion of the broadened pulses due to SPM using simply a glass block,
which has a negative dispersion in this spectral region. The spectrum of the
broadened pulse and temporal characterization is shown in Figure 8.21. The
left column corresponds to the broadened pulse from the fibre and the right
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column corresponds to the FROG measurement after ⇡ 35 mm of glass was
inserted in the beam path. Insertion of the glass partially removed the posi-
tive chirp of the broadened spectrum pulses (see the evident slanted Wigner
distribution on the left column) and the pulse shortened from initial 40 fs du-
ration down to 26 fs. The positive dispersion regime was not optimized and
serves solely as an example of the wide tunability of the dispersion profile.



110
8.9. SPECTRAL BROADENING IN A POSITIVE DISPERSION

REGIME

Time, fs

W
av

el
en

gt
h,

 n
m

−500 0 500

700

750

800

850

Time, fs

W
av

el
en

gt
h,

 n
m

−500 0 500

700

750

800

850

−300 −200 −100 0 100 200 300
0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

, a
rb

.u
.

Time, fs
−300 −200 −100 0 100 200 300

0

2

4

6

8

10

P
ha

se
, r

ad

−300 −200 −100 0 100 200 300
0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

, a
rb

.u
.

Time, fs
−300 −200 −100 0 100 200 300

0

2

4

6

8

10

P
ha

se
, r

ad

Time, fs

Fr
eq

ue
nc

y 
(Ω

), 
P

H
z

−300 −200 −100 0 100 200 300
−80

−60

−40

−20

0

20

40

60

80

Time, fs

Fr
eq

ue
nc

y 
(Ω

), 
P

H
z

−300 −200 −100 0 100 200 300
−80

−60

−40

−20

0

20

40

60

80

1200 1300 1400 1500 1600 1700 1800
0

0.2

0.4

0.6

0.8

1

Wavelength, nm

In
te

ns
ity

, a
rb

.u
.

Before fibre
After fibre

a)

b) c)

d) e)

f) g)

Figure 8.21: Spectral broadening in the positive dispersion regime and com-
pression using a glass block. a) comparison of the input and broadened pulse
spectrum. Panels b) - g) show the measured FROG traces, retrieved tempo-
ral profiles and Wigner distribution plots for time-frequency analysis. Left
and right columns correspond to the pulse before and after 35 mm glass block
respectively.
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8.10 Summary
In summary, we demonstrate an efficient pulse self-compression scheme based
on shock wave formation in an ultrabroadband Kagome lattice fibre. The
proposed approach leads to the sub-cycle pulse generation in a relatively
simple experimental setup. The scheme is scalable in energy and wavelength
and has the potential to answer the demand for energetic sub-cycle sources
in many strong-field applications.
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3. *T. Balčiūnas, T. Flöry, A. Baltuška, T. Stanislauskas, R. Antipenkov,
A. Varanavičius, and G. Steinmeyer, „Direct carrier-envelope phase con-
trol of an amplified laser system,“ Optics Letters 39, 1669 (2014).
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A. Baltuška, B. Shim, S. E. Schrauth, A. Gaeta, C. Hernandez-Garcia,
L. Plaja, A. Becker, A. Jaron-Becker, M. M. Murnane, and H. C.
Kapteyn, "Bright Coherent Ultrahigh Harmonics in the keV X-ray
Regime from Mid-Infrared Femtosecond Lasers," Science 336, 1287–1291
(2012)

16. P. Stajanca, D. Pysz, G. Andriukaitis, T. Balčiūnas, G. Fan, A.
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R. Holzwarth, “Cycle engineering for coherent steering of electrons with
a sub-mJ optical parametric synthesizer”, Ultrafast Phenomena 2010,
July 18-23, 2010, Snowmass Village, Colorado, USA
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ADK M. V. Ammosov, N. B. Delone and V. P. Krainov formalism
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ASE Amplified Spontaneous Emission
ATI Above Threshold Ionization
BBO Beta Baryum Oxyde
BPF Band-Pass Filter
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CEP Carrier-Envelope Phase
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DPSS(L) Diode-Pumped Solid-State (Laser)
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FFT Fast Fourier Transform
FROG Frequency Resolved Optical Gating
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GD Group Delay
GDD Group Delay Dispersion
GVD Group Velocity Dispersion
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PPT A. M. Perelomov, V. S. Popov and M. V. Terent’ev formalism
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TDSE Time-Dependent Schrödinger Equation
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