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Chapter 1

Introduction

1.1 Introduction

The field of laser physics has seen tremendous growth since the first practical realization of
laser light in 1960 [9]. The first laser pulses were produced by gain switching and Q-switching
also known as giant pulse formation. In the following years lasing action was reported from He-
Ne gas mixture [6] and from Nd*"-doped solid state laser material [15]. Population inversion
in semiconductor materials was also demonstrated in GaAs-junctions in 1962 [3]. Shorter
pulses were later produced by mode-locking techniques with dye lasers. These lasers were later
replaced by Ti:sapphire laser [11]. This material proved to be one of the best amplifying media
at 800 nm: it combines a high damage threshold and a high fluence saturation with excellent
thermal conductivity and a very large gain bandwidth (650 nm 1100 nm). The characteristics
of this material together with the possibility of Kerr lens "magic” mode-locking allow generating
and amplifying ultra-short pulses at a high repetition rate. Another important breakthrough
towards the generation of ultra-intense pulses has been the introduction in 1985 by D. Strickland
and G. Mourou of the Chirped Pulse Amplification (CPA) [16]. This technique enables working
at a high fluences, for a good extraction of the energy while minimizing the intensity to avoid
nonlinear effects, destructive for the amplifier and optics. The idea is to generate an initial
ultra-short pulse with a low energy, to stretch it in temporal domain with a spectral phase
modulation and then to amplify it keeping the intensity low enough to avoid nonlinear effects.

The pulse is finally recompressed compensating the spectral phase modulation. (Fig. 1.1)

9
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Figure 1.1: Hlustration of the CPA principle: the pulse is at first stretched by adding a spectral
phase modulation, then it is amplified and finally it is compressed by adding a spectral phase

modulation opposite to the initial one. Reprinted from [2]

A CPA laser system can then be decomposed in four parts: a laser oscillator, a stretcher,
one or more amplifying stages and a compressor. Most currently operating high-intensity laser
systems use this technique which allows reaching a peak power of hundreds of Terawatts (1
TW=102W) with a relatively compact system. Fig. 1.2 shows the evolution of the focused

intensity together with the different kind of laser-matter interaction regimes.
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Figure 1.2: Chronology of the temporal intensity after the invention of the laser and corre-

sponding focused intensity for the more powerful installations. Reprinted from [17]
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Even with the combination of the CPA technique and the Ti:sapphire lasing medium the
shortest pulse duration obtained at the mJ level is around 18 fs [14, 4, 21, 20]. This is due to
the gain narrowing during pulse amplification which reduces the spectral bandwidth and thus
increases the temporal duration. To obtain shorter pulses down into the few-cycle regime (one
optical cycle is equal to 2.6 fs at 800 nm) various techniques based on nonlinear effects have
been used: gas filled hollow-core fiber [13], filamentation [5] or Optical Parametric Chirped
Pulse Amplification (OPCPA) [18].

During my Ph.D I concentrated on the hollow-core fiber technique. State of art pulse shortening
in hollow-core fibers enables the generation of pulses as short as 3.8 fs [1]. This corresponds
practically to the optical cycle of the infrared radiation. To decrease the pulse duration further
the central wavelength needs to be shifted to the XUV. This is possible by generating high order
harmonics (HHG) of the fundamental frequency in a gas target [10] or by relativistic reflection
from an overdense plasma [19]. The generation and phase matching of these harmonics allows
generating pulses with temporal duration in the attosecond regime (1 as=10"'%s) which can
then be used to probe ultra-fast dynamic of matter [7]. According to the laws of quantum
mechanics the classical motion of an electron corresponds to the temporal evolution of a coherent
superposition of electronic atomic states. When the electron is in a non-stationary state, the
corresponding wave function shows an evolution with a time scale ranging from attoseconds to
microseconds (in the case of Rydberg states). For example, if the 1s electron of an hydrogen
atom is partially excited to the 2s state, a coherent superposition of the two states can be
generated. The corresponding electron density oscillates between the two states with a period
T = iig = 04 fs (AE = 10.2 €V is the energy difference between the 1s and 2s states).
On the basis of this argument, it can be concluded that the essence of attosecond science
is the investigation of the electronic processes on the atomic time scale. Fig. 1.3 shows the
evolution over time of the pulse duration down to the attosecond regime. In the last few years
a dramatic progress has been achieved in the field of attosecond technology, mainly because of
the breakthroughs in laser science and due to the introduction of new techniques for temporal

characterization of XUV attosecond pulses.
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Figure 1.3: Evolution of the pulses temporal duration function of time. Reprinted from [§]

Harmonics generated from a multi-cycle pulse (for example with a temporal duration of
25 fs) correspond in time domain to a train of attosecond pulses. For many applications it is
important to have a single attosecond pulse. Using a few-cycle pulse a single attosecond pulse
can be generated. When the incident pulse is short enough, the highest frequency component
is generated only at the highest peak power, where the intensity is significantly higher than the
other part of the pulse. Filtering out the highest frequency part of the spectrum will lead to
a single attosecond pulse. Theoretical simulations also show that there is a particular regime,
named A3, which occurs when few-cycle pulses are focused into a focal spot with dimensions
close to the laser wavelength [12]. All the laser energy is therefore concentrated inside a vol-
ume corresponding to the cube of the wavelength. In this regime single attosecond pulses are

reflected by the overdense plasma with an efficiency that can reach 1071

The "Physique du Cycle Optique” (PCO) group at the Laboratoire d’Optique Appliquée (LOA,
Palaiseau, France) was created just before the beginning of my Ph.D to study this A\* regime
and in general the possibility of building a kHz, attosecond source based on HHG from solid
targets. To reach this goal it is necessary to have a laser source that delivers few-cycle pulses
with an energy > 1 mJ. The 1 kHz repetition rate of the laser facilitates detection and char-
acterization of the generated harmonics. This source must also satisfy two other important
requirements. The first is the temporal contrast (section 2.2.2) which needs to be high enough
to prevent uncontrolled pre-ionization of the solid target. The second is the stabilization of
the carrier envelope phase (CEP) between successive pulses. The CEP is the shift between
the electric field and the envelope of the pulse and influences highly nonlinear effects like HHG

process. This kind of source was not commercially available at the beginning of my thesis.
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The work during my Ph.D was articulated around these requirements. It consisted of using
nonlinear pulse shaping to generate high-contrast, few-cycle pulses and to develop new solutions
for the CEP stabilization at high energy. The results of this work, done in collaboration with
several laser companies like Fastlite, Amplitude Technologies and Femtolasers, are presented in
the following chapters. After an introduction to ultra-short pulses and their characterization
(chapter 2), in chapters 3, 4 and 5 I present theoretical and experimental results on the third
order non linear process called cross-polarized wave (XPW) generation. This nonlinear process
is used for generating high contrast, ultra-short pulses. Chapter 6 deals with the development
of the CEP stabilized, few-cycle, mJ level laser source (Salle Noire). In chapter 7 I present how
this source can be used for high order harmonic generation. In the last chapter (8) I give the
prospects for future laser developments in "Salle Noire” with the integration of an XPW filter
in a double CPA configuration and the generation of high contrast, few-cycle, mJ level, CEP

stabilized laser pulses.
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Chapter 2

Introduction to ultra-short pulses

2.1 Introduction

I start this chapter by giving an introduction to the basic concepts relative to ultra-short pulses.
In particular I define the concepts of temporal contrast and Carrier Envelope Phase that are
fundamental to understand the work presented in this manuscript. I then introduce the main
techniques for the temporal characterization of ultra-short pulses such as second order autocor-
relation, SPIDER and FROG. I also introduce a new pulse characterization device (Phazzler)
that combines, in a same instrument, all these characterization techniques. I conclude this
chapter by presenting the third order correlation technique that is used to characterize the

pulses with a high temporal dynamic range.

2.2 Ultra-short laser pulses

The electric field of a linearly polarized optic wave is a real function varying with time, solution
of the Maxwell equations. This function £(¢) can be decomposed into frequencies by making a

Fourier transform to obtain:
+oo

E(w) = / E(t)explivt)dt. (2.1)

—0Q0

A complex temporal analytic signal can also be defined as:

+

oo

< d;
E(t) =2 5(w)e:vp(—iwt)2—w, (2.2)
T
0
with an associated Fourier transform spectral decomposition:
+oo
E(w) = / E(t)exp(iwt)dt = E(w)’ exp(ip(w)) (2.3)

This field is zero for negative frequencies and equal to 2& (w) for positive frequencies. The

basic idea behind working with analytic signals is that the negative frequency components of the
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Fourier transform (or spectrum) of a real-valued function are superfluous, due to the Hermitian

symmetry of such a spectrum. They can be discarded with no loss of actual information. The

_ 2
quantity I(w) = ¢ E(w)‘ is the spectral intensity and ¢(w) is the spectral phase. The spectral
phase is typically expanded in a Taylor series around the central frequency wy:
n k)
¥ k
pw) = o (W —wo) (2.4)
k=0 "

Where ¢ is the linear chirp (also named Group Delay Dispersion GDD or second-order phase
dispersion) and ¢ the quadratic chirp. In the temporal domain a temporal phase ¢(t) is also
defined and the complex temporal field is written as: E(t) = |E(t)|exp(i(¢o + ©(t) — wot)).
|E(t)] is the temporal envelope. Assuming ¢(0) = 0, ¢ is the phase shift between the electric
field and the envelope. This term is also called carrier envelope phase (CEP). I(t) o |E(t)|? is

the cycle-averaged radiation intensity. For a Gaussian pulse the intensity is I(t) = Epexp (’ff)
with 7 the width at 1/e? in intensity. The Full Width at Half Maximum (FWHM) in intensity,
At, is related to T by: At = 7,/2in(2). Fig. 2.1 shows the electric field (red) and the envelope
(blue) for two pulses having a FWHM of 25 fs and 5 fs at a central wavelength of 800 nm.

Pulses as short as 5 fs contain just 3 optical cycles at A = 800nm.
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Figure 2.1: Electric field (red) and associated temporal intensity (blue) for pulses with a FWHM
of: 25 fs (a) and 5 fs (b)
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2.2.1 CEP and its stabilization

A more detailed description of the CEP measurement and stabilization in a laser system with a
fast and a slow feedback loop is given with the description of the development of the laser source
(chapter 6). Here I just want to derive the CEP off-set between successive output pulses of an
oscillator and how to stabilize it. Inside the laser cavity, together with the Ti:sapphire crystal,
there are other dispersive elements. All together they are responsible for the variation of the
off-set between the carrier wave and the envelope of the pulses. This variation is caused by the
i (where ko = 27 /A is the constant of propagation)
ow

of the carrier wave and the group velocity v, = 5 of the pulse envelope. In dispersive media

the group and phase velocity are different and there is a shift between the envelope and the

difference between the phase velocity vy =

carrier inside the cavity. The consequence is that the CEP varies between successive pulses at
the output of the oscillator. Without any perturbation the CEP, ¢q, varies by a fixed quantity
Ay between two successive pulses. This phase difference contains typically some hundreds of
times 27, plus a significant term between 0 and 27. This value is defined Ay [1]. Considering

a cavity length L, Ay is given by the expression:

dz (2.5)

where n(z) is the index of refraction of the materials inside the cavity. In reality ¢, varies
between successive pulses by the quantity Ay plus a random variation due to perturbations
of the laser cavity and fluctuations of the energy of the pump pulses.

The variation of the CEP, Ay, is the quantity that can be experimentally measured and used
for the stabilization. The stabilization is realized in frequency domain. In frequency domain,
the frequency comb of the oscillator is shifted compared to the repetition frequency, f,e,, by an
offset frequency, f.eo, which is a direct function of Ay, (Fig. 2.2). The value of f., is given by

the relation:

fceo = (A¢O/2W)fr6p (26)

Measuring f.., and making it constant implies that successive pulses of the cavity have a fixed

Agg. A self-referenced interferometer for measuring f.., is presented in section 6.2.1
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0 —f=n Fop+ feeo

Figure 2.2: Correspondence between the temporal and frequency domain. (a) In the temporal
domain g varies by a quantity Agg. (b) In the frequency domain there is a frequency comb
with a frequency f,.,. This comb is translated by the integer multiple frequencies by an offset
feeo- Its amplitude is given by the Fourier transform of the temporal amplitude of the pulse at

wp. Reprinted from [1]

2.2.2 Temporal contrast of a short pulse

Every process of amplification introduces a certain amount of noise on the amplified signal and
causes some distortion. This is true for electronic amplification and it is also verified for optical
amplification. For ultra-intense sources, the temporal quality of the pulses and, in particular,
the ratio between the peak intensity and the intensity at a delay At, is defined as the temporal
contrast of the pulses at this delay. This quantity has a fundamental importance in laser-
matter interaction. Focusing a 25 fs pulse with an energy > 1 mJ in a spot size of 1 pm (limit
of diffraction at 800 nm) produces a peak intensity higher than 10'¥1//cm?. With a temporal
contrast of 6 orders of magnitude the intensity of the background pedestal, ~ 102 /cm?, is
high enough to pre-ionize the target (for example fused silica) before the arrival of the main,
ultra-short pulse [15]. If the plasma is generated before the main pulse arrives, it will expand
hydrodynamically and the main pulse will no longer interact with a clean, steep plasma density.
This deformation of the plasma-vacuum interface has a strong influence on processes such as
high-order harmonic generation from solid surfaces [17] and ion acceleration [7]. To better
understand the concept of contrast Fig. 2.3 shows, on logarithmic scale, the typical temporal

profile of a short pulse. Four types of contributions can be distinguished:
e A long pedestal (>100ps);

e A short pedestal (some tens of time the pulse duration);
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e pre-pulses: replicas situated in front of the pulse

e post-pulses: replicas situated after the pulse.

These structures have different physical origins. The long pedestal corresponds to the
incoherent noise introduced by the amplified spontancous emission (ASE) and for this rea-
son it is called incoherent contrast. The ASE is mainly generated in the first, high gain,
amplification stages. The short pedestal comes from an imperfect recompression after the
stretcher /compressor and amplification and is called the coherent contrast. Finally pre-pulses
and post-pulses are replicas of the main pulse due to reflection or diffusion from optical surfaces

and from non linear effects such as four-wave mixing [9].

Contrast Main pulse

Pedestal from
imperfect compression

/

I |
~10%10% ~102-10¢[ ~10°-10¢

Pre-
pulses

F N\

Postpulses
ASE pedestal

\

Figure 2.3: Typical temporal profile of the output pulse of a (CPA) laser. Aside from the main
pulse, it generally has pre- and post-pulses. The underlying pedestal comes from ASE (ns) and

imperfect compression (ps). Reprinted from [12]

2.3 Temporal characterization of femtosecond pulses

This section presents a brief review of the main solutions for the temporal characterization of
femtosecond pulses. As discussed in the previous section, imperfections in the temporal com-
pression influence not only the temporal width of the pulse but also affect its coherent contrast.
During my Ph.D I contributed to the development of a temporal characterization device named
Phazzler (Fastlite) that makes it possible to carry out several temporal characterization tech-
niques using the same instrument. A presentation of this device is given at the end of this

section.
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2.3.1 Second order autocorrelator

One of the first techniques for the temporal characterization of femtosecond pulses is the second
order autocorrelation [2]. For some particular temporal profiles, the FWHM of the temporal
intensity and of the autocorrelation are linked. With an assumption of the temporal profile, the
corresponding FWHM is retrieved measuring the FWHM of the second order autocorrelation.
A schematic of this device is shown in Fig. 2.5. The input pulse is split into two temporally
delayed replicas in a Michelson interferometer and the two replicas are focused into a non
linear crystal. The signal is detected with a photodiode or a photomultiplier and visualized
with an oscilloscope. The result of the nonlinear interaction of the beams from the two arms
depends on the delay. This signal is named autocorrelation function. There are two types of

autocorrelations:

e Interferometric autocorrelation: when the beams incident on the crystal are collinear (can

not be distinguished).

e Intensity autocorrelation: for non collinear beams.

Interferometric autocorrelator

For the interferometric autocorrelator the measured signal is given by the expression:

+o00 2
Seot(7) o / (B(t) + B(t — )| dt (2.7)
where 7 is the delay between the pulses. This signal is the sum of three components function
of 70 Seot(T) X Tpack + Ling(T) + 1,(7) + Lo, (7) with:

Iback:/ (Bt — 1)+ |E®) dt_2/ (1) (2.8)
Toa(7 _4/ (E(t —7)[2|E() —4/ I(t — 7)I(7)dt (2.9)
—4 / Re[(I(t) + I(t — 7)) E*(t) E(t — )expliwer)]dt, (2.10)
Lo (7) =2 [  Re[(B()2(B"(t = 7))%exp(izwor)dt (2.11)

Tyaer is a background signal independent of 7, I;,,(7) is the intensity autocorrelation, I,(7)
and I, (7) are named coherence term oscillating respectively at wy and 2wy. There is a ratio
8 between the maximum (7 = 0) and the minimum signal. When the delay is large enough to
avoid temporal overlap between the pulses the measured signal is twice the one measured with
a single beam. When the delay is zero the signal is equal to 2* = 16. The ratio between the
two is then equal to 8. An example of an interferometric trace is shown in Fig. 2.5. Even if
there are algorithms for extracting the spectral phase from an interferometric trace, for example
PICASO, (Phase and Intensity from Cross Correlation and Spectrum Only) this reconstruction

is not robust and does not always converge.
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Figure 2.4: Calculated interferometric autocorrelation for a 10 fs pulse
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Figure 2.5: Schematic of a second order autocorrelator. The detector can be a photomultiplier
(MHz detection) or a photodiode (kHz detection). Reprinted from [4]

Intensity autocorrelator
For the intensity autocorrelator the measured signal is given by the expression:

—+00

Srnom—cot (T) = Tt (1) / \E()E(t — 7)2dt = [ ;Ool(t)l(t—f)dt (2.12)

—0o
The signal is measured in the direction corresponding to the addition of the wave vec-

tors of the two arms. The intensity autocorrelation does not contain full information about
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the electric field of the pulse, since the phase of the pulse in the time domain is completely

lost. The only information that can retrieved is the FWHM and basic shape of the input pulses.

Two main techniques have been developed to measure the spectral phase of femtosecond pulses:
SPIDER and FROG.

2.3.2 SPIDER technique

Spectral Phase Interferometry for Direct Electric-field Reconstruction (SPIDER) [6, 5] uses
spectral shearing interferometry to retrieve the spectral phase of an incident pulse. This form
of interferometry measures the interference between two pulses separated in time which are
identical except for their central frequencies. This pulse pair is said to be spectrally sheared.
Nonlinear optics provides a general approach to globally shearing two pulses by a frequency
2. This can be done by sum frequency generation between a monochromatic frequency, €2,
and the field we want to shear, F(w), resulting in a sheared field, E(w + Q). It is convenient
to obtain the monochromatic frequency from a strongly chirped ultrashort pulse for which the
instantaneous frequency, which is approximately a linear function of time, does not vary during
the nonlinear interaction with the short pulse(Fig. 2.6). The magnitude of the spectral shear
generated in this manner is then a function of two parameters: the delay between the pulses and

T

the amount of chirp of the stretched pulse. The exact value of the shear is equal to: Q = ~ 5
where 7 is the delay between the pulses and ¢ is the second order dispersion present on the

chirped pulse.
The interference of the two sheared pulses (SPIDER signal) is given by:

Ispippr(w) = ‘E(w)‘z—l— ‘E(w + 5w)‘2+2 ’E(w)ff?(w + (5w)’ X cos(p(w+dw) —p(w)+wTr) (2.13)

The phase difference between the two spectrally sheared replicas can be extracted alge-
braically using methods taken from Fourier Transform Spectral Interferometry (FTSI) [14].
The extraction of the phase difference ¢(w + dw) — ¢(w) + wr is performed using a Fast Fourier
Transform, a filtering of one of the interference terms, and a Fast Fourier Transform back to

the initial experimental points.

A possible schematic of a SPIDER device is presented in Fig. 2.7. The pulse to be charac-
terized is separated into two replicas with different intensities. The first arm (low intensity) is
composed of an interferometer for producing and delaying two replicas by 7. The second arm
(high intensity) is constituted of a device for introducing a fixed amount of dispersion in order
to stretch the pulse. The beams from the two arms are focused into a non linear crystal (BBO)

for the sum frequency generation (SFG). The SPIDER signal is measured with a spectrometer.
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Figure 2.6: Generation of two sheared replicas of the input pulse by non-linear interaction with

a chirped pulse. Reprinted from [3]
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Figure 2.7: Example of SPIDER schematic. SF 10: glass block, BS: beam splitter, 7: adjustable
delay between unchirped replica, 7sgg: delay between unchirped pulses and strongly chirped

pulse, RO: focusing lens, TO: collecting lens

2.3.3 FROG technique

Another technique for the complete pulse characterization is the FROG (Frequency Resolved
Optical Gating) [8, 16]. This technique can be understood as a spectrally resolved autocorre-

lation. The result of the measurement is a time-frequency spectrogram and the spectral phase
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and amplitude is extracted using an iterative algorithm. A schematic of a FROG device is
shown in Fig. 2.8. The FROG measurement can use second or third order nonlinearity. The
pulse to be measured with an electric field E(t) interacts, in the non linear medium, with a
temporal gate G(t — 7), being 7 the delay between the pulses. The signal generated by the
nonlinear interaction can be expressed as: Esjgna(t, 7) = E(t)G(t — 7). A spectrometer enables
to measure the spectral intensity Irrog(w) for different delays 7. The mathematical expression

of the measured spectrogram is:

+o0 2

Irroc(w, 7) = L / EMG(t — 7)exp(—iwt)dt (2.14)

oo

Considering the case with SHG (non collinear geometry) as the nonlinear process, the gate
function is the pulse to be measured delayed by 7. The FROG trace (Fig. 2.9) can then be

expressed as:

400 2

2 (w,7) = L / E()E(t — m)exp(—iwt)dt (2.15)

o0

With an iterative algorithm the spectral phase and amplitude is extracted from the trace.

> Unknown Pulse

Beam Splitter

Gate Pulse

Signal Pulse

VAN

SHG Crystal
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Probe Pulse

Figure 2.8: Schematic of a typical FROG (multishot SHG) setup.
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Figure 2.9: Example of a measured SHG FROG trace. The spectral phase and amplitude is

extracted from this trace with an iterative algorithm

2.3.4 Phazzler

All the previous solutions for characterizing ultra-short pulses are made up by the same blocks.
A linear interferometer, a non linear process and a detector. In particular it can be demonstrated
that for the measurement of a pulse with an integrating detector (it is always the case for fs
pulses) a non linear process is needed. As it will be shown in section 6.2.3, an Acousto-
Optical Programmable Dispersive Filter (AOPDF, Dazzler) acts as a linear filter. In particular
if ’Em(w)‘ is the input spectral amplitude of an optical pulse, the spectral amplitude at the

E,ui(w)|, is equal to the product of ‘Em (w)’ with

output of the programmable dispersive filter,

the spectral transfer function H (w):

Epu(w)| = H(w)

Ejn(w) (2.16)

The AOPDF can then substitute the linear interferometer of a pulse measurement device.
This idea is implemented in the device for pulse shaping and characterization named Phazzler
(Fastlite) [11] (Fig. 2.10). The main advantage of this solution is the extreme flexibility of
the device: a FROG, a SPIDER and an autocorrelation measurement can be done with the
same device without changing the elements inside and the alignment. Furthermore working in a
collinear configuration makes the alignment extremely easy (there are two external pin-holes for
the alinement). Generating two delayed replicas of the pulse with the pulse shaper opens also
some new interesting features [10]. For example, scanning the delay between the two replicas
can be realized, first, by shifting simultaneously the envelope and CEP as is the case for a
mechanical delay line (for example moving one arm of a Michelson interferometer). In this case

the spectral transfer function is H(w) = exp(i(w — wp)7), with wy the carrier frequency. We
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define this optical delay. The second option is to shift only the envelope keeping the CEP fixed.
In this case the spectral transfer function is H(w) = exp(i(wT)) and we define this pure delay.
Any intermediate carrier envelope phase shift between the two extremes is also possible.

The spectral transfer function to produce to replicas delayed by 7 (symmetric respect to

t=0) is than given by the expression:

Hw) = %(exp(i(w — (1 =)wo))7/2 4+ exp(—i(w — (1 — v)wo)T/2 (2.17)

The CEP remains unchanged for v = 1 (pure delay) and shifts together with the envelope
for v = 0 (optical delay).

When the two delayed pulses are generated for an interferometric autocorrelation measure-
ment, changing the value of v changes the period of oscillation of the trace. In particular for
~ = 1 the trace presents no oscillations and only the envelope is visible. This may seem sur-
prising given the fact that the two wave propagate collinearly, but beautifully demonstrates the
ability to control the CEP. This control of the CEP with the Dazzler will be discussed more
precisely in section 6.9. When v = 1 we define this as a base-band measurement. For v < 1
oscillations appear and their periodicity can be adjusted at will through a choice of v. While
for v = 0 the oscillation frequency matches the carrier frequency, for v = 0.5 the oscillation
frequency is reduced by a factor of two. For this reason this interferometric autocorrelation

made with the Phazzler is called Pseudo Interferometric Autocorrelation (PIAC).

Dazzler Crystal : ,
1 Alignment Target 1

Figure 2.10: CAD drawing of the internal view of the Phazzler optical module. Reprinted
from [11].

Phazzler FROG

I have previously presented that a SHG FROG measurement is a frequency resolved interfero-

metric autocorrelator. The expression for the FROG trace with collinear beams gives [13]:
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Imsoc(w, ) = L / (E(t) + E(t — 7))2exp(—iwt)dt (2.18)

(2
o0

The Phazzler configuration for a FROG measurement is shown in Fig. 2.11. Changing the
value of v affects the FROG trace. In particular when v = 1 we obtain a baseband FROG
trace (Fig. 2.12) and when v < 1 an interferometric FROG trace (Fig. 2.13). As for a standard
FROG, the spectral phase and amplitude are extracted from the FROG traces with an iterative

algorithm.

Optical pulse Autocorrelation signal
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Figure 2.11: Schematic of a Phazzler FROG measurement
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Figure 2.12: Experimental baseband (7 = 1) SHG FROG trace measured with the Phazzler.
The pulse duration is 100 fs
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Figure 2.13: Experimental interferometric (7 = 0.75) SHG FROG trace measured with the
Phazzler. The pulse duration is 100 fs

Until now I have only considered SHG FROG. Using this nonlinear effect has the drawback
that there is an ambiguity in the temporal axis of the reconstructed temporal pulse and it
is not possible to distinguish between the front and the back of the pulse. To avoid this
ambiguity several third order non linear processes have been used (third harmonic generation,
self diffraction, polarization gating...). XPW generation can also be a good candidate because

it is a collinear process and the generated beam is easily separable from the fundamental using

28



a polarizer. As it will be clearly presented later, XPW generation has the other advantage of
being achromatic and degenerate in wavelength. This means that the generated pulse is at the
same wavelength as the fundamental. This is very important if we want to measure pulses in the
UV where generating multiples of fundamental frequency (second, third harmonic generation)
is not possible. The application of an XPW FROG for measuring UV pulses is one of the
motivations for extending the study of the XPW process to shorter wavelengths(section 4.10).
A Phazzler for measuring UV pulses using the XPW generation as a nonlinear process is under
development. Fig. 2.14 shows an example of a baseband XPW FROG trace for a compressed
pulse at 800 nm. The mathematical expression of the FROG trace in that case is given by:

+o0 2

Lppoc(w, ) = L / (E(t) + E(t — 7))*exp(—iwt)dt

o0

(2.19)
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Figure 2.14: Experimental baseband (y = 0) XPW FROG trace measured with the Phazzler

Phazzler SPIDER

Working with a pulse shaper as a substitute for the linear interferometer has several advantages
also concerning the SPIDER measurement. The technique can be made totally collinear, the
interpulse delay is accurately known (without any need for external calibration), the spectral
shear is also known with an accuracy equal to the spectral resolution of the pulse shaper and all
the parameters can be changed at will. When a type I SHG crystal is used this measurement is
called a phase cycling SPIDER (cSPIDER). This variant is multi-shot (as it will be clear later
4 shots are needed for the reconstruction) but the optical setup is single beam and reduced to
the same number of elements : the AOPDF, a type I SHG crystal and the spectrometer.

In this variant of the SPIDER there is a combination of three collinear pulses in the same
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polarization state: two well separated time-delayed replicas (E(t — 7/2), E(t + 7/2)) and one
chirped pulse with the time-dependent complex envelope F'(t):

El.(t)=E(t—1/2)+E(t+71/2)+ F(t) (2.20)

In time domain and for perfect phase matching over the full spectrum, the type I SHG signal
is proportional to the square of E, (t). If the interpulse delay 7 is much larger than the pulse
duration, the cross-terms between the pulse replicas vanishes and the only remaining cross-term
corresponds to the SPIDER signal. Unfortunately, the only physical quantity experimentally
accessible is the spectral intensity of the SHG spectrum I, , (w), that is the square modulus of
the Fourier Transform of Ei +(t). As aresult, the experimental signal contains several parasitic
signals together with the SPIDER signal. Phase cycling can be used to eliminate the parasitic
terms by linear combination of several measurements. More precisely, given the SHG signals of
the four following pulse combinations (obtained by changing the sign of the transfer function
of the AOPDF):

E . (t)=x2E(t—71/2)+ E(t+7/2)+ F(t) (2.21)

the SPIDER signal is extracted by the following combination:
Ispippr(w) = Iiq(w) + Ly (w) = [ () = [ (w) (2.22)

The input spectral phase is retrieved from this SPIDER signal with the same method pre-

sented in section 2.3.2.

2.3.5 Third order correlator

In section 2.2.2 I showed that to characterize the temporal quality of a femtosecond pulse it is
not sufficient to measure its temporal duration but also its temporal contrast. The device used
to measure this temporal contrast with a high dynamic range (>10 orders of magnitude) is a
third order correlator. The schematic of this measurement is shown in Fig. 2.15. In this device
the beam passes thought a variable attenuator and is then separated into two different paths.
In the first the beam is frequency doubled. In the other the fundamental beam passes through
a motorized delay line. The fundamental and the second harmonic interact in a BBO crystal
for the generation of the third harmonic by sum frequency generation. The third harmonic is
then separated from the other pulses and is detected with a photomultiplier. The third order

correlation signal is given by the expression:

+oo
Sau(T) = / Lo, (6)I,(t — 7)dt (2.23)
The temporal contrast of the input beam is estimated by measuring the temporal con-
trast of the correlation trace. This trace has a high temporal dynamic because the parasitic
sources of third harmonic are limited to the third harmonic generation generated directly by

the fundamental beam.
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Figure 2.15: Schematic for a high dynamic third order correlator
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Chapter 3

Theoretical introduction to

cross-polarized wave generation

3.1 Introduction

This paragraph introduces theoretically the process of cross-polarized wave generation. An
historical introduction is presented in section 4.3.

XPW generation is a four-wave mixing process, governed by the anisotropy of the real part
of the crystal third-order nonlinearity tensor (¥, where an intense linearly polarized incident
wave generates a new linearly polarized wave in the orthogonal direction. This process has im-
portant applications as a nonlinear filter to increase the temporal contrast of ultra-short laser

pulses and to broaden their spectrum (section 4.2).

In the first section I derive the system of differential equations governing XPW generation
and analyze the contribution from different terms. Due to the fact that this nonlinear process
is generated in a crystal lattice, these terms depend on the angles of propagation of the waves
with respect to the crystal axis. This analysis continues in the second section with the deriva-
tion of the system in Hamiltonian form and the analysis of the trajectories in phase space. All
these results are derived for monochromatic plane waves. This analysis is then extended for
ultra-short pulses. One of the most interesting properties of XPW generation is that the process
is automatically phase-matched and is therefore adapted for applications involving ultra-short
pulses. For this kind of pulses temporal compression is not trivial and it is interesting to un-
derstand the influence of quality of the recompression on the efficiency of the process and on
the generated spectrum. This will be presented in the third section for pulses as short as 10 fs.
To describe correctly the process for sub-10 fs pulses the propagation in the crystal needs to
be taken into account. In this case a system of nonlinear partial differential equations needs to
be solved. This is done using a numerical method called the split-step Fourier method and it

is the subject of the fourth section.
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3.1.1 Cross-polarized wave generation

I start the theoretical description of XPW generation with the wave propagation equation in a

dielectric, linearly isotropic, non-magnetic nonlinear medium [12].

. n2o2E 92 PNL
A= G~ gE

(3.1)

where £ is the electric field, n the linear index of refraction, ¢ is the vacuum speed of light,
[1o vacuum permittivity, and PNL (g) — eoxDEE + egxWEEE + - - - is the nonlinear dielectric
polarization. Only the contribution of the third-order susceptibility tensor x©® is considered to

obtain:

PNE(E) = exWEEE. (3.2)
In a Cartesian coordinate system for a plane wave traveling in z-direction it results:

0%&,  n?o%;
92 2 o EONOatQZ X”kzg &, (3.3)

7k,

where indices i, j, k, [ take x, y, z-values. The plane wave for linearly isotropic medium (k, = k, =

in complex notation is written as
1
Ei(z,t) = §E (z) exp [—i (wt — kz)]

+ ; E* (2) exp [+ (wt — k2)]. (3.4)

From Egs. (3.3) and (3.4) and using the slowly-varying envelope approximation the following

system of ordinary differential equations can be derived

dEl (Z) . 27T z (3)

dz YN ZI: XijEj (2) By (2) B} (2)

+ E;(2) B (2) By (2) + Ef (2) By, (2) By (2)]. (3:5)

In Eq. (3.5) terms corresponding to third harmonic generation are omitted since I consider
degenerate third order processes (the other processes are not phase matched and therefore with
a very low efficiency). The relation 27/n)\ = gouow?/k is used. The third-order susceptibility
Xg?,ll is a fourth-rank tensor and has in general 81 elements. Due to the symmetries of the
medium most of these terms vanish. The crystals used for XPW generation are cubic crystals
(BaF,, CaFy, LiF) with m3m cubic symmetry. It is also assumed that the photon energy is

below the half band-gap and the two-photon absorption is then neglected. In this case Xg,)d is

a purely real tensor. The Xg-’,)d—components are usually given in a coordinate system connected
with crystalline axes so we assume that (z,y,z) coincide with the corresponding crystalline
axes. Components of the electric field of a wave that propagates in the k-direction are however
given in a different Cartesian coordinate system (A, B, k). In general (A, B, k) does not coincide
with (z,y,z) basis. For definition of angles between the axes of the two coordinate systems

see Fig. 3.1. Further I shall refer to the wave F4 with polarization along A-axis as pump or
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Figure 3.1: Definition of angles. (z,y,z) — basis of the nonlinear crystal, (A, B,k) — light
propagation basis. The coordinate system (A, B, k) can be obtained from (x,y, z) by rotating
(x,y, z) first around the z-axis by an angle ¢, then around the new y axis by 6, and finally by

([ around the k-axis.

fundamental wave (FW), and to the wave Ep polarized along B-axis (orthogonal to A) as probe

wave or XPW. Transformation of coordinates from (z,y, z) to (A, B, k) is given by

E4 E,
EB - T(vaﬁaﬁ) Ey ’ (36)
By b,

where the transformation matrix T (¢, 9, ) is

T (p,0,8) = | —sinfcosdcosp —cosBsingp —sinBcossinp + cosfBcose  sinFsind

cos (3 cos ¥ cos ¢ — sin B sin ¢ cos fcos¥sing +sin fcosp  —cos Fsind
sin v cos sin ¥ sin ¢ cos v
)

(3.7
First, using the inverse matrix T~!, the components of F4 and Ep waves are derived in (x,y, 2)-

basis by
E, Ea
E, | =T (».9.0)| Ep (3.8)
Ez Ek

and then are substituted in the right-hand side of Eq. (3.5). There is no k-component of the
field thus Ej = 0 is set. Next, using Eq. (3.7) the derivatives in the left-hand side of Eq. (3.5)
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are combined to get back to the system connected with 4 and Ep waves. The following system

of differential equations is obtained:

df‘;éf) =1 AAA" + iy AAB* + 2iv, ABA*
+ 23 ABB* + ins BBA* + inaBBB", (3.92)
dB;éO =i BBB* + iy4BBA* + 2i~,ABB"
+ 2iv3ABA" + i3 AAB* + i, AAA™. (3.9b)

( is the longitudinal coordinate in the light propagation direction k. Polarization of the medium
along the k-axis does not generate an electromagnetic wave therefore in Eqs.(3.9) the expression
for dEy/d¢ is omitted. In Eqs. (3.9) E4 and Ep are denoted simply as A and B, respectively.
The 7-coefficients in Egs. (3.9) depend on the orientation and on the components of the (-
tensor. In the case of crystals with m3m cubic symmetry there are only two independent
components [10]: ¥ and x{) . The relation between them is usually defined [10] as o =

TTYY "
(X;?;)m — 3X;?;)yy) /x$3) and is referred to as the anisotropy of the x®)-tensor. For z-orientation,
due to the symmetry with respect to rotation around z-axis, there are only three independent
nonlinear coupling coefficients since v5 = v, and 4 = —7. For arbitrary orientation of the
nonlinear crystal such relations between coefficients are no longer valid. Instead, the following

general relations for the coefficients in the full system (9) may be written

V5 (ﬁa 2 79) =N (ﬁ + 7T/27 2 79) ’ (310&)
Y4 (67 2 19) =72 (B + 71'/2, ¥, 19) : (310b)

The above expressions (3.10) do not convey new physical information. They simply mean that
rotating 3 by 90°, the B-wave would become A, and the A-wave would become B. They could
thus serve as a check for the correctness of the derivation of v coefficients.

Coefficients v, and 5 are responsible for self-phase modulation, 3 for cross-phase modula-
tion and v, and 74 govern the XPW conversion process from A to B and from B to A waves
through the last terms in (3.9b) and (3.9a), respectively. This will be shown more clearly in
the next section using an Hamiltonian formalism for the XPW generation equations. Note that
generally self-phase modulation and XPW generation are not the same for the A and B waves
except for z crystallin orientation.

Even in the relatively simple case of cubic crystals explicit expressions for the v-coefficients
as a function of 3, ¢, and ¥ are quite cumbersome. Here I prefer to take advantage of the
transformation matrix T given in Eq. (3.7) and its inverse matrix T~' to give more compact

expressions for the y-coefficients:

3

2
7= 32 s+ (1= 85) (1= )T T (1) (3.11a)
j,k=1
3 2
Yo =70 ) [0+ (1 =) (1 - U)]TMTﬁl(TEl) ; (3.11b)
Jk=1
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3 2
Vo= D {{59‘1@ + 3 (1—d5) (1 ‘7)} T32Tn' T
k=1
1 2
45 (=00 (1= ) T3 (1)} 7, (311¢)
3 2
Y= Y [0k + (1 —d)(1— 0’)]T1jT]El(T151) : (3.11d)
k=1
3 2
Y5 =0 Y [0k + (1= d5) (1 - U)]szTjEl(Tf) ; (3.11¢)
k=1

where vy = 6mx )., /8n. d;; is the Kronecker delta-symbol.

Investigation of Eq. (3.11b) shows that -, (5, ¢, ) reaches its global maxima (with equal
absolute values of 72) when ¢ = 2n7w/4 and ¥ = 2(m +1)x/4, or when ¢ = 2(n+1)7/4
and ¥ = 2mm/4 where m,n =0,1,.... This means that, to reach the maximum of || for
specific values of (-angle, the light propagation direction k should lie in the (z,vy), (z,z), or
(y, z) plane just between (at 45 degrees) the corresponding crystalline axes. In this respect
there are twelve equivalent optimal orientations of the NLC: [110], [110], [110], [110], [101],
[101], [101], [101], [011], [011], [011], and [011], also known as holographic-cut orientations.
For the eight equivalent to [111] propagation directions v = 4 = 0 for any angle 3 and the
orthogonal generation term is always zero regardless of the polarization state or orientation,

and the medium shows isotropic behavior.

3.1.2 Numerical results

In the non-depleted regime, the efficiency of XPW generation is proportional to the square of o
([8,9]). The dependence of this coefficient on angle (3 is plotted on Fig. 3.2 for three orientations:
the most efficient one [101] (holographic-cut), [001] (z-cut), and for the polarization preserving
orientation [111] (Fig. 3.3). In calculations 79 = 1 and ¢ = —1.2 (typical values for the BaF,
anisotropy [6]) were used. All the firsts experiments of XPW generation were done using z-cut
crystals. This was an academic choice because in this case the k-axis is along the z or equivalent
axis. This theoretical analysis demonstrates that the maximum absolute value of o for [101]-
cut is 12% greater than the maximum for z-cut and this corresponds to an almost 26% increase
in the XPW efficiency. This advantage does not depend on the particular choice of the values
of 7y and o since v, depends linearly on them for arbitrary crystal orientation i.e v o vyo.

Calculated values for the coefficients 7; and 75 for z-cut and holographic-cut crystals are
presented in Fig. 3.4. Knowing these coefficients is important since the phase mismatch induced
by self-phase modulation impedes efficient XPW generation.

In order to determine the XPW-generation efficiency, the system of differential equations
(3.9) is numerically solved. This can be done using standard programs like Matlab, Mathe-
matica, Maple. Analytical information from the equations will be extracted in the next section
looking for the trajectories in phase space. In the case of plane-wave propagation the efficiency

is defined as the ratio of the intensities of the XPW and the input fundamental wave. The
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Figure 3.2: Calculated values of 7, as function of angle 3 for different crystal orientations.
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Figure 3.4: Calculated values of 7 and 75 as function of angle § for z-cut ([001]) and
holographic-cut ([101]) crystal orientations. 0 = —1.2 and vy = 1.

calculated XPW efficiencies for the [101]-cut and for the [001]-cut (z-cut) are shown in Fig. 3.5
along with phase shifts between the fundamental wave and the generated XPW. The dimension-
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Figure 3.5: Numerically calculated plane-wave XPW efficiency (right scale, thick lines), and
phase shift between the fundamental and XPW (left scale, thin lines) for [001] (z-cut) and [101]
(holographic-cut) directions of light propagation. ¢ = —1.2; § = 22.5° for [001] and § = 115.5°

for [101]-orientation, respectively.

less argument S = 7o | Ag|” L, where Ag = A (¢ = 0) and L is the crystal length, is proportional

to the product of nonlinearity x input intensity x crystal length. The initial condition for the
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B-wave is B (0) = 0. (-angles used in calculations correspond to the angles at which |ys| is
maximum for each cut (see Fig. 3.2). These angles are optimal for XPW generation at low
input intensity.

For z-cut crystals the optimum 3 depends on the input intensity[9]. This is illustrated in
Fig. 3.6(a). At first, it should be noticed that for z-cut crystals there are eight equal maxima

1.0 L T
@ | Plane wave, [001]-cut

0.8

0.6

<

0.4 Hi-

0.2 fff

120
B, degrees

'Pla'nelwalve,'[IOI]-'cui | o

(b)
0.8

0.6

0.4 i\

p, degrees

Figure 3.6: Plane-wave XPW efficiency 7: (a) for [001]-orientation, and (b) for [101}-orientation

as function of angle [ for different input intensities. See text for definition of S. o = —1.2.

of the generated XPW within 360° rotation of input linear polarization. For any other crystal
orientation there are still eight maxima but they are no longer equal — two higher are succeeded
by two lower. From Fig. 3.6 it is visible that increasing the input intensities up to S ~ 5, the
optimal (3 is shifted by as much as 13 degrees for the z-cut while, for the higher maxima of
the [101]-cut, this shift does not exceed 5 degrees. At a slightly lower intensity the shift for
[101]-cut becomes very small. The origin of this shift is that the phase mismatch between the
fundamental and XPW beam induced by SPM is partly compensated by the shift of 5. The
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practical experimental limit for the S parameter, S ~ 5, [7] can be estimated considering a BaF,
crystal of few millimeters and a maximum intensity Iy of 10'?1W/cm?. This maximum intensity
corresponds to the threshold for white-light continuum generation [11] for numerical apertures
< 0.05 (typical experimental condition). In conclusion, with holographic-cut orientation, the
optimum £ is almost insensitive to the changes in the intensity for the whole reasonable range
of input intensities, which is in contrast to the strong dependence observed with the z-cut.
This feature of the holographic-cut orientation together with the higher efficiency make this
orientation the most suitable for applications.

The insensitivity of optimum S to the input intensity for holographic-cut orientation is
explained by the fact that, compared to the z-cut case, the phase matching conditions for
optimal phase shift between the two waves (7/2) are maintained over a bigger range of input
intensities (see Fig. 3.5 left scale, thin lines). The deviation from the optimal phase shift for
the holographic-cut is less than 7/2 up to S = 6, while at the same conditions the deviation
from the optimal phase shift for z-cut is almost 7. This insensitivity also means less distortions
of the temporal and spatial pulse shape.

Efficiencies shown in Fig. 3.6 are obtained by direct solution of the system (3.9) and are
relevant to monochromatic plane waves only. In experiments Gaussian femtosecond pulses are
used. Considering the temporal and spatial shapes enables to obtain the energy efficiency of
the XPW process. The input beam is assumed with Gaussian spatial and temporal profiles
of the form A (r,t,( =0) = Agexp (—r?)exp (—t?). Diffraction, dispersion, and self-focusing
propagation effects are not included in the model. The results for XPW energy efficiencies

for [001] and [101] cuts are shown in Fig. 3.7. These curves confirm the advantage of the
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Figure 3.7: XPW efficiencies (right scale) for [001] and [101] orientations assuming Gaussian
spatial and temporal profiles of the input beam. Angle 3 is always optimized for maximum
efficiency. The shift of optimum [ from its value 3, for very low input intensity is also shown
(left scale). [y is 22.5° for [001] and 64.5° for [101] orientation, respectively, and o = —1.2.
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holographic cut over the z-cut. The ratio of [101] XPW efficiency to [001] XPW efficiency in
the range S = 1...5 is between 1.24 and 1.29, reaching the maximum for S ~ 1.9. On the
same figure the shift of optimum ( from the low-intensity value is also shown. With S =5 an
XPW efficiency of more than 30 % can be obtained with the [101] cut. As it will discussed in
section 4.4, this efficiency cannot be achieved experimentally in a single crystal but with a two

crystals configuration.

3.2 Hamiltonian approach

3.2.1 Introduction

The motivation behind this alternative formulation of the XPW generation system of equations
is to extract as much information as possible from the system without solving it numerically.
The approach is to start from the general complex system of XPW equations (3.9)(or some
simplified version) and to separate the real and imaginary part to obtain the real evolution
equations for the amplitude of the two waves and their phase difference. From this system
of equations we can derive two quantities that are conserved (first integrals) which are the
energy and the momentum. These conserved quantities can be used to solve the problem
analytically with some simplifying hypothesis. The conserved momentum is the Hamiltonian of
the system and so the real XPW system can be expressed in Hamiltonian form for two conjugate
quantities. This is very useful because, as in classical mechanics, the Hamiltonian can be plotted
in phase space to derive topological information about the solutions of the differential system
of equations without solving it. Furthermore an arbitrary polarization state can be considered.

A comparison between z-cut and holographic cut is then made.

3.2.2 Simplified version : only 7

I start working with a simplified version of the system (3.9) where I consider just 2. In this
approximation I just allow the conversion of energy from the fundamental to the XPW beam
without any contribution of the self and cross phase modulation ( 71, 75, 73). Neglecting -4 the
system is made fundamentally asymmetric because there is no energy flux if the fundamental is
initially zero (no back conversion). Even if this system is simplified it is close to the experimental
condition at low intensity (initial condition with just the fundamental beam as input, thin
crystals) and the form of the equation is very similar to that used to treat three-wave interactions
hence a comparison can be made [2, 4, 3, 5]. To obtain a real system of equations I define the
input field A and the XPW field B as: A = r1e®', B = r,¢"? and 0 = p; — . Substituting

in (3.9) and considering just 7, it results:

1 = r2ryy,sin(6)

Ty = —13ysin(6)
. 3
0 = 3y9ri12008(0) — T—lfygcos(ﬁ) (3.12)
T2

42



dTi
g
r3 = const is the Manley-Rowe relation and it expresses the conservation of the photon flux.

= 7;. This system of equation has two constants: the first 7% +

with the notation

Working with normalized quantities the constant is equal to 1. The second is the Hamiltonian
of the system I' = yor3rocos(). Here and in the following calculations the expression for the
Hamiltonian is obtained starting with a guess expression and than verifying that the condition
[ = 0 is satisfied. The use of the term 'Hamiltonian’ immediately suggests that the conserved
quantity is energy, as in classical mechanics. However an analogy is being used when the
coupling equations are recognized as being in "Hamiltonian form”: the space variable ( here
plays the role of time in the classical mechanics formalism. Since time invariance leads to
conservation of energy, it is not surprising that the Hamiltonian in this case is momentum
since the conservation of momentum is related to system property invariance in the spatial
coordinate [1].

The most typical configuration for XPW generation consists of a single beam (fundamental
beam) incident on the nonlinear medium (cubic crystal). In this case the initial condition is
r?=T1and r3 =0 and so ' = 0. But I' = 0 is a first integral of the system so it will remain
zero also when 7?2 and r2 will be different from zero. The consequence is that § = 47/2. In
this case sin(#) = £1 and the system (3.12) can be further simplified:

7’.1 = T%TQ’)/Q (313)
Ty = _Tiffm (3.14)

1 2
and has solutions of the form: () o ”?CQ and r9(() 1/15_@. These solutions, derived

analytically, have the same asymptotic behavior as the well-known hyperbolic tangent and

secant solutions for the SHG process in the case of perfect phase matching. (Fig.3.8) [2].
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Figure 3.8: Aperiodic energy exchange between the fundamental (blue) and cross-polarized

beam (green)
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The equation for € can be expressed using I" to obtain:

. r r
0=3 — Yo 3.15
Y2 T’% Y2 T% ( )

and so for I" = 0, confirmation is given that 6(¢) = const = +m /2. There is an aperiodic transfer
of energy between the fundamental and the XPW beam with constant phase difference. The
same occurs for r? and r3 different from zero and 6§ = +7/2. For a more general situation the

system (3.12) can be written in the form :

r3(0)
d(r3)
¢= / (7“%(1 — 7“2)3 _ F2)1/2 (3-16)

r3(0)

which is an elliptical integral of the first type. The solutions can be expressed in terms of Jacobi
elliptic function and are in general periodic (we have seen previously a particular situation
where this is not true). It is not very interesting to enter into the mathematical details of these
solutions because more can be understood by working with the system in Hamiltonian form.
Defining 1 = r? and using the Manley-Rowe relation (const=1) the system (3.12) is written in

Hamiltonian form:

dn O
do or
— —9 1
dz on (3.18)

with I' = 751%2(1 — n)/2cos(#). 1 and @ are conjugate variables and a phase space can be
defined (Fig. 3.9). For this plot it is assumed a propagation with an angle 3 corresponding to
a maximum of vy, at low intensity. The observation of the trajectories in phase space highlights
some of the more general properties of the solutions. No information function of z can be
extracted because the differential system of equations is not solved. Due to the Manley-Rowe
relation, information about the XPW signal is directly extracted from the variation of n (r3 =
1 —mn). We see that in phase space there are two separatrix (vertical trajectories) for § = £7/2;
these correspond to the solutions we have derived in the case of = 1 as input, where there
is an exchange of energy between the two waves with constant phase difference. Separatrix
illustrate the aperiodic nature of the conversion. Between this two separatrix we have closed
orbits where 7 and 6 are periodic functions. These correspond to the Jacobi elliptical functions.
The center of the closed orbits are points where both n and # remains constant, these are the

d de
eigensolution of the system and they can be obtained by imposing d—n == 0
z z
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Figure 3.9: Hamiltonian in phase space for the simplified system ( just 7). Trajectories

['(n,0) = const in phase space correspond to solutions of the differential system of equations

for XPW generation.

3.2.3 Extension of the analysis

This analysis can then be extended including one by one the missing terms for the complete
description of the XPW process. The first step is to work with a symmetric system and so
consider the presence of both v, and 4. Repeating the same procedure described in the previous
section the same system of equations (3.18) is obtained with: I' = 4,1%/2(1 — n)Y2cos(0) +
/2 (1 = )¥2cos(6).

I start the phase space analysis of the trajectories by considering XPW generation in Z-cut
crystals where 74 = —75. As it can be seen from the trajectories reported in fig. 3.10 the form
of the solution is equal to what I have discussed in the previous paragraph except from the fact
that now the problem is perfectly symmetric between the fundamental and the XPW beam and
only half of the energy can be at maximum transferred. When there is just one input beam,
I' = 0, and the solution moves along the separatrix with constant phase difference. Circular
polarization (n = 0.5,0 = +x/2) is an eigensolution of the system because it corresponds to a
saddle point in phase space. Fig. 3.11 shows the trajectories in phase space for XPW generation
in holo cut crystals 74 # —75. As in the previous plot the propagation is assumed with an angle
beta which maximizes 7, (this angle is different from previous one). The type of trajectories is
the same that for Z-cut with the exception that circular polarization is not an eigensolution of

the system. Furthermore the energy transfer between the to beam can reach 65%.
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Figure 3.10: Hamiltonian in phase space and corresponding orbits for the system with 7, and
Y4 (Z-cut = m/8).
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Figure 3.11: Hamiltonian in phase space and corresponding orbits for the system with ~, and
~4 (Holo-cut g = (115.5).

Including self-phase modulation of the fundamental beam means considering also the pres-

ence of v; in the XPW system of equations. The Hamiltonian in this case is:
T = 45%2(1 — n)Y2cos(8) + van'/*(1 — n)**cos(0) + %772 (3.19)

Because there is no substantial difference between different cuts of the crystal, results about
Z-cut only are presented. This problem can be solved analytically by neglecting depletion of
the fundamental [9]. Fig. 3.12 shows the trajectories in phase space. There are two kind of
trajectories: the closed orbits where the amplitude and the phase difference is periodic and
the open orbits where the amplitude is periodic but the phase is not periodic. This new kind

of solution is allowed in the system due to the presence of self phase modulation and this is
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exactly the solution we have in practical experimental XPW generation at high intensity(just
one input beam, 0;, = —m/2). There is no longer the presence of separatrix and so transfer
of energy with constant phase difference is not possible anymore. Comparing the Hamiltonian
(3.19) to the one that can be derived for a Hamiltonian treatment of three-wave mixing, it is
evident that the v; term in XPW generation acts like the phase matching terms (except that

here 7 is squared) with the generation of open orbits in phase space.
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Figure 3.12: Hamiltonian in phase space and corresponding orbits for the system with ~, and
v4 and v, (Z-cut B = 7/8).

The solutions of the complete problem expressed in (3.9) can now be addressed. The proce-
dure to obtain the hamiltonian of the system consists, as previously presented, in obtaining the
real system of equations starting from the complex system (separating the real and imaginary
parts) and then finding the first integral (constant of motion) of the problem. The Hamiltonian

18:

= 72773/2(1 — 77)1/2005(9) + 74771/2(1 — 77)3/2003(9) +

v 5 v v
+n(1 — n)cos(20) /2 + j?f —~ 53(1 —n)? - 53772 + f(l —n)? (3.20)

where I have kept separated the contributions from different gamma. The plot of the trajectories
in phase space is reported in Fig. 3.13 Fig. 3.14 for Z-cut and holo cut respectively. The
same type of trajectories that I have discussed for the previous cases is present. In particular,
depending on the relative (amplitude/phase) relation between the two orthogonal input waves,
there are closed orbits with periodic oscillation of the amplitude and open orbits with periodic
amplitude but not periodic phase. There are also different eigensolutions of the system (constant
amplitude and phase) that can be divided into stable and unstable. Finding the stability of
an eigensolution directly from the phase space plot is another advantage of the Hamiltonian
approach. For example we can see that circular polarization is an eigensolution for Z-cut also

in the presence of self and cross phase modulation but that this solution is unstable (saddle
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point in phase space). For Holo cut we have the same kind of trajectories as discussed for Z-cut
(but with a different angle ) and, due to the asymmetry in the 7 axis, circular polarization is

not an eigensolution of the system.

Figure 3.13: Hamiltonian in phase space and corresponding orbits for the complete system of
equations and for Z-cut (8 = 7/8).
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Figure 3.14: Hamiltonian in phase space and corresponding orbits for the complete system of
equations and for Holo-cut (8 = (3/8 — 0.0168)7).
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3.3 XPW for short pulses

Introduction

In the previous sections XPW generation is treated in the time domain and using monochro-
matic plane waves equations. For the applications of this process as a contrast filter it is
interesting to extend this analysis to ultra-short pulses. The quality of temporal pulse com-
pression for ultra-short pulses is typically given in the frequency domain as a residual spectral
phase that is expanded in a Taylor series around the central frequency. As is known for other
nonlinear effects this spectral phase affects the output (efficiency, spectral width and spectral
shape) of the process. It is thus interesting to express and solve the envelope equations of the
process in the frequency domain. This is done by making some simplifications and is presented
in the next sections. Before entering this subject I want to have a brief discussion about the re-
sponse time of XPW generation. For optical frequencies non resonant with the optical medium,
the response time of the nonlinear susceptibility is given by the time needed for an electron,
excited by an oscillating electric field, to come back to the equilibrium position. If Aw defines
the difference in energy between the electromagnetic pulsation and the conduction band (or
more generally the energy of the first ionization threshold), the life time 7 of the electron out

of equilibrium is given by the uncertainty relation:
AET «~ h (3.21)

For all crystals used for XPW generation, AFE =~ 10eV (AEgurs = 9.21 eV, AEcur2 = 9.92
eV, AEL;r = 11.6 V). It results that 7 is <1 fs and thus much shorter than few-cycle optical

pulses. XPW generation is then always considered an instant process.

3.4 Theoretical considerations: Spectral approach

3.4.1 Notations

For practical reasons linked to the fact that the XPW process leads to a strong pulse reshaping,
the XPW spectrum is characterized by its statistic moments rather than central wavelength and
FWHM spectral width. The following formulas are used to evaluate respectively the energy,
spectral width and center of mass of a given spectral distribution I(w):

2 Jplw—<w >1)? I {w)dw Jrgwl(w)dw

Er = /Rl(w)dw o; T T()do <w >1= W) (3.22)

These parameters are not only universal and easy to define but also of first interest from an

experimental point of view: the efficiency of the nonlinear process defines the output energy,
the standard deviation defines the minimum available transform limited pulse duration and
the spectral center of mass shift indicates whether the XPW spectrum still lies within the

amplification bandwidth of a laser amplifier. More generally, the mean value of the spectral
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function f(w) with respect to the intensity I(w) is defined by:

Jr f (W) (w)dw

< I >= T T

(3.23)

3.4.2 Propagation equation

The effect of spectral phase on a nonlinear process has been extensively studied theoretically
for x® processes [15, 16, 17, 18, 19]. In this section this study is extended to x® processes
and more specifically to XPW generation. The starting point is the plane wave propagation
equations describing XPW generation (3.9) considering just the influence of v5. As previously
wp stands for the central angular frequency of the input pulse (fundamental pulse), n for the
refractive index of the cubic crystal at wy, ¥® for the third order susceptibility tensor, § for
the angle between the input polarization direction and the crystallographic axis x, A(z,t) and
B(z,t) for the respective complex amplitude envelopes of the fundamental and XPW electric
fields, I4(z,w) and Ip(z,w) for the respective spectral intensity of the fundamental and XPW
electric fields. Here the anisotropy factor of the third order susceptibility tensor is defined o, to
avoid confusion with the second order momentum of a Gaussian function. The spectral phase
function of the fundamental pulse will be referred as ¢(w) and, when required, ¢(w) will be

expanded in a Taylor series around wy:

Z% (w —wo)". (3.24)

In the frame of the moving pulse, the slowly varying envelope approximation leads to the

following propagation equation for the complex amplitude of the XPW field:

B

aét) = i A(z, t)A"(2, 1) Az, ) (3.25)
. . 3 wWo (3)

with 7 = 203, T sin(49) (3.26)

Using the standard Fourier transform B(z,t) = [ B(z,w) exp(iwt)dw and A(z,t) = [ A(2,w) exp(iwt)dw
and applying the reverse convolution theorem we obtain the following equation for the complex

spectral amplitude of the XPW pulse:

B ~
M = —iv // (zy,w1)A(z,we) A (2, w1 + we — w)dwydws (3.27)

Equation (3.27) highlights the frequency-mixing process occurring during XPW generation:
the XPW signal at a given angular frequency is proportional to some third order spectral
autocorrelation function of the fundamental pulse. In the approximation of small conversion
efficiency (undepleted regime) and of negligible dispersion, the fundamental pulse propagates
unchanged (A(z,t) = A(0,t) = A(t)) and equation (3.27) can be solved analytically:

B( = —ivL // (w1)A (wl + wy — w)dwidws (3.28)
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3.4.3 Gaussian pulse with quadratic phase

For a fundamental pulse of Gaussian spectral intensity, the spectral amplitude is:

Aw) = Agexp (-W) exp [ip(w)] (3.29)

with the spectral phase defined as in (3.24). The right hand side of equation (3.28) can be solved

analytically for the specific case of a quadratic phase. The result for the spectral intensity in

2 p [ 302 (1+U4(90(2>)2/9) |
\/(1 + ot (80(2))2) (9 + ot (¢(2))2)

This analytical result shows that for Fourier-transform limited input pulse (¢ = 0) the

this case is:

Ip(L,w) = (2m0” AL) (3.30)

XPW spectrum is v/3 times broader than that of input pulse. For chirped pulses however
(¢ #£0), the XPW spectral width narrows with increasing ¢® and is 1/v/3 smaller than the
input spectrum for a high spectral chirp. Integrating (3.30) over the frequency domain, one can
also obtain the dependence of the XPW pulse energy on the input second order spectral phase

coefficient ¢®):
Expw o

1+ 04 (p2)?)

where Expw o is the XPW energy of the pure Fourier transform limited pulse. As can be seen,

Expw(L, o) = ( (3.31)

this dependence is Lorentzian. From Eq. (3.30) the spectral center of mass is calculated. Ap-

plying Eq. (3.22), leads to < w >xpw= wp, demonstrating that there is no spectral shift.

From the previous results, two critical second order coefficient values can be defined corre-
sponding respectively to the following conditions: the XPW efficiency is equal to half of the
maximum conversion efficiency, the XPW spectrum is equal to the input spectrum. For a

Gaussian input pulse, these critical coefficients are given by:
gpg?Energy - \/5/0-2 (332)

SOg,)WMth = 1/02 (3.33)

For a Gaussian pulse of minimal pulse duration 7, = 30fs the spectral width at 1/e is

o = 55.5THz and the corresponding critical second order phase coefficients are 325fs? and
562 fs? respectively.

For the more general case of an input polynomial phase, the integration in Eq. (3.27) needs

to be solved numerically. This is presented in section 3.4.5. Before doing this a simplified

analytical model is derived to understand more easily some aspects of the solutions.

3.4.4 Asymptotic shapes and expressions for the XPW spectrum

Assuming a sufficiently regular and smooth input spectrum (i.e. not necessarily a Gaussian

pulse), some features of the XPW spectrum can be described by applying the stationary phase
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theorem to expression (3.28). This theorem leads, as I will discuss later, to two different results
with two different and complementary ranges of validity. The goal of this model is to understand
in a simple way the influence of the residual phase on the XPW spectrum and so to extract
information about this phase from the shape of the spectrum. The results of the asymptotic
model are confirmed more quantitatively by the numerical calculation. Before entering the
heart of the matter, I recall the stationary phase theorem applied to a bidirectional complex
function of modulus a(x,y) and phase ¢(x,y). According to the stationary phase theorem, the

main contribution terms of the integral
/2 a(z, y)e ™Y dxdy (3.34)
R

come from the angular frequencies xy and o for which the phase of the integrand is locally
stationary. If such stationary point exists in the [z, yo] ensemble for a particular value of w.,
then the XPW spectrum will exhibit a local maximum at angular frequency w.. What is more,

the theorem also gives the following asymptotic formula when the phase is locally stationary
(¢'(x0,y0) = 0) but not critical (¢”(xq,yo) # 0):

a(a’;o’ yo)el¢(x07y0)

\/’ ¢x,ac ¢y,y - be,ygby,x |

with ¢;; 1,j=x,y are partial derivative evaluated at (z¢,yo) = 0. Moreover, in this and in the

/ a(z,y)e? TV dady = 2 el siend” (@) L g (hg) (3.35)
R2

following sections, the central angular frequency and spectral width of the cube of the input
spectral intensity will be noted <w >js and o3 respectively.
Spectral phase with critical points

Mathematically, the stationary phase condition applied to the integrand of the right hand side
of equation (3.28) is:

3 (wi,wa) | [p(wr) + p(wa) — p(w1 +wa —w)] = fr2(w) (3.36)

deQ

where f12(w) are two real functions. This condition of local maximum has a more natural

expression using the group delays:

{T(W1) —T(w1 +wp —w) = fi(w)

3.37
T(w2) — T(wy +wa — w) = fo(w) ( )

Although the exact set of solutions of this equation system is unknown in the general case, there
is one obvious solution: w; = wy = w. If this solution is the only solution, then, an asymptotic

expression of the XPW spectrum is:

_ 1a(w)?
e (w))?

From a mathematical point of view, the range of validity of the stationary phase is limited to

Ip(w) (3.38)

high phase values, that is to say for input pulses which are far from the Fourier-transform limit.
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Nevertheless, this approximation proves to be useful. If the fundamental spectral phase exhibits
a critical point (¢”(w.) = 0), then the phase function of equation (3.28) is also critical at w,
and formula (3.38) cannot be applied around w,, which is obvious since the formula diverges
at w.. However, in such a case, the XPW spectrum can still be described by the sum of two
contributions: a "local” contribution given by expression (3.38) (away from w,) and a “critical”
contribution corresponding to a peak distribution located at w..

An example of this is a spectral phase well described by a third order Taylor expansion
around wy, then the XPW spectrum is expected to exhibit a maximum at the angular frequency
which is solution of:

¢ (w) = @ + 0P (W —wy) =0 (3.39)

This analytical approach enables us to predict the following spectral behavior of the XPW
spectrum: when there are strong residual second and third order phases on the fundamental
pulse, the XPW spectrum is no longer symmetric even for a symmetric input. What is more,
the XPW spectrum is the sum of the cube of the input spectrum and a peak at the position:
o

W =Wy — —75v
o)

(3.40)

Since the peak distribution is weighted by the amplitude factor I3, the spectral center of mass

is therefore expected to behave as follows:

(2
< W Sxpw=wo — 2(3)5‘;(@0 — o J®) /T3 (wo) (3.41)

In this particular case, the range of validity of this approximation can be defined as o . @] >>
1 and [p@| < |p®a|.

Spectral phase without critical points

The stationary phase theorem gives also some asymptotic expressions for the XPW spectrum
when there are no critical points for the fundamental pulse. More precisely, if the group delay
of the input pulse is monotonic (this is the case if the spectral phase is predominantly quadratic
or quartic for example) and if the duration of the fundamental pulse is much longer than its
transform-limit, then the XPW modulus of the spectral amplitude is approximately given by
the solution in (3.38), over the whole spectral range.

From this result, one can compute, to the first order, the spectral center of mass and spectral
width of the XPW spectrum for a chirped input pulse to which a perturbative third order phase
has been added:

_ @(3) )
< W >Xpw = Wy — 2@0’12‘ (342)
(3)
Oxpw = 0?3,‘ — 2:2(2) < (w—wp)? > (3.43)

Applying this result to a linearly chirped pulse (¢® = 0), leads to the same results found in

section 3.4.3 for large chirps: the spectrum is narrowed by a factor v/3, the conversion efficiency
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decreases with 1/ ((p(Q))Q. With a perturbative third order phase, the spectral center of mass
is shifted proportionally to the ¢ value. As far as the spectral width is concerned, it remains
unchanged to the first order if the spectrum is symmetric with respect to the spectral center
of mass. If the spectrum is not symmetric, then the spectrum may be broadened or narrowed
depending on the relative signs of the phase coefficients.

Again, the range of validity of these approximations needs to be specified. The above
results only apply for strongly chirped pulses. For a general cubic phase function, this means

o3, le?| >> 1 and |p@] >> |®ay,|.

Synthesis

This simplified model predicts that, for a sufficiently regular spectrum with a large general
cubic phase, the spectral center of mass varies linearly with ¢® for large and constant values of
©® and linearly with o for large and constant values of ¢®). Such features are characteristic
of a hyperbolic parabola surface, more widely known as a horse saddle surface and will be
obtained experimentally in section 4.6. The saddle point is centered on ¢® = ) = 0 and can
be implicitly defined by the equation ¢ ) = const.

The spectral width of the XPW spectrum is expected to be almost constant whenever the
effects of ¢ or ¢® are dominant. In the first case, the spectral width is equal to that of
the cube of the input spectrum. In the second case, it is related to the spectral width of the
"critical” contribution. Last, this model confirms a general Lorentzian dependance of the XPW

intensity as a function of ().

3.4.5 Numerical calculation

In this paragraph I directly solve Eq. (3.28) and compute the XPW spectral intensity without
any other assumptions than those stated in section 3.4.2. In order to verify the previous theo-
retical work, the effect of combined second and third order spectral phases are simulated. The
input spectrum is Gaussian with a spectral width corresponding to a Fourier transform limited
pulse of 30fs. The energy, center of mass and spectral width of the XPW spectrum are shown
in Fig. 3.15 and Fig. 3.16. For all these scans we choose approximatively Ap®? = U%AA(,D(S')

to have the same temporal effect for both phase terms.

The main conclusion from Fig. 3.15 is that the plots are symmetric with respect to the
point where p® = ¢ = 0. At this point the XPW generation process exhibits maximum

efficiency and the broadest spectrum without spectral shift. Efficiency and broadening decrease
()

cr,Energy and

with residual spectral phase and one obtains numerically the same values for ¢
gog?Width been derived analytically previously. As expected, the spectral center of mass of
the XPW spectrum (Fig. 3.16 (a)) shifts when the contributions of second and third order
phase coefficients are of the same order of magnitude. The numerical calculation provides

realistic spectral shifts that can be used to compare with experimental data. For comparison,
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Fig. 3.16 (b) presents the spectral shift behavior extracted from the analytical model for the
same spectral phase range as Fig. 3.16 (a). They both behave the same, but the numerical
calculation provides realistic spectral shifts for Gaussian laser spectra compared to the analytical

model. Furthermore the analytical model is not valid at the saddle point in the center of the

graph.
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Figure 3.15: (a) normalized theoretical XPW efficiency function of the second and third order
spectral phase for a 30fs input pulse. The value 1 corresponds to a XPW efficiency of 5%.
(b) theoretical prediction of XPW spectral width as a function of the second and third order
spectral phases for a 30 fs pulse. The spectral width values are normalized to the XPW width

value for the case of transform limited input pulse.
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Figure 3.16: (a) theoretical prediction of the XPW spectral center of mass shift (in nm) as
a function of the second and third order spectral phases for a 30 fs input pulse. (b) validity
range of the two approximations in the (cp(z) (wo), p® (wo)) plane for the analytical model. The

arrows show the direction of the spectral center of mass shift for a cubic spectral phase.

These theoretical predictions are verified experimentally in section 4.6.
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3.4.6 XPW generation for sub-10 fs pulses

In the previous derivation the pulse dispersion during the propagation in the nonlinear medium
has been neglected. For pulses shorter than 10 fs this is not valid anymore because dispersion
and nonlinearity act together during propagation. This implies solving a nonlinear partial
differential system of equations instead of a system of ordinary differential equations. The
split-step Fourier method provides an approximate solution of this system by assuming that
in propagating the optical field over a small distance h, the dispersive and nonlinear effects
can be considered to act independently of each other. More specifically, propagation from
z to z+h is carried out in two steps. In the first step the nonlinearity acts alone and the
coupled nonlinear equations (3.9) are solved in time domain. In the second step dispersion
acts alone and the spectral phase from material dispersion is applied in the frequency domain.
Fig. 3.17 illustrates the dynamics of the XPW conversion process for three selected values for
the residual chirp at the entrance of the crystal (1 mm) : 0 (a,b,c), -25 fs? (d,e,f), -60 fs?
(g,h,i). Fig. 3.17 (a,d,g) shows the evolution of the temporal shape of the fundamental as it
propagates through the crystal. For a short input pulse (8 fs in the simulation), the extremely
wide bandwidth (we used a spectrum typical for spectral broadening in a hollow fiber) of the
pulse results in a rapid broadening, even though the crystal is quite thin (Fig. 3.17a). For
a slight negative input chirp (—25f2%), the pulse is temporally focused near the center of the
crystal(Fig. 3.17d). If the input chirp is further decreased, the pulses compresses in the last 200
pum of the crystal(Fig. 3.17g). As the pulse compresses, the central wavelength of the shortest
part of the pulse varies, resulting in a shift in the pulse peak, since the temporal window of the
calculation moves at the group velocity of the 800 nm pulse. The moderate input intensity and
rapid pulse broadening gives little self-phase modulation on the input spectrum. The remaining
panels in Fig. 3.17 show the evolution of the XPW signal in the temporal (Fig. 3.17(b,e,h))
and spectral domains (Fig. 3.17(c,f,i)). The corresponding beam-integrated output spectra
are shown in Fig. 3.18. Since the XPW pulse is initially quite short, it broadens over a very
short distance (Fig. 3.17(b,e)). For the short pulse input, the conversion starts early in the
crystal, and by the middle of the crystal the spectrum is very broad and smooth (Fig. 3.17(c)).
Subsequent conversion takes place with a positively chirped pulse, leading to the evolution
of the double humped output spectrum (Fig. 3.18). For a negatively-chirped input pulse,
the pulse is temporally focused in the center of the crystal, there is some initial conversion
on the initially chirped pulse, allowing a greater portion of the output energy to result from
conversion of the short pulse. This results in a smoother output spectrum and better energy
conversion (Fig. 3.17(f)). With the greater value of negative chirp (—60fs?) (Fig. 3.17(i)) such
that the temporal focus is near the exit face of the crystal, the output spectrum is somewhat
narrower and the conversion efficiency is greatly reduced (Fig. 3.18). In this case, most of
the conversion occurs with a negatively chirped pulse. Fig. 3.18 also shows the ideal output
spectrum for dispersion free conversion calculated with a flat input spectral phase. Clearly
the output spectra are limited by the crystal dispersion. Such very broad spectrum could be

produced by using very thin crystals (< 100 pm), at the expense of the conversion efficiency.

o7



The calculations suggest that a crystal thickness of 300-500 pum would give a good compromise

between output spectrum and conversion efficiency.
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Figure 3.17: Calculated dynamics of XPW generation process. The temporal evolution of the

fundamental (resp.XPW) pulse when propagating through the crystal is represented in Figs

(a,d,g)(resp.(b,e,h). Figures (c,f,i) display the spectral evolution of the XPW signal within

the crystal. Temporal and spectral intensities are normalized. The black arrows localize the

area in the crystal where the fundamental beam is temporally the shortest. Panels (a,b,c) are

calculated for no residual chirp (0 fs?) at the entrance of the crystal. -25 fs? input chirp is

taken into account for figures (d,e.f), and -60 fs? input chirp for figures (g,h,i). This values

of the residual chirp are typical after hollow fiber spectral broadening and compression and

comparison with experiments can thus be done.
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Figure 3.18: Calculated XPW spectra (extracted from Fig. 3.17(a,f;i)) for selected values of
the input chirp. The experimental hollow fiber spectrum used for calculations is also shown
(grey area, lower panel). The calculated XPW spectrum for a dispersion free conversion and

flat input spectral phase is plotted in the lower panel (black line)

Up to now, all the theoretical equations discussed in this chapter have the SVEA approxi-
mation as a starting point. For short pulses this approximation implies that the envelope varies
slowly over an optical cycle and this is certainly not verified for few-cycle pulses. For such
short pulses it is not even evident that the separation of the electric field in a carrier and an
envelope is acceptable. The validity of this assumption together with the slowly evolving wave
approximation (SEWA) was discussed by Brabec and Krausz in [23]. In this approximation
there are no conditions specifying the slowness of the temporal change of the envelope compared
with the optical cycle time but it is required that the wave packet has small changing along
a propagation distance equal to the wavelength. This can be extended to nonlinear frequency
mixing as long as the difference between phase and group velocities of the waves involved in
the interaction is small compared to the phase (or group) velocity of the fundamental. This is
verified in the case of XPW generation. Within this approximation, a first-order propagation

equation for the wave envelope, valid to the single cycle regime, is given by the expression:
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~ W

[0, —ik(w)] E(r,w) V2 E(r,w)

F [ Pu(r,t)] (3.44)

- 2k(w) " 2eon(w)c

Compared with the equation derived with SVEA it contains new terms which are respon-

sible for effects like self-steepening and space-time focusing. This equation with the nonlinear

contribution from XPW generation can be solved using the Fourier split step method presented

previously. This falls within the frame of further investigations.
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Chapter 4

Experimental results on XPW

generation

4.1 Introduction

In this chapter I present my experimental results about XPW generation and I compare them
with the theory I derived. Before entering the heart of the matter I start giving a brief overview
of the different non linear processes that can be used for the contrast cleaning together with an

introduction of what where the results about XPW generation when I started my Ph.D.

4.2 Contrast filtering techniques

With the rapid increase of the achievable peak intensity at the output of table top TW laser
systems, the temporal contrast of the generated pulses started to attract interest. The Euro-
pean research program named SHARP (Suppression over High dynamic range of ASE at the
Rising edge of ultra intense femtosecond pulses) started for the theoretical and experimental
investigation of the different solutions for measuring and increasing the temporal contrast in ns
regime. This temporal contrast is determined by the ASE, mainly generated in the first, high
gain, amplification stage (section 2.2.2).

All the filters that enhance the temporal contrast use a non linear process to exploit the different
intensity between the main pulse and the background. A non linear filter is characterized by a
relation: I, = f(I7), with n > 2. Considering for example a relative ASE level of 107% and a
second order nonlinear filter, the transmitted intensity is squared and the ASE pedestal is then
rejected to a relative intensity of 1072, The transmitted pulse needs then to be discriminated
from the input pulse using for example a difference in wavelength, polarization or phase.

Several nonlinear filters were tested and can be classified by their position in the laser system.
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Filters at the beginning or in the middle of the laser system

When the filter is implemented inside the laser system the main non linear effects used are:
nonlinear polarization rotation (NER) [9, 11] and cross-polarized wave (XPW) generation [6].
To work correctly these filters have to be seeded with a sufficiently intense, compressed pulse.
This means to amplify the pulses in a first CPA to the > 100u.J level, to clean the pulses after
the first compression and then to stretch them again for a further amplification that keeps the
ASE constant (using low gain amplifiers).

If the XPW filter is implemented at lower energy, the first CPA can be substituted by
an amplification in the fs regime and compensation of the dispersion accumulated during this
amplification [1].

Another kind of filter uses a saturable absorber [5] to increase the temporal contrast of the
pulse amplified in fs regime without the need to recompress it. This filter can not be applied

to repetition rates higher than 10 Hz due to thermal problems.

Filters at the output of the laser system

The second solution is to clean the pulses directly at the the output of the CPA laser. This
requires filters with a high transmission efficiency to limit the energy losses in the filtering
process. The first non linear process that satisfies this requirement is SHG [13]. Furthermore
SHG, dividing by two the wavelength, make it possible to focus the output beam into a smaller
focal spot and thereby to maintain the same focused intensity with a lower input energy. The
second process is ionization on a dielectric material. In this case the filter is named plasma
mirror. Details of this filter will be given in section 7.5. Its drawback is that it is destructive

and therefore not well adapted at high repetition rates.

4.3 Historical development of XPW generation

In general, light propagation through nonlinear crystals experiences nonlinear polarization ro-
tation and induced ellipticity (XPW generation). Restricting the analysis to a nonlinear change
of the polarization state in non-gyrotropic (without spatial dispersion of the x* optical nonlin-
earity) crystals, experiments and theoretical results showed that nonlinear polarization rotation
is proportional the imaginary part of the x®) anisotropy ,o, whereas XPW generation is due to
the real part [2, 12, 15, 3, 4]. XPW generation was observed in a range of highly transparent
alkali-halide crystals of the m3m group namely NaCl, K Bry, KCI, LiF, BaF,. In their trans-
parency range these crystals have Im[o] = 0 and Re[o] # 0.

XPW generation attracted at first interest as a nonlinear process for measuring the magnitude
and sign of non linearity tensor’s components and its anisotropy in crystals [14]. This non linear
process was then extended at the end of the SHARP program as a technique for filtering con-
trast, in particular through the work of A. Jullien and O. Albert from LOA and N. Minkowski,
S. Kourtev and S. Saltiel from the University of Sofia [6].
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XPW generation benefits from several advantages in its implementation as a contrast filter:
it is a third order nonlinear optical effect degenerate with respect to all frequencies and non
degenerate with respect to the polarization vectors of the interacting waves. This means that
the generated wave is at the same wavelength as the fundamental and can easily be discrim-
inated using a polarizer with the optical axes orthogonal compared to the input beam. The
increase in temporal contrast is defined by the extinction ratio of the polarizers (5-6 orders of
magnitude). An impressive measurement of the temporal contrast before and after the XPW
filter is shown in Fig. 4.1. Furthermore, as it is a third order nonlinear process, the temporal
intensity of the XPW pulse is proportional to the cube of the input pulse intensity. This cor-
responds, in frequency domain, to a spectral broadening by a factor /3 (for Fourier transform
Gaussian pulses). This can be very useful for the compensation of gain narrowing in the second
CPA. Residual second order spectral phase decreases this broadening and the XPW spectrum
becomes 1/+/3 narrower than the input one for large values of the second order phase [10]. This

confirms the need to seed the XPW filter with adequately compressed pulses.
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Figure 4.1: Temporal contrast before and after the XPW filter

4.3.1 Design of an efficient XPW generation

Several crystals were tested for efficient XPW generation. A good XPW crystal has to satisfy the
following requirements. First it needs to have at least one isotropic plane in linear optics. This
corresponds to cubic or tetragonal crystal symmetry. Along this plane the two orthogonally
polarized waves propagate with the same group velocity. Crystals with cubic symmetry are
preferred because in tetragonal crystals not all planes are isotropic. If the incident wave does
not propagating exactly along the z axis of the crystal, a parasitic signal, generated by linear
birefringence, is added to the XPW signal. The crystal needs also to be transparent from UV

to IR, i.e. with a band-gap larger than 4 eV. This rules out the semiconductors and other
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crystal like the Potassium Dihydrogen Phosphate (KDP) or the rutile T90. For cubic crystals

XPW generation efficiency depends on the product of the x{3)  component, the crystal length

L, the input intensity and the anisotropy of x® -tensor, o = (x{%),, —3x¥,,)/x {2, Ideally an
XPW crystal needs to have a high anisotropy for optimizing XPW generation efficiency and a
small non linear index to limit SPM. In Tab. 4.2 I report a list of crystals with ) anisotropy
that can be used for XPW generation. Following the previous considerations, the best crystals
for XPW generation are BaFy, CaF, and LiF. In particular, the best crystal for the infrared
and visible is the BaFy, while C'aF; and LiF are more convenient in the UV (larger band-gap)

where two-photon absorption starts to play an important role.

Crystals Symmetry Gap (eV) n (¢}

YWY, Tetragonal 3 16 [4.3] + 0954 3]
EaF Cubic 4214 6] 247 48] 124547
CaFs Cubic 992 48] 1.3[M4.7] -0B[47)]
CdF, Cubic 954 [4.8] 11.7[4.7] +0.04 [4.7]
Mgk Tetragaonal 11.27 [4 5] 0747

LiF Cubic 11.60 [4 8] 0747 -0.35[M4.7]
MNalCl Cubic 721 [4.8] 4.7 14.7] -0.29[4.7]
g Cubic 777 [48] 4.74.7] -063[47]

Figure 4.2: Table of candidate crystals for XPW generation

The firsts implementations of XPW generation were done using a single [100] (z-cut) crystal
cut with a thickness of 1 or 2 mm. In this case the maximum efficiency saturates around 10
%. Increasing the thickness of the crystal does not increase the global efficiency. When the
crystal is thicker than ~ 3mm, due to self-focusing in the crystal, the threshold for white-light
continuum generation is reached before an efficient XPW generation. Furthermore the crystal
needs to be thinner than the Rayleigh range of the focusing optics.

From the beginning intense research was made for increasing the efficiency of the process and
thus the transmission of the XPW filter.
reaching an overall efficiency higher than 20 % [8, 7]. The principle of this solution is to

A two-crystal setup was developed that enables

use the Kerr lensing in the first crystal in order to refocus the beam into the second crystal.
Thanks to the different accumulation of the Gouy phase between the fundamental and the
XPW waves by propagation in the space between the crystals, the XPW signals generated in
the two crystals can interfere constructively and thus increase the efficiency. This two-crystal
solution developed in LOA was patented together with Thales Laser (Patent, French, European
and US- # 20060170858).

66



During my Ph.D I continued the development of the XPW filter with a particular interest in
the following goals:

e to further increase the transmission efficiency
e to extend this process to shorter input pulse durations down to the < 10 fs regime.
e to extend this process to shorter wavelengths.

In chapter 3 I demonstrated that the global efficiency depends on the cut of the crystal. In
particular it has been predicted theoretically that the [110] cut is the most efficient orientation.
This will be confirmed experimentally in the third section of this chapter. Results with a two-
crystal scheme to further increase the global efficiency are also presented.

The XPW filter needs to be implemented on compressed pulses. For pulse duration below
30 fs the presence of residual uncompensated higher order spectral phase terms after the first
compression can no longer be neglected. It is important to quantify their effect on the XPW
spectrum and efficiency. This systematic study is the subject of the fourth section. The
extension of this study for sub-10 fs pulses is presented in the fifth section.

The spectrum corresponding to <10 fs pulses can extend over more than one octave and has
tails down into the U.V. In all theoretical considerations I assumed a x® tensor independent
of A. This assumptions is no longer valid on such broad spectral ranges where the photon
energy approaches half the band-gap. This motivated the study of the XPW generation in UV

presented in the last section.
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4.4 Holocut vs z-cut

The theoretical analysis presented in chapter 3 shows that for cubic crystals the holographic cut
ensures the highest efficiency with the added advantage that the position of optimal polarization
of the fundamental beam is less sensitive to changes in the input intensity. The purpose of this

section is:

e to present the experimental results for XPW generation with [011]-cut samples showing

an increase in efficiency;

e to show the decreased sensitivity to the orientation of the fundamental beam polarization

at high intensity;

The schematic of the set-up with a single BaF} situated between crossed polarizers is shown

in Fig. 4.3. The derived system of two plane wave equations for the two interacting waves is:

djiléo =1 AAA" + iy AAB™ + 2i, ABA®
+ 2iv3ABB* +iv3BBA* + iv,BBB", (4.1a)
df;éo — insBBB" + iv4BBA* + 2i7, ABB"
+ 2i73ABA” + iv3AAB* + i AAA™. (4.1b)

where A and B denote the amplitudes of the fundamental and cross-polarized waves, respec-
tively. The ~ coefficients derived for both cuts are summarized in Tab. 4.5. The last line in
the table I gives the orientations of input polarization ..., for which the XPW signal is zero.
These angles, derived from ~,(/3) = 0, are different for the two cuts and this can be used to

test the correct orientation of the [011]-cut sample. The NLC used in the experiments are 2

Polarizer Polarizer

(% P
puAny EEi

NLC

Figure 4.3: Schematic of the XPW generation experiment

mm thick z-cut and [011]-cut BaF, crystals. The BaF; sample is placed between two calcite

Glan polarizers with an extinction ratio better than 4 orders of magnitude. Both the BaF,
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samples and the polarizers are un-coated. The (-dependence measurements were performed
with the second harmonic of a Colliding Pulse Mode Locked (CPM) dye-laser (620 nm, 100 fs,
10 Hz-Salle Rose). The pulses with an energy up to 20 pJ were focused with a f = 500 mm lens
into the NLC. Fig. 4.4 shows the experimental 3 dependence of XPW generation in the [011]-
cut sample. The theoretical curves (lines) for Gaussian/Gaussian shapes for spatial /temporal
modulation of the fundamental radiation are obtained by numerically solving the system 3.9.
The agreement with experiment is good. The angles f3,.,, for which the XPW signal is minimal
correspond to the values listed in Tab. 4.5. As predicted, the two main 3 position maxima for

the holographic cut are insensitive to changes in input energy.

1.0

0.8

0.6

0.4

XPW signal (norm)

0.2

0'0 . W \s -~ ] = 1
-60 -30 0 30 60 90 120 150

B, degrees

T

Figure 4.4: XPW signal as a function of angle 3 for [011] orientation for two different input

energies. The lines are theoretical curves.

XPW generation efficiency measurements were done with a commercial femtosecond laser
(Femtopower PRO CEP, Femtolasers GmbH) delivering up to 1 mJ, 30 fs pulses at 1 KHz. The
fundamental beam spatial shape is very close to Gaussian as shown in the inset of Fig. 4.6. The
pulse-to-pulse stability of the laser used in the experiment is below 1% ensuring a very small er-
ror ( 3%) in the efficiency measurements. Measured conversion efficiencies (without corrections
for losses) for experiments with a single BaFy crystal are shown in Fig. 4.6. The pulses are
focused with a f = 500 mm lens into the NLC. The efficiency with [011]-cut sample saturates
at 11.4%. This value can be compared with the maximum efficiency of 10% measured with a
single crystal (Fig. 4.6). Accounting for losses of the output Glan and the NLC, an internal
efficiency of 15% is obtained. This efficiency saturates earlier than in the simulation because
in the theoretical model we neglect diffraction and self-focusing. It is very important to note
that the efficiency curve for the [001]-cut (circles) in Fig. 4.6 was obtained with reoptimization
of angle /3, while for experiment with the [011]-cut (squares) such a reoptimization was not

necessary as predicted by the model.
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Figure 4.6: XPW generation efficiencies for the two cuts. Insets:input fundamental beam spatial

shape.

As XPW filtering is useful at higher energy in a double CPA scheme, we also tested a
two crystals scheme [1, 8] for XPW generation using two holographic cut BaFy crystals. The
fundamental beam with a diameter of 7 mm was focused with a f = 5 m lens. The two crystals
were set &~ 50 cm apart, in accordance with the experimental dependence pointed out in [10].
The obtained XPW energy and efficiency are shown Fig. 4.7. The output spectrum has a near
Gaussian shape with 80 nm FWHM (for an input width of 50 nm). The maximum obtained
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efficiency of 29 % for a 190 uJ input pulse energy yields a 55 pJ XPW pulse energy. It is
the highest XPW energy efficiency recorded so far with this kind of set up. This value is in
fact 1.3 times higher than the previously published values obtained with z-cut crystals (see [8,
?, 9]) which is in accordance with the prediction of the model. Considering the output pulse
shortening obtained via XPW generation this result corresponds to a 50% intensity conversion
from one polarization to another. Highest efficiencies are obtained for an input energy just

below the continuum generation threshold.
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Figure 4.7: XPW generation energy (circle) and efficiency (square) for two crystal scheme with

two holografic cut BaF; crystals. Insets: output XPW spatial shape

4.5 Conclusions

Record efficiencies for XPW generation using holographic ([011])-cut BaF, crystals (and Gaus-
sian beams) have been demonstrated thereby confirming the theoretical predictions. I also
demonstrated that when [011]-cut crystals are used for XPW generation, intensity dependent
[ compensation of the phase mismatch is not required. This feature makes the holographic cut

easier to use for all XPW generation applications.
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4.6 Effect of the spectral phase on XPW generation

In this section I present the first comprehensive study of the role of spectral phase on XPW
generation using sub-30fs laser pulses. For durations comprised between 30 and 10 fs the
presence of residual uncompensated higher order spectral phase terms after the first compression
can no longer be neglected and it is important to quantify their effect on the XPW spectrum
and efficiency. For those short pulses, compression is achieved after measurement of the spectral
phase with a SPIDER or a FROG. For a 30 fs pulse measurement precision is on the order of
100 fs? and 10000 fs? for the second and third order of the spectral phase [12, 13, 14]. As it will
be demonstrated, within this range of residual spectral phase the XPW output spectrum can
be significantly modified, especially with residual higher order spectral phase. I will also derive
the maximum acceptable value of residual phase for a given initial pulse duration in order to

efficiently drive the XPW process for pulse shortening and contrast improvement.

The XPW experimental setup is shown in Fig. 4.8. We use a commercial femtosecond laser
(Femtolasers GmbH) delivering 1 mJ, 30 fs pulses at 1 kHz. The spectral phase of the compressed
pulses was measured with an homemade SPIDER [20] and corrected using an acousto-optical
programmable dispersive filter (AOPDF, Dazzler™ [21]) inserted into the chirped pulse ampli-
fier. By doing so we have noticed that we removed ¢ ~ —2.10% fs* and ¢® ~ 50.10° fs°.
Furthermore, in order to test the effect of remaining spectral phase higher order terms, we can

cancel the Dazzler correction and make experiment with known ¢® and ¢®) values.

To study experimentally the effect of the spectral phase on the XPW process, I used a
second AOPDF (25 mm TeO, crystal) as a versatile and precise way to tune the spectral phase
on demand. This AOPDF is placed between the laser and the XPW setup. To avoid damaging
the AOPDF, only 1 puJ is used from the total laser energy for our experiments. The diffracted
output of the AOPDF is focused by a 40 mm focal length achromatic lens into a 1 mm thick
BaF, crystal, the XPW beam is selected through a polarizer and focused onto the entrance
slit of a spectrometer (Avantes). Both AODPF and spectrometer were synchronized with the
laser pulses. The spectral phase from the laser was considered flat, except for the cases when
we deliberately introduce the known higher order residual phase. The AOPDF was first set to
compensate both its own dispersion and that of the focusing lens in a static way. We then use
the AOPDF to add to the optical pulse some user-defined spectral phase. In the experiments
presented we added the following spectral phases:

Sp(w) = ¢ (w —wp)? /2 + @) (w —wy)’ /6 (4.2)

Both coefficients ¢ and ¢® were automatically scanned between -2000 fs? and +2000 fs? for
©?) (32 points) and between -60000fs®> and +60000fs* for p® (16 points). For each dp(w),
a different acoustic wave was loaded into the AOPDF generator and the XPW spectrum was
recorded and processed. With this setup, a systematic experimental analysis of the effect of

cubic spectral phase on the XPW spectrum and efficiency was made possible.
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Figure 4.8: Experimental setup.

4.6.1 XPW efficiency

The first dependence considered is the influence of spectral phase on XPW efficiency. As
the input energy is constant, the XPW efficiency is proportional to the XPW output energy.
Therefore, the XPW efficiency is obtained by integrating every acquired XPW spectrum over
the whole spectral range. Fig. 4.9 shows the obtained experimental efficiency map that should
be compared with the theoretical map shown in Fig. 3.15. In both cases there is a global
maximum of the efficiency corresponding to ¢® = ¢®) =0 . This is due to the fact that XPW
(as all nonlinear effects) is highly sensitive to peak intensity and the highest peak intensity is
obtained for a pulse with a flat spectral phase. Fig. 4.10 presents cross sections of this map
for ¢ = 0 fs% and for ¢ = 0 fs%. The theoretical curves are obtained from the same
cross sections of Fig. 3.15. As predicted, the efficiency decreases with second order phase with

a Lorentzian dependence. In particular the experimental @E??Energy = +350 fs* corresponds to

2)
cr,Energy
the XPW efficiency is equal to half of the maximum conversion efficiency. The variation of the

the theoretical one. As a reminder is the value of the second order dispersion for which
XPW efficiency with third order spectral phase fits also with the numerical calculation. The
difference between the two curves is due to the imprecision of the measurement and correction
from high order spectral phase terms.

In the case of a laser pulse with a residual spectral phase (¢ ~ —2.10° fs* and () ~
50.10° £5°) the efficiency dependence on ¢ and ¢® becomes asymmetric (Fig. 4.11.a). This
behavior can be reproduced numerically (Fig. 4.11.b). To center the map, both coefficients (%
and ¢ were scanned between -1500 fs> and +4000 fs? for ¢® and between -80000 fs® and
+80000 fs? for ). The asymmetry can be explained intuitively. When ¢®) reaches a value

corresponding to the opposite of the residual p® value, the effect of both phase terms mutually
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compensate, yielding better efficiency. When ¢® and ¢* have the same sign the effect of
both phase terms sum up. This gives the vertical asymmetry in Fig. 4.11.a,b. The horizontal
asymmetry is due to the same combination of effects between ¢® and ¢®). Furthermore,
maximum efficiency (which is less than in the case of a perfect flat phase) is reached at a

non-zero [p,¢0®)] where the input spectral phase is the flattest.
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Figure 4.9: Experimental 2D plot of the normalized XPW efficiency versus ¢® and ¢®) after
compensation of the higher order spectral phase terms. The maximum signal corresponds to

an XPW efficiency of 5%.
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Figure 4.10: Left: normalized experimental (points), (dashed line) and theoretical Lorentzian
(solid line) XPW efficiency as a function of ¢ for ¢®) = 0. Right: normalized experimental
points and theoretical (solid line) XPW efficiency as a function of ¢ for o =0

4.6.2 Spectral width

Fig. 4.12 shows the map displaying the spectral width of the previously acquired spectra. These
data have been obtained with a laser pulse uncorrected for higher order spectral phase terms,
so the theoretical curve in Fig. 4.12 is calculated using ) ~ —2.10% fs* and ¢® ~ 50.10° fs°.

It can be noticed again that there is a global maximum of the spectral width when the

total spectral phase is almost flat since both the efficiency and the spectral width reach their
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Figure 4.11: Experimental (a) and theoretical (b) 2D plot of the normalized XPW efficiency

versus 0 and ¢ with known residual o® and ¢®).

maximum for the same (90(2),90(3)). The asymmetry of the maps 4.12 is very similar to that
already discussed for the efficiency map. As previously presented this can be explained by the
presence of residual higher order spectral phase. These experiments confirm the sensitivity of
the XPW spectral width to the initial spectral phase. In particular there is spectral broadening
of the XPW spectrum compared to the fundamental spectrum for a limited range of ¢ @),
These values for gog’)Width and gog’,)Width derived experimentally are comparable to the numerical

prediction.

4 1.00 4
0.95
3 3
— 090 __
[aV)
@ 2 2
o 085 o
3 3
2 080 o 1
x x
a8 075 &
E e 0
0.70
-1
-1 0.65
-50 0 50 60 40 20 0 20 40 60
¢ (x1000 fs®) ¢ (x1000 fs®)
(a) (b)

Figure 4.12: Experimental (a) and theoretical (b) 2D plot of the XPW pulse spectral width ver-
sus ¢ and ¢®). The spectral width values are normalized to the maximum (best compression

of the input pulse) of the 2D plot.
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4.6.3 Spectral shift

The last parameter considered is the shift of the center of mass of the XPW spectrum.

Fig. 4.13(a) shows the center of mass shift of the XPW spectrum as a function of [p®), ©®)] in
the case of uncompensated higher order spectral phase terms. This map is in agreement with
the hyperbolic parabola derived in the case of a pure ¢, ¢®) scan. The analytical model

2) and ¢® the spectrum becomes

derived in the theoretical section shows that for a residual ¢!
asymmetric. It also indicates that for a fixed and large value of ¢, the center of mass shifts
linearly with . The sign of the slope of this curve depends on the sign of ¢® . This is
confirmed by experiments (Fig. 4.14) in the zone where this approximation is valid. It can
also be noticed that this linear shift does not continue indefinitely for larger values of ¢,
By changing the input cubic spectral phase a global shift of the center of mass is obtained
which is at maximum 1/3 of the spectral bandwidth. The shift of the XPW spectral center of
mass function of o for two symmetrical values of ) is not perfectly symmetric (for example

Fig. 4.14) due to the higher order residual phase terms.

Comparing Fig. 3.16(a) and fig. 4.13(a) around the zone of optimum input pulse compression
(center of the map, saddle point) it is visible that the experimental map has an additional shift
towards shorter wavelengths (the color is light blue) compared to the theoretical one (where
the color is yellow (Fig. 3.16a)). Simulations with the residual ¢ and ¢®) spectral phase
mentioned previously, reproduce this spectral shift as shown in Fig. 4.13(b). The center of
mass of the XPW spectrum is visibly influenced by the higher order spectral phase also near
©? = B = 0 with a shift towards shorter wavelengths when ¢ and ¢ are of opposite
sign and towards longer wavelengths when they are of the same sign. Therefore, higher order
spectral phase terms have an influence on the XPW signal for any values of [p® ©®)]. They
shift the central wavelength, and influence the XPW efficiency and spectral width for higher
values of ¢® and p®.

4.7 Practical experimental conditions for XPW genera-
tion

This systematic theoretical and experimental analysis gives a general idea of the role of the
spectral phase on the XPW nonlinear process. In particular it is possible to extract experi-
mentally the maximum tolerable values of residual spectral phase for an input pulse of 30fs. I
have demonstrated that it is fundamental to compensate at least a pure second order spectral
phase to a residual value lower than £325 fs? and the pure third order phase to a residual
value lower than 17500 fs® to obtain half of the maximum XPW efficiency. In this range the
XPW spectrum is broadened and the center of mass is shifted at maximum by 4 nm compared
to the fundamental which is perfectly adapted for amplification in a Ti:Sa amplifier. These

values of spectral phase are slightly increased (4500 fs?and £25000 fs3) when residual higher
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Figure 4.13: Experimental (a) and theoretical (b) 2D plot of XPW spectra center of mass shift

(in nm) versus »® and ¢® with known residual ¢® and ¢®).

order spectral phase terms are present. This can be understood as, for a spectral phase with
some residual higher order terms, the XPW signal is lower than the one obtained for a perfectly
compressed pulse. Those spectral phase higher order terms can be compensated by a wide
combination of second and third order terms. Therefore, it broadens the region for which the
XPW efficiency is kept above half of the maximum efficiency. In this case there is a shift of the
center of mass even with perfect compensation of ¢® and p® terms. These values agree with

the numerical simulations.

For a given stretcher compressor system, those »® and ¢® values can be correlated to
a range of acceptable grating spacing variation and a range of incident angle variations that
preserve an efficient XPW generation. Those ranges can also be seen as the degree of precision
needed for the given stretcher compressor system to allow an efficient XPW generation.

As this range of ¢ and ¢® values for efficient XPW generation is of the same order of
magnitude as the measurement precision obtained with a FROG or a SPIDER, the best ap-
proach is to tune the stretcher compressor system to the optimum and then tune the compressor
slightly to optimize the XPW generation efficiency without spectral shift.

We can next generalize this analysis to shorter input pulse durations. This is important as it
allows to know in general, when the input pulse can be defined as “Fourier limited” with respect
to the XPW generation process. Fig.4.15 (a) shows the [0®) ()] area for which efficiency is
reduced by less than half calculated for 30, 20 and 10fs pulses. The elongated peanut shape of

these areas is due to partial compensation between ¢ and ¢ which induces a partially flat
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Figure 4.14: Shift of the XPW spectra center of mass as a function of p? for ¢® =
—20000 fs?(red) and ¢®) = 420000 fs?(blue). These curves are obtained from cross-sections
of Fig. 4.13(a)

spectral phase preventing excessive stretching of the pulse. Higher order phase terms break the
symmetry of these plots and can also be evaluated theoretically. This figure confirms how fast

the acceptable area decreases decreasing input pulses duration.

As demonstrated in [10] the chirp of the generated XPW pulse is reduced up to nine times
compared to the incident pulse chirp. This improvement is less increasing input chirp and
reaches a value equal to the input one for large values of input chirp. This behavior can be
extended for higher order phase terms as has been done for second order nonlinearities [19].
Therefore we can predict that the spectral phase of the XPW pulse is flattened for the values
of @ and ¢® yielding good XPW efficiency (i.e. in the area defined by Fig. 4.15 (a)). This
area is the one typically used for contrast improvement with XPW, and corresponds to the area
where XPW also improves the coherent contrast of the pulse [4]. Outside this area the XPW

spectral phase corresponds to the input pulse spectral phase.

Fig. 4.15 (b) shows the [p® )] area that preserves the initial spectral width of the laser
for the same input pulse durations. This area is broader than the area for efficient XPW
generation (Fig. 4.15 a). XPW spectra generated for a couple [p? ©®)] at the border of this
area are modulated by the coupling of the input pulse spectral phase to the spectral amplitude of
the XPW through the nonlinear process. This effect could allow approximate spectral tailoring
in some coherent control experiments. This is emphasized by the fact that the main feature of

the tailoring using the spectral phase is a controllable central wavelength shift.
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Figure 4.15: (a) Contour line representing the maximum values of p®and ¢® to obtain half
of the maximum XPW efficiency for respectively 30 fs (blue), 20 fs (red) and 10 fs (purple)
input pulse duration. (b) Contour line representing the maximum values of ¢®®and p® to
obtain AXxpw = ANjgser for respectively 30 fs (blue), 20 fs (red) and 10 fs (purple) input pulse
duration (b). The range of both axis is different for the two figures i.e. the areas on (a) are

broader that the corresponding areas on the (b).
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Figure 4.16: Spectrum of the input pulse (black) and of the XPW generated pulse (red). The
XPW spectrum is Gaussian, broadened by a factor v/3 and centered at the same wavelength

than the input pulse giving a FWHM of about 85 nm. The input pulse is optimally compressed

with a Dazzler.
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4.8 Conclusions

In this section I demonstrate the importance of controlling the spectral phase of the input pulse
for a correct generation of Cross-Polarized Wave with sub-30 fs pulses and how to optimize the
pulse compression after the first CPA directly with the nonlinear effect of the XPW filter. With
this control the XPW filter maintains all its benefits (increasing of ns and ps temporal contrast,
spectral broadening) for pulses as short as 10 fs.

Fig. 4.16 shows a 85nm XPW spectrum obtained from a 47 nm input spectrum. The com-
pression of the input pulse was optimized with the Dazzler to obtain a transform limited pulse.
The XPW spectrum is Gaussian, broadened by a factor v/3 and centered at the same wave-
length as the input pulse. Following the discussion presented in this section this demonstrates
the optimal compression of the input beam. It is important to notice that, due to the spectral
filtering, the XPW spectrum is Gaussian even with a modulated input spectrum. This feature

can be very useful for sub-10fs and is discussed in the next section.
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4.9 XPW sub-10 fs pulses

4.9.1 Introduction

From the results presented in section 4.6 it is evident that, with correct control of the input
spectral phase, the XPW pulses are not only spectrally broadened but also spectrally cleaned
compared to the input pulses. Sub-10 fs pulses often present poor coherent temporal quality.
A pedestal, whose relative intensity can reach 107 on a picosecond timescale, surrounds the
main pulse [7, 8]. As discussed in section 2.2.2 degraded coherent contrast is partly due to
imperfect compensation of high-order spectral phase, but also to strong modulations and sharp
features of the spectral amplitude. This last characteristic is typical of ultra-broadband spectra
generated through hollow-fiber and filamentation compression techniques [14, 22|, or amplified
in either saturated or non-saturated OPCPA stages. Even with ideal flat phase compression,
modulated spectra lead to broad wings in the temporal domain [10]. It is therefore interesting to
demonstrate the capability of XPW generation to clean the strong modulations of ultra-broad
spectra. These experiments were done in collaboration with the former "Etudes des Lasers
Femtosecondes” (ELF) group in LOA. The results are compared to the theoretical predictions

presented in section 3.4.6.

4.9.2 Experimental setup and results

The experimental setup is shown in Fig. 4.17.

800 py, 20 fs, Hollow-core fiber 56 cm, 250 pm, Neon 2,2 bar
10 Hz
| -— )
l Chirped /
polarizer, .
f=2m mirrors
f=2m ( /\\ l I ‘ l XPW
400 pJ, 8 fs . pulse
Thin glass plates
| mm BaF, analyzer

Figure 4.17: Experimental setup

The laser source is a Ti:Sa laser generating 1 mJ pulses, with a duration of 20fs at 10 Hz
repetition rate. To obtain pulse compression in the sub-10fs range, 800 uJ pulses are focused
to a hollow-core fiber (56 cm length, 250 ym inner diameter) filled with neon (2.2 bar) [14]. The
transmission of the fiber is 50%. After propagation in the nonlinear medium, the spectrum is
significantly broadened (600nm - 950 nm) and exhibits strong modulations inherent to SPM
and self-steepening processes (Fig. 4.18(a)). Chirped mirrors then provide adequate dispersion
compensation(—200 fs?). A FROG measurement estimated the pulse duration to 8 fs (Fig.
4.18(b)) [15] which is close to the Fourier transform limit. These ultra-short pulses are sent in
the XPW filter device, composed of one thin (1 mm) BaF; crystal ([101]) [16]) placed between
crossed Glan polarizers. The first polarizer is placed at the entrance of the hollow fiber, where

its intrinsic dispersion can be easily pre-compensated by the laser compressor adjustment. The
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analyzer follows the nonlinear crystal to discriminate between the fundamental and XPW waves.
The XPW filter contrast enhancement has been shown to be limited by the whole polarizing
setup. We obtain 107% in our experiment. The BaF, crystal is placed close to the focus of a
2m focal length mirror. When focused, the beam emerging as a single-mode from the hollow
fiber presents an excellent spatial quality (Fig. 4.18(c)) which is favorable to get high XPW
conversion efficiency. Moreover, the seeded energy of the 8fs-pulses is reduced to 170 uJ to

avoid additional nonlinear effects in air. This experiment is therefore a proof of principle.

Spatial int.
(arb. u.)

Norm. spectral intensity
Norm. temporal intensity

1 1 T

500 600 700 800 900 1000 1100 -30 -—20 —10 0 10 20
Wavelength (nm) Time (fs)

Figure 4.18: (a) Initial laser spectrum (black line) and spectrum measured after propagation
in the hollow fiber (shaded area). (b) Pulse duration measurement after the hollow fiber by
FROG technique (~8 fs). (c) Spatial beam profile measured in the BaF, crystal plane (~300 pm
FWHM).

Filtering more energetic pulses would require the use of a vacuum or He-filled chamber.
For such short pulses, one has to take into account the linear dispersion introduced by air and
by the nonlinear crystal itself (380 fs*/cm). For this reason, the chirp is over-compensated at
the output of the fiber by two additional bounces on the chirped mirrors (total introduced
dispersion:—300 fs?). Thin BK7 plates (700 um and a variable number of 150 um plates) are

inserted to optimize the degree of pulse compression for the XPW process.
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Figure 4.19: Experimental XPW spectra measured for various values of the residual chirp at
the entrance of the crystal (values are relative to each other). The spectrum registered at
the output of the hollow fiber is shown for comparison (grey area, lower panel). g is the
residual input chirp, absolute value unknown, leading to the highest transmission efficiency of
the process (10%) and providing a clean spectral quality. The corresponding output spectrum
(red area) is fitted by a Gaussian shape (260 nm at 1/e?, dashed red line). The efficiency values

are uncorrected from losses on the nonlinear crystal.

4.9.3 Analysis of the results

The experimental XPW spectral behavior as a function of residual second-order spectral phase
is summarized in Fig. 4.19. The chirp compensation yielding the highest conversion efficiency is
considered as the optimal pulse compression state accessible under our experimental conditions.

The transmission of this single-crystal scheme is then slightly higher than 10% (uncorrected
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for energy losses on the uncoated crystal faces). The residual input chirp in that case cannot
be experimentally determined with accuracy and is simply labeled 4. The theoretical analysis
presented in section 3.4.6 suggests that this residual input chirp corresponds to a slightly neg-
ative chirp (—25f%). The optimized configuration also reveals the remarkable spectral cleaning
effect of the process, as illustrated by the experimental output XPW spectrum plotted in Fig.
4.19 (XPW ¢ fs?). The input spectral bandwidth is preserved and the output spectrum has a
smooth nearly-Gaussian shape. All the sharp features and fast modulations are eliminated.

XPW spectra registered for variable residual chirp (relatively to ¢g) at the entrance of the
crystal show that the window for optimized compression is extremely narrow (< 16 fs?, ~40 um
of glass) (Fig. 4.19). They also show an asymmetry between the behavior for positive and neg-
ative input chirp. This asymmetry is correlated to the pulse dispersion during propagation in
the crystal and was predicted theoretically in section 3.4.6. When the residual chirp is negative
compared to ¢g, the available spectral bandwidth is narrower than that of the fundamental
wave (Fig. 4.19 (XPW (po — 10) fs?, XPW (¢o — 22) fs* and XPW (o — 30) fs?)), which is
prohibitive. This is due to the fact that most of the conversion occurs with a negatively chirped
pulse. The conversion efficiency in this regime is around 5%. On the other hand, if the residual
chirp is positive compare to g, the transmission becomes very weak (a few %). Despite being
broader, the output spectrum is strongly modulated with sharp edges and a double-humped
structure similar to the input spectrum (Fig. 4.19 (XPW (¢g + 6) fs?> and XPW (g + 13) fs?)).
As predicted by the numerical simulations, in this case the conversion starts early in the crystal,
and by the middle of the crystal the spectrum is very broad and smooth. Subsequent conversion
takes place with a positively chirped pulse, leading to the evolution of a double humped output
spectrum. These experimental results agree with the theory presented in section 3.4.6. We

can then conclude that for this duration, (8 fs), the SVEA approximation is still acceptable.

4.9.4 Conclusion

With these experiments we have demonstrated the possibility of XPW filtering for sub-10fs
pulses. The energy conversion is acceptable for a single-crystal scheme (10%) and could be
improved by using a two crystals configuration. We have also confirmed the influence of the
dispersion in the non linear crystal. Very thin (< 100 pm) or less dispersive (CaFs, LiF)

crystals are needed to generate spectrally cleaned and broadened XPW pulses.

Bibliography

[1] M. Hentschel, R. Kienberger, C. Spielmann, G. A. Reider, N. Milosevic, T. Brabec,
P. Corkum, U. Heinzmann, M. Drescher, and F. Krausz, Attosecond metrology, Nature
414, 509 (2001).

[2] M. Uiberacker, T. Uphues, M. Schultze, A. J. Verhoef, V. Yakovlev, M. F. Kling,
J. Rauschenberger, N. M. Kabachnik, H. Schroder, M. Lezius, K. L. Kompa, H. G. Muller,

88



M. J. J. Vrakking, S. Hendel, U. Kleineberg, U. Heinzmann, M. Drescher, and F. Krausz,
Supplementary information - attosecond real-time observation of electron tunnelling and
multi-electron dynamics in atoms, Nature 446, 627 (2007).

[3] C. Thaury, F. Quere, J. P. Geindre, A. Levy, T. Ceccotti, P. Monot, M. Bougeard, F. Reau,
P. D’Oliveira, P. Audebert, R. Marjoribanks, and P. Martin, Plasma mirrors for ultrahigh-
intensity optics, Nature Physics 3, 424 (2007).

[4] G. D. Tsakiris, K. Eidmann, J. M. ter Vehn, and F. Krausz, Route to intense single attosec-
ond pulses, New Journal of Physics 8 (2006).

[5] N. M. Naumova, C. P. Hauri, J. A. Nees, I. V. Sokolov, R. Lopez-Martens, and G. A.
Mourou, Towards efficient generation of attosecond pulses from overdense plasma targets,
New Journal of Physics 10, 025,022 (2008).

[6] F. Tavella, A. Marcinkevicius, and F. Krausz, Investigation of the superfluorescence and
signal amplification in an ultrabroadband multiterawatt optical parametric chirped pulse
amplifier system, New Journal of Physics 8, 219 (2006).

[7] F. Tavella, K. Schmid, N. Ishii, A. Marcinkevicius, 1. Veisz, and F. Krausz, High-dynamic
range pulse-contrast measurements of a broadband optical parametric chirped-pulse ampli-
fier, Applied Physics B 81, 753-756 (2005).

[8] N. Forget, A. Cotel, E. Brambrink, P. Audebert, C. L. Blanc, A. Jullien, O. Albert, and
G. Chériaux, Pump-noise transfer in optical parametric chirped-pulse amplification, Optics
Letters 30, 2921-2923 (2005).

[9] C. Dorrer and J. Bromage, Impact of high-frequency spectral phase modulation on the
temporal profile of short optical pulses, Opt. Express 16 (2008).

[10] K. Osvay, M. Csatari, I. N. Ross, A. Persson, and C. G. Wahlstrom, On the temporal
contrast of high intensity femtosecond laser pulses, Lasers and Particle Beams 23, 327
(2005).

[11] A. Jullien, O. Albert, F. Burgy, G. Hamoniaux, J.-P. Rousseau, J.-P. Chambaret, F. Augé-
Rochereau, G. Chériaux, J. Etchepare, N. Minkovski, and S. M. Saltiel, 107!° temporal

contrast for femtosecond ultraintense lasers by cross-polarized wave generation, Opt. Lett.
30, 920-922 (2005).

[12] A. Jullien, O. Albert, G. Chériaux, J. Etchepare, S. Kourtev, N. Minkovski, and S. M.
Saltiel, Highly efficient temporal cleaner for femtosecond pulses based on cross-polarized
wave generation in a dual crystal scheme, App. Phys. B 84, 409-414 (2006).

[13] V. Chvykov, P. Rousseau, S. Reed, G. Kalinchenko, and V. Yanovsky, Generation of 10!
contrast 50 TW laser pulses, Opt. Lett. 31, 1456-1458 (2006).

89



[14] M. Nisoli, S. D. Silvestri, and O. Svelto, Generation of high energy 10 fs pulses by a new
pulse compression technique, Appl. Phys. Lett. 68, 2793 (1996).

[15] S. Akturk, C. D’Amico, and A. Mysyrowicz, Measuring ultrashort pulses in the single-cycle
regime using frequency-resolved optical gating, J. Opt. Soc. Am. B 25, A63 (2008).

[16] L. Canova, S. Kourtev, N. Minkovski, A. Jullien, R. B. Lopez-Martens, O. Albert, and
S. M. Saltiel, Efficient generation of cross-polarized femtosecond pulses in cubic crystals
with holographic cut orientation, Appl. Phys. Lett. 92, 231,102 (2008).

[17] F. Tavella, Y. Nomura, L. Veisz, V. Pervak, A. Marcinkevicius, and F. Krausz, Dispersion
management for a sub-10-fs, 10 tw optical parametric chirped-pulse amplifier, Optics Letters
32, 2227 (2007).

[18] H. Wang, Y. Wu, C. Li, H. Mashiko, S. Gilbertson, and Z. Chang, Generation of 0.5 mj,
few-cycle laser pulses by an adaptive phase modulator, Opt. Express 16, 14,448-14,455
(2008).

[19] A. Jullien, L. Canova, O. Albert, D. Boschetto, L. Antonucci, Y.-H. Cha, J. P. Rousseau,
P. Chaudet, G. Cheriaux, J. Etchepare, S. Kourtev, N. Minkovski, and S. M. Saltiel, Spectral
broadening and pulse duration reduction during cross-polarized wave generation: influence
of the quadratic spectral phase, App. Phys. B 87, 595 (2007).

[20] L. Canova, O. Albert, N. Forget, B. Mercier, S. Kourtev, N. Minkovski, S. M. Saltiel, and
R. Lopez-Martens, Influence of spectral phase on cross-polarized wave generation with short
femtosecond pulses, App. Phys. B (2008).

[21] A. Jullien, O. Albert, G. Cheriaux, J. Etchepare, S. Kourtev, N. Minkovski, and S. M.
Saltiel, A two crystal arrangement to fight efficiency saturation in cross-polarized wave
generation, Opt. Express 14, 2760-2769 (2006 ).

[22] C.P. Hauri, W. Kornelis, F.W. Helbing, A. Heinrich, A. Couairon, A. Mysyrowicz,
J. Biegert, and U. Keller. Generation of intense, carrier-envelope phase-locked few-cycle
laser pulses through filamentation. Applied Physics B: Lasers and Optics, 79(6):673-677,
October 2004.

90



4.10 XPW in UV

In all previous sections XPW generation has been studied in the visible/infrared region. In
this section, I present an experimental investigation of the efficiency of XPW generation in the
near UV region. These experiments have been done in collaboration with S. Kourtev and N.
Minkowki from the Sofia University ”St. Kliment Ohridski” (Bulgaria).

There are several motivations to extend the XPW process to shorter wavelength:

first femtosecond excimer laser amplifiers are being developed as ultra-intense femtosecond
UV laser sources and they could be advantageous in many applications (material processing,
biomedicine, laser fusion, etc.). Contrast improvement of these sources is of importance since
ASE in the UV is directly absorbed during laser-matter interaction. Avoiding pre—plasma for-
mation requires the ASE level in the UV region to be kept even lower than in the infrared.
Second XPW generation can be used as the nonlinear effect in diagnostics for the characteriza-
tion of UV short pulses (section 2.3.4). It complies with the requirements of a useable nonlinear
effect: it is efficient, achromatic, presents intrinsic phase matching, generates a measurable sig-
nal wavelength (identical to the input one) easily discriminated from the input pulses through
its polarization. So it should be compared to several other methods used to measure the tem-
poral profile or the temporal contrast of UV pulses (two-photon fluorescence in alkali-earth
fluoride crystals [6, 7], self-diffraction or cross-phase modulation). A first demonstration of an
XPW FROG in the visible (400nm) is reported in [8].

The last motivation is that few-cycle pulses consist of an ultra-broad spectrum spanning from
the IR down to the U.V. Until now I have always assumed that the x® tensor is constant
with wavelength. This is not verified anymore for photon energies approaching half the crystal
band-gap. In this section, I present an experimental investigation of the efficiency of XPW
generation in the near UV region (310 nm). By comparing XPW efficiency at 310 and 620 nm

an estimate of the dispersion of y©® in BaF} is obtained.

4.10.1 Experimental setup

The experimental setup is shown in Fig. 4.20. The pumping source is a CPM dye laser
frequency-doubled in a 3 mm type I KDP crystal (A = 310 nm after the doubling, 7 ~ 100 fs,
repetition rate 10 Hz). The pulses are focused (f = 300 mm) into a 2 mm z-cut BaFy crystal
placed between crossed, high extinction ratio, calcite UV grade polarizers (transparency range
0.22-2.3 um). BaF, is highly transparent in the UV as it presents a cut-off at 150 nm and the
losses due to two-photon absorption (TPA) are small (Fig. 4.21). To compare XPW generation
in the UV with XPW generation behavior in the visible, measurements are also performed at
the fundamental laser wavelength A = 620 nm by removing the KDP doubling crystal and
UV filter and using a focal length of 450 mm.
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Figure 4.20: Schematic of the XPW experiment in UV region. Bal3 it’s a z-cut sample. [ is
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Figure 4.21: Transmission of BaF; crystal function of the wavelength A (Saint-Gobain.)

4.10.2 Experimental results

XPW experiments in the UV immediately prove that XPW generation is not only possible at
those wavelength but also that it is more efficient than in visible. To quantify the increase in
XPW generation efficiency in the UV we did two type of experiments. We measured, both in the
UV and the visible, the XPW intensity as a function of input intensity and crystal orientation.
This gives two independent methods to measure the efficiency increase in the UV, which can
then be compared to a theoretical model.

XPW generation efficiency measurements as a function of input intensities and wavelength

are presented in Fig. 4.22. To estimate the input intensity, the spot surfaces of the input beams
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(UV and VIS) were carefully measured. The ratio of spot surfaces (VIS/UV) was found to be
2.17 . Furthermore, the pulse durations were found to be identical for both wavelengths due to
second harmonic generation (SHG) experimental conditions. The KDP crystal thickness is such

that the difference in group velocities causes narrowing of the SHG spectrum that counterparts

the v/2 broadening due to the SHG process.

The slope of the XPW generation efficiency as a function of the input pulse intensity follows
a quadratic law as it should be for any cubic nonlinear process. For a given input intensity,
XPW efficiency is 6 times higher in UV than in visible when XPW generation is unsaturated.

As seen from Fig. 4.22 in the saturation regime, XPW efficiency is the same in the visible and

in the UV.
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Figure 4.22: Comparison of XPW efficiencies at 310 nm and 620 nm. The solid lines represents

quadratic dependence.

XPW efficiency being linked to x® anisotropy, it is strongly dependant on crystal axes
orientation with respect to the input pulse polarization. The measured angular dependence
of the XPW efficiency at A=310 nm and A=620 nm (pulse energies of 15.5 pJ and 56 uJ
respectively) are presented in Fig. 4.23. [ is the angle between the input polarization plane
and the crystal axis x. The two energies correspond to intensities of 465 GW /cm? + 10% at
310 nm and to 780 GW /cm? 4 10% at 620 nm, respectively.
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Figure 4.23: XPW generation efficiency as a function of angle g for (a) 620 nm and (b) 310 nm
fundamental wavelengths. Each of the experimental curves is normalized to the average value
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modulation of the fundamental radiation for (a) F=3.6 and (b) F=5.76. The theoretical model
used takes into account SPM and depletion of the fundamental wave. The vertical solid lines

indicate optimal [ position for low input intensities when F' << 1

4.10.3 Analysis of the results

From the results shown on Fig. 4.22 and 4.23 we can estimate the increase in third order
nonlinearity at 310 nm with respect to 620 nm. In the undepleted regime the XPW efficiency
7 is given by:

Ixpw 2 . 9
0= = 2o 4y Lsin(a) 1 (43)

where [ is input 1nten81ty, 70 = 6mxB) /8nA; L is the crystal length; o is the anisotropy
of x® -tensor 0 = (X%, —3x),,) /X&), Therefore, n varies with A for two reasons. First it
presents a 1/\? dependance due to the dispersion of 7y. Second it is sensitive to the dispersion
of x®. As there is no data on the dispersion of o we are able to measure the dispersion of
lox®). | and assume that the dispersion of ¢ is negligible compare to the dispersion of y©

From measurements presented in Fig. 4.22, and using Eq. (4.3), we obtain a value of ]axmm
which is 1.22 times higher at 310 nm than at 620 nm.
This is confirmed by the (§ scan analysis. XPW generation with high efficiency presents a
B dependency that varies with F' = (2/e,cn)ov,l,L. The F parameter is the S parameter
already defined multiplied by the anisotropy. When F' << 1 the position of the maxima are at

Bopt = m.22.5° with m integer. These positions are marked with vertical solid lines in Fig. 4.23.
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At higher values of F' the maxima are shifted from the low intensity positions. The bigger
is the I’ parameter the bigger is the shift of [, from its low intensity position. Using F' as
a fitting parameter theoretical dependencies are plotted on Fig. 4.23. The corresponding F
fitting parameters for both § experimental curves are Fgoo = 3.6 for the 620 nm experiment
and F3j9 = 5.76 for the 310 nm experiment. Using the ratio F319/Fg0 = 1.60 and the ratio
Io310/ 1,620 = 0.60 we obtain that the product |o(x®),,| is 1.33 times higher at 310 nm than
that at 620 nm.

The main source of error in both intensity and beta dependence measurements is the input
intensity measurement uncertainty. We then may conclude that the two estimations for the

ratio (ox3) Vs10/(0x). )e20 are in accordance with each other giving an overall:

X&) )10/ (X0 )e20 = 1.28 £ 0.10 (4.4)

) dispersion of BaF; as a function of the wavelength has been previously experimentally
investigated by De-Salvo et al [9] using a Z-scan measurement at 1064 nm, 532 nm, 355 nm
and 266 nm. Interpolating data in ref [9] one can estimate x = (X, )s10/ (X, )e20 ~ 1.4.
This ratio is comparable to the one reported in this section. Furthermore, we can also conclude
that the dispersion of o, the anisotropy of x® | in the spectral range investigated is small and

does not exceed the dispersion of y(3) .

Theoretical model

The method of Boling-Glass-Owyoung [10] is frequently used to theoretically derive the cubic
nonlinearities of materials from their optical index. Furthermore, using the Sellmeier equation

for optical index dispersion with this model, the dispersion of ¥} for BaF, is given by:

n(AN)[n(V)? + 2°[n(V)* — 1]
n(Ao)[n(Ao)? + 2121 (X,)? — 1]

Applying this equation (4.5) to the wavelengths relevant to this experiment we obtain xk =

Craa(N) = X{2ee (Vo)

X$£U$$ = Xl‘$$$

(4.5)

(X 310/ (X3 V620 & 1.17 & 0.20 This estimation is also consistent with the measured value

from this section enforcing the hypothesis that o presents little dispersion with wavelength.

4.10.4 Conclusion

In conclusion, with these experiments we have demonstrated XPW generation in UV region
and that this process, outside saturation, is 6 times more efficient than in the visible. Efficiency
dependence with input wavelength from A\, to A, in the visible and near UV region, can be

described by the following relation:

n(A) = n(Xo)(k57) (4.6)

The value reported here for k is in accordance with what has been previously reported. The

results presented here will be useful for extending the XPW nonlinear filter in the UV region and
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for developing new applications as, for example, pulse characterization and temporal contrast

filtering of femtosecond UV pulses. Similar results obtained with LiF crystal at 310 nm shows

that XPW can be extended to wavelength as low as 266 nm (cut-off frequency at 100 nm).
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4.11 High energy XPW

4.11.1 Introduction

I have previously shown that, working in a double, holo-cut crystal configuration, XPW gener-
ation efficiency close to 30 % in energy can be reached (Fig. 4.7). In this configuration the first
crystal is placed in the far field (at the focus) to have a good spatial profile and the position
of the second crystal is optimized to maximize the overall efficiency. With this solution we
obtained 55 pJ for an input energy of 190 uJ.

Today the most common front-ends of high intensity laser systems deliver mJ level, ~ 30 fs
pulses. This is for example the case of the LOASIS laser system presented in chapter 5 and of
the "salle noire” laser system (the front-end is a commercial Femtopower CEP from Femtolasers
GmbH) presented in chapter 6. The Femtopower system is also used as the front-end of the 100
TW laser system produced by Thales Laser (Alpha 10). The only solution at the moment, for
implementing an XPW filter after the front-end is to decrease the input pulse energy. The con-
sequence is that only several tens of p.J of XPW signal are obtained and an additional booster
stage may be necessary before injecting into the low gain amplifiers. Furthermore, with the
constant increase in focused intensity on target (PetaWatt class lasers), pulses with a temporal
contrast higher than 10 orders of magnitude are needed. This implies injecting > 100 p.J, ultra
high contrast pulses into the second CPA. There is therefore a big interest in trying to extend
the high efficiency demonstrated at the hundreds of pJ level to higher input energy and, in
particular, to the mJ level.

Several difficulties limit this extension. First, working in the far field and increasing the in-
put energy (keeping the intensity on the crystal below the white-light generation threshold
(101 /cm?)), implies using very long focal lengths. The focal length for filtering 200 u.J, with
an input beam diameter of 7 mm, is already 4 meters. The second problem is linked to the
two-crystal configuration. Fig. 4.24 shows the optimal distance between the two crystals as a
function of the focal length squared. The input beam diameter is 5 mm. The distance between

the crystals increases linearly with the square of focal length and so with the input energy.
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Figure 4.24: Summary of published optimal distances with two crystal schemes for XPW gen-
eration obtained with different focusing of the fundamental beam on the two crystal setup. The

dashed lines corresponds to the theoretically predicted slope of 1.

Just as an example, in order to filter 1 mJ, 30 fs pulses, in the double crystal configuration,
the second crystal needs to the located at more than 1 meter from the first. This also implies
that several meters of propagation need to be put under vacuum to avoid any temporal and
spatial distortion caused by SPM. These distances can be reduced by entering with a smaller
beam size but this complicates the beam propagation and implies re-expanding the beam to
avoid damaging the output polarizer.

The simplest solution to bypass these scaling effects consists in using a relatively short focal
length (for example 1 m) and putting the crystal in the near field (out of focus). To circumvent
the problem of poor spatial quality in the near field, a hard aperture can be placed in the
focus to act as a spatial filter. The first results with this configuration were obtained after the-
front end of a commercial 200 TW laser system (Amplitude Technologies) and are presented in
the next section. This type of front-end was chosen because, thanks to the amplification in a
regenerative amplifier, the M? is very close to 1 and the good spatial profile is maintained out of
focus. Furthermore pulses with an energy higher than 10 mJ are available. With a conversion
efficiency of 10 % in a single crystal configuration, XPW pulses approaching the 1 mJ level can
be expected. This also makes it possible to measure, with high dynamic range, the temporal

contrast directly after the XPW filter.

4.11.2 Experiments at Amplitude Technologies

The 200 TW Pulsar laser system (from Amplitude Technologies, France) is a CPA femtosecond
laser source providing more than 5 J pulse energy at 10Hz repetition rate, with a peak power of

200 TW. It consists of a fully integrated Ti:Sa oscillator with a diode pumped solid state pump
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laser, a stretcher, a regenerative amplifier, three multi-pass amplifiers pumped by Nd:YAG lasers
and a vacuum compressor. The experiments described here were performed using the front-end
only, limiting the energy and allowing pulse compression in air. With the gain narrowing control
performed with an Acousto-Optic Programmable Gain Control Filter (AOPGCF, Mazzler) [2],
spectra as wide as 80 nm are typically generated, only limited by the stretcher and mirrors
bandpass. Due to the square shape of those spectra, the corresponding measured pulse durations
is < 25 fs. The system overall spectral phase is carefully and actively controlled using a feedback
loop between a spectral phase retrieval device, a commercial APE Spider, and the Dazzler.
Using this technique, deviations from a flat spectral phase of less than 0.5 rad are achievable
over about 100 nm spectral range.

To test the new XPW configuration the ~ 25fs, multi-mJ pulses, compressed after the front-
end, pass through a variable neutral density filter for energy tuning and are focused with a
1 meter focal lens onto a 300 um iris. The focal spot matches the sizes of the iris. A single
BaF, 1 mm, [101]-cut crystal is placed after the focus at a correct distance to stay just below
the white-light generation threshold. The iris and the crystal are placed under vacuum in a
plexiglass tube (Fig. 4.25). The transverse position of the iris and the longitudinal position
of the crystal can be optimized by keeping the system under vacuum. The position of the
single crystal is optimized to saturate the XPW effect without distortion of the spectrum. The
generated XPW beam is selected with a, high extinction ratio, calcite Glan polarizer. The
maximum output XPW energy we obtained is ~ 1 mJ for an input of 10 mJ yielding an
overall efficiency of 10 % (considering the losses through the iris) and a good spatial quality.
The measured spectrum (Fig. 4.27 black line) is well fitted by a Gaussian and has a FWHM
larger than 100 nm corresponding to sub-10 fs Fourier transform pulses. The actual temporal
duration is > 100 fs due to the dispersion (550 fs?) added by the output Glan polarizer. This
dispersion can be compensated with multiple bounces on broadband chirped mirrors. These
mirrors were not available for the current experiment. The XPW spectrum is broadened and
not shifted compared to the fundamental. As explained in section 4.6 this is an indication
of the good compression of the input beam. The XPW energy stability function of time is
shown in Fig. 4.26 while Fig. 4.28(black line) shows the high dynamic temporal contrast of the
filtered pulses measured with a third order correlator (Sequoia, Amplitude Technologies). The
dispersion added by the output window of the vacuum tube and the thick Glan polarizer is not
compensated. The Sequoia measurement dynamic range is close to 12 orders of magnitude for
a 1 mJ input pulse. To make the increase in temporal contrast clearly visible we started with
the laser with a low temporal contrast (< 10° red line). An increase in temporal contrast of 5
orders magnitude is visible in the ns (ASE) and ps (coherent contrast) zone. This enhancement
is determined by the ratio between the two components of the input linear polarization. These
experiments confirm the resulted presented in [1] but with a scaling of the output energy by

almost a factor 10.
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Figure 4.25: Schematic of the setup. An iris is placed in the focus to act as a spatial filter. The
position of the crystal is optimized to have a good efficiency without distortion of the generated

XPW spectrum. A maximum output energy of 850 uJ has been obtained.
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Figure 4.28: Third order correlator (Sequoia, Amplitude Technologies) measurement of the
temporal contrast of initial laser (red line) and after the XPW filter (black line). The energy
of the XPW beam was 850 u.J
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4.11.3 Conclusion

In conclusion the results of these preliminary experiments are very promising. The possibility of
obtaining 1 mJ, spectrally cleaned and broadened pulses was demonstrated. Starting with high
contrast input pulses (10 for a typical Amplitude Technologies system) opens the possibility

for generating sub-20 fs pulses with a temporal contrast higher than 14 orders of magnitude.
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Chapter 5

Implementation of an XPW filter at
the LOASIS laser system

5.1 Introduction

In the third and fourth chapter of this manuscript the nonlinear process of XPW generation
has been introduced theoretically and experimentally. In the present chapter all the results and
conclusions that have been reached so far are used for the practical implementation of an XPW
contrast filter to improve the temporal contrast of the Lasers, Optical, Accelerator Systems In-
tegrated Studies (LOASIS) laser facility at the Lawrence Berkeley National Laboratory (LBNL)
in Berkeley (Ca, USA). This work was done in collaboration with O. Albert who spent one year
as a visiting scientist in the LOASIS group lead by Dr. Wim Leemans. My collaboration with
LOASIS was part of my Ph.D grant (Bourse Monge, Ecole Polytechnique). This grant involves

spending 6 weeks as a visiting scientist in a foreign laboratory.

5.2 Influence of the temporal contrast on electron accel-

eration

In chapter 2 T explained the importance of a high temporal contrast for avoiding pre-ionization
of matter, in particular for high order harmonic generation on solid target. Solid targets are also
used for proton acceleration and a high temporal contrast of the pulses is needed for efficient
acceleration with thin targets [4]. The temporal quality of the pulses is also important in the
interaction of a high intensity pulse with a gas jet as is the case for electron acceleration [8, 5].
Laser-based wakefield electron accelerators recently become the subject of vigorous investiga-
tion in many laboratories, mostly because of their potential as compact sources of high energy
electron beams and bright, ultra-short pulse light sources for fundamental studies [1, 3, 7, 2, 6].
It has been revealed that the fine details of the optical properties of the driving laser pulses,
such as pulse shape [5] and pre-pulse contrast [8], have significant effects on the properties and

usability of the generated electron beams. In particular, the forward-running part of a high
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intensity, ultrashort laser pulse, (pre-pulse or ASE pedestal) could start ionizing (or at least
start modifying the index of refraction) the interaction medium in a plasma accelerator and

eventually disturb the plasma wake generation process.

As presented in section 2.2.2, pulses with a temporal (ns) contrast of 6-7 order of magni-
tude with possible pre-pulses are typical in most CPA laser systems. Therefore, in order to
improve the stability of laser plasma accelerators, there is a strong need to improve the contrast
of the driver laser pulses. The solution selected for improving the contrast of the LOASIS laser

facility is the implementation of an XPW contrast filter in a double CPA configuration.

5.3 Implementation of the XPW filter at the LOASIS

laser system

The first implementation of an XPW filter in a double CPA configuration was realized at the
Laboratoire d’Optique Appliquée. The XPW filter was designed to filter 1 mJ pulses in a
double crystal configuration (two [100] BaFy crystals of 2 mm, first crystal in the focus), with
an expected output energy of several hundreds of pJ. These filtered pulses are then stretched
and amplified in several multi-pass amplifiers up to the joule level. The schematic of this filter
is shown in Fig. 5.1. The practical realization of this filter has demonstrated several limitations
in daily operation. First, the distance between the two crystals to avoid white-light generation
or damaging in the second crystal was underestimated. Therefore, to keep the distance between
the crystals acceptable for the vacuum chamber, the input energy is limited to 300 pJ with
an output of just some tens of uJ. The distance between the crystals for filtering 1 mJ at
30 fs with the current input beam size is 1 meter. Second the size of the vacuum chamber
(all the system is under vacuum) and the weight of the cover make the system not easy for
daily alignment. Starting with these considerations it was decided, for the implementation in
the LOASIS laser, to limit the input energy to 300 uJ and to work in air. Working in air is
favorable in this case due to the relatively long duration of the pulses (45 fs) injected into the
filter. A single double-passed [101]-cut BaF; crystal located in the focus is used for maximizing
the efficiency and to make the system more robust to variations of the input intensity.

The LOASIS laser before the upgrade is presented in Fig. 5.2 top. The inclusion of the XPW
pre-pulse filter required the installation of 4 new building blocks into the existing CPA laser
chain (Fig. 5.2 bottom):
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Figure 5.1: Schematic of the XPW filter installed at LOA (salle jaune) for the contrast en-

hancement in a double CPA configuration
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Figure 5.2: Front end of the LOASIS CPA system with the new components (see text for
details)
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Figure 5.3: Schematic of the XPW filter implemented at the LOASIS laser facility. It comprises
of the two, high extinction ratio ( 10°) crossed polarizers, three curved optics forming a 4 m
focal length focusing telescope in order to appropriately match the beam size in the Baly
nonlinear crystal, and a folding mirror to provide double path in the nonlinear crystal and also
helping to maintain a compact foot-print (1.5 x 0.2 m2) for the whole setup. All components

are situated in air

e XC: XPW compressor. For the correct functioning of the filter the normally stretched
pulse ( 220 ps) needs to be compressed. A compressor part of a commercial (New-
port/Spectra Physics) Stretcher/Compressor system with 1500 line/mm groove density
and with a matched angle of incidence to the LOASIS CPA system was used.

e XF: The XPW filter itself (Fig. 5.3). It consists of two, high extinction ratio ( 10°),
calcite crossed polarizers, two curved optics forming a 4 m focal length focusing telescope
in order to appropriately match the beam size in the BaF; nonlinear crystal (located in
the focus), and a folding mirror to provide double passing of the nonlinear crystal and
also help maintain a compact foot-print (1.5 x 0.2 m?) for the whole setup. After the

second pass in the crystal the beam is collimated with a f=+1500 mm focusing mirror

e XS: XPW stretcher. The filtered pulse has to be stretched again back to 220-250 ps to
be ready for further amplification in the CPA chain. Here we used the stretcher part of a
commercial (Newport/Spectra Physics) Stretcher/Compressor system with 1100 line/mm
groove density and matched angle of incidence to the LOASIS CPA system.

e XA: XPW amplifier. This is a multipass booster amplifier, that makes up the losses in
the previous three components, and brings back up the energy of the pulses from 30 pJ
to 1 mJ, the same energy level, as before the insertion of the XPW filter system. In order

to preserve the achieved contrast enhancement in the XF and to avoid ASE build-up
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during the amplification process, the pump fluence in the Ti:Sa amplifier crystal is kept
below 1.4 J/em? and the number of passes was also kept low. A balanced 4-pass system
was designed using the Frantz-Nodvik laser amplifier model. A flashlamp pumped and
intracavity doubled, 10 Hz, 300 mW average power Nd:YAG laser ("ULTRA’ from Big
Sky Lasers) was used as the pumping source. The actual pump fluence was controlled by

an external polarizer/waveplate setup.

The cleaned pulses are re-amplified to 40 mJ, then split to seed three independent amplifiers
forming a multiple second CPA. The beam energy of the first power amplifier reaches 1 J, while
the second amplifier’s output (0.9 J) is split again to provide independently compressed beams
for multi-beam plasma channel experiments. The third, cryo-cooled power amplifier produces
3.8 J/pulse at 10 Hz repetition rate, and propagates in vacuum tubes to the radiation shielded
experimental area for final compression (35 fs). This beam is used in a capillary discharge

plasma target area

The summary of the energy and spectral parameters of the laser beam measured after the
installation of the XPW filter are:

e input/output energy to/from XPW filter (XF): 250-300 pJ/ 30-70 p.J.

e input/output optical spectrum FWHM at XPW filter: 46 nm/53 nm (Fig. 5.5a).

The contrast enhancement factor, at different time regions before the arrival of the main
pulse, was measured using a commercial third-order cross-correlator device (’Sequoia’ from
Amplitude Technologies, Inc.). The first measurement (Fig. 5.4) was performed inside the
laser chain after the booster amplifier (energy 1 mJ). To make this measurement possible
the stretched beam (220 ps) is roughly compressed in a gratings compressor. The second
measurement (Fig. 5.5b) was performed at the output of the 100 TW system. In the first
measurement, an increase in incoherent contrast by at least 3 orders of magnitude is visible.
This is less than the extinction ratio of the crossed polarizers. We believe that this is due to a
stress induced linear birefringence in the BaF5, crystal. From the correlation trace the coherent
pedestal due to the imperfect compression is also clearly visible. The coherent contrast is
cleaned just after XPW and this residual spectral phase is due to the rough compression. This
coherent contrast can be reduced by an accurate compression and by measuring accurately the
spectral phase at the end of the laser chain and, with a feedback loop, compensate it with a
pulse shaper. This issue will be addressed in section 6.3. At the output of the laser chain
(Fig. 5.5b) the contrast enhancement is from 107% to 107 for the pedestal region, and from
10~* to 1078 for the prepulses at -5 ps time delay. The decrease in incoherent contrast compared

to the measurement inside the laser system is due to the further amplification to the joule level.
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Figure 5.4: Sequoia measurement just after the XA amplifier and a rough recompression
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Figure 5.5: (a): Optical spectrum measured by an Ocean Optics 4000 USB spectrometer. The
narrow, black curve is the input, and the broader, red curve represents the output of the XPW
filter. Dashed lines are Gaussian fits to determine FWHM values. (b): Sequoia measurement
data. The upper, red curve is the input, and the lower, blue curve represents the output of the
XPW filter.

5.4 Improvements after the installation of the XPW fil-

ter

After the installation of the XPW filter, significant improvements of various characteristics of
the laser beam along the amplifier chain and that of the generated electron and secondary

radiation beams have been observed. Here I present two particular examples:
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e enhanced yield and more stable THz emission from gas jet e-beam/THz experiments

performed at the 10 TW laser beam line

e improved pointing and amplitude stability of the main 100 TW laser ('TRex’) beam
line used to generate GeV electron beams in capillary guided laser plasma accelerator

experiments

5.4.1 Improvements of THz emission

As one of the potential future applications of laser wakefield accelerators, LWFAs, and also
as a useful diagnostic tool for the accelerated electron bunches of these same LWFAs, the
LOASIS group has extensively studied the intense THz emission phenomenon observed at the
exit boundary of the plasma region in a typical gas-jet style LWFA experiment [9]. The laser
pulses interacting with the plasma create accelerated electrons, which upon exiting the plasma
emit THz pulses via transition radiation. Because these electron bunches are ultrashort (<50
fs), they can radiate coherently (coherent transition radiation - CTR) over a wide bandwidth
(1 - 10 THz) yielding high intensity THz pulses [9]. In addition to providing a non-invasive
bunch-length diagnostic and thus feedback for the LWFA, these high peak power THz pulses
are suitable for high field (MV /cm) pump-probe experiments. In order to further understand
the physical processes taking place in the interaction region, stable laser and electron beams
are necessary for detailed parameter-scan experiments. For example, a typical, widely used
scan is the "compressor scan”, in which the grating separation of the last compressor is changed
to tune the temporal duration of the compressed pulses. Fig. 5.6 shows an example of this
scan where the total electron bunch charge is measured as a function of the grating separation.
The two curves correspond to before (red) and after (blue) the installation of the XPW filter.
An increase (4 times) of the total electron bunch charge is visible after the installation of the
filter. Furthermore, the relative fluctuation of the charge (represented by the error bars) has
also improved, resulting in dramatic improvements in the THz signal amplitude stability. The
shot-to-shot variation, which were at the 100 % level prior to XPW implementation, decreased
to the 10 % level. Similar improvements were observed for the gamma and neutron yields,

constantly monitored during the experiments for radiation protection purposes.
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Figure 5.6: Comparison of total emitted bunch charge in a LWFA experimental compressor scan
before (lower, red curve) and after (upper, blue curve) the installation of the XPW prepulse
filter

5.4.2 Laser beam stability improvements

Since the XPW filtering process effectively improves both the spatial mode profile and spectral
stability one can expect an overall improvement of the statistical parameters of the CPA laser.
The amplitude and pointing stability variations of the laser beam have been recorded in the
TRex (nominal 100 TW) laser beam line. A 3% RMS. energy variation was measured in a
set of 200 shots at 1.5 J average energy on target in each pulse, and 2.5 urad RMS pointing
stability in a f = 2 m focusing geometry with 25 pum focal spot (Fig. 5.7). (Previous values
were 5% energy stability and 10 prad r.m.s pointing stability.) These improvements are crucial

for production of stable GeV electron in capillary discharges.
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Figure 5.7: Horizontal (a) and vertical(b) pointing stability of the 100 TW beam line after
installation of the XPW filter
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Chapter 6

Development of 1 kHz, few-cycle, mJ

level CEP stabilized laser source

6.1 Introduction

In this chapter I present the development of a laser system (Salle Noire) delivering CEP sta-
bilized, 1 mJ, few-cycle pulses at 1 kHz repetition rate. In order to generate such pulses, a
multi-mJ, CEP-stable front-end laser system, providing relatively short pulse duration (sub-
30 fs), is necessary due to the current limitations of post-compression techniques used to get
into the few-cycle regime (section 6.11). The high energy few-cycle pulses can then be used
to drive attosecond pulse generation on solid target. At the beginning of my Ph.D there were
no commercially available systems having the required characteristics. In particular the CEP
stabilization was guaranteed for pulses with an energy lower than 1 mJ. Achieving a long term
stabilization of the CEP at the multi-mJ level imposes various constraints on the design of laser
system. Furthermore we wanted to build a laser source with a simple and robust architecture
for daily operation.

The chosen configuration was:

e a broadband oscillator, CEP stabilized

a stretcher composed of a block of glass and an AOPDF

a first commercial mJ amplifier

a second home-made amplifier for boosting the energy up to several mJ

a hybrid compressor (prisms + chirped mirrors) or (transmission gratings + chirped mir-

rors)

a hollow fiber for the compression down to the few-cycle regime

e a commercial device for stabilizing CEP at the kHz repetition rate.
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We decided not to build the oscillator and the first amplification stage. The purchased front-
end is a Femtopower Compact Pro CEP (Femtolasers GmbH) commercial system. This system
delivers 1 kHz, CEP stabilized pulses with a temporal duration < 30 fs and a compressed energy
of 1 mJ. The CEP is stabilized with a commercial stabilizing device (Menlo-system GmbH). We
modified the system to accommodate an AOPDF pulse shaper between passes 4 and 5 to control
dynamically the spectral phase of the system. The output of this first amplifier is injected into
a home made three-pass amplifier boosting the energy up to the multi-mJ level. A single pump
laser is used for pumping both amplification stages. The pulses are finally compressed in a
hybrid compressor. The first configuration we tested was a combination of a prism compressor
and chirped mirrors. Although pulses as short as 22 fs with an energy of 4 mJ was obtained with
this configuration, we observed a substantial degradation of the spatial profile after compression
due to inhomogeneities in the prisms. Furthermore CEP measurement of the output pulses
has underlined the impossibility in achieving CEP stabilization in this configuration. For these
reasons we tested a second hybrid compression scheme using a transmission gratings compressor

and chirped mirrors. In this configuration we obtain daily 25 fs, 2.2 mJ, CEP stabilized pulses.

6.2 22 fs, 4 mJ 1 kHz source

I will now review more specifically the main components of the laser source starting with the

configuration using the prism compressor and chirped mirrors.

6.2.1 CEP stabilized oscillator

The oscillator is a Kerr lens mode locking Rainbow CEP type (femtolasers GmbH) [1]. It
delivers pulses with an energy of 2.5 nJ at a repetition of 80 MHz. The schematic of the cavity
is presented in Fig. 6.1. The spectrum emitted by the oscillator is shown in Fig. 6.2. The FWHM
is 220 nm corresponding to a transform limited duration of 6.8 fs. A nonlinear interferometer
is implemented after the oscillator for the stabilization of the CEP with a fast loop. The pulses
are focused with a concave mirror in a PPLN (Periodically Poled Lithium Niobate) crystal. The
intensity in the crystal is high enough to broaden the spectrum by SPM and to generate intra-
pulse difference frequency generation (DFG) between the high frequency and low frequency
part of the spectrum [2]. Interference between lower frequencies of the fundamental spectrum
and the difference frequency signal yields a beating at the frequency f..,. This signal is directed
with a dichroic mirror to a frequency meter and a feedback electronic loop for the stabilization
of the CEP (section 2.2.1). When the feedback loop is activated the electronic part of the
stabilizing system controls an acousto-optic modulator that modulates the pump power of the
oscillator. The resulting variation in intensity of the pulse inside the cavity forces f.., to be
equal to f,.,/4. Forcing the two signals to oscillate in phase gives Apy = 27/4, so that every
4 pulses exiting the cavity have identical CEP y. For the correct operation of the system the
frequency f.., must be detected with a signal to noise ratio (SNR) higher than 30 dB.
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The oscillator pulses then go through an optical isolator and are stretched in a 20 cm block of
glass (SE7).

Oscillator

Figure 6.1: Schematic of the Rainbow CEP (Femtolasers GmbH). M1-M2 sub-cavity mirrors.
CM1-CM2 chirped mirrors for the compensation of the intra-cavity GVD.
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Figure 6.2: (a) Output spectrum of the oscillator (FWHM 220 nm), (b) corresponding Fourier

transform temporal profile (temporal duration 6.8 fs).
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Figure 6.3: Schematic of the principle for the generation of the beat signal at the frequency
focro with a device using the difference frequency generation in a PPLN crystal. The pulse is
focused in the crystal. new spectral components are generated by SPM. In this crystal there is
a nonlinear process of difference frequency generation (DFG) between the high frequency and
low frequency part of the spectrum [2]. Interference between low frequency of the fundamental

spectrum and the DF signal yields a beating at the frequency fec,

6.2.2 Multi-pass amplifier

The commercial multi-pass amplifier (10 passes) delivers pulses with an energy of 2 mJ at 1
kHz (Fig. 6.4). The pump laser is a Nd:YLF (PI, Photonics Industries) delivering 1 kHz, 50
mJ (50 W) pulses at 527 nm. Only 11 W are used for pumping this amplification stage. In
the first 8 passes the energy goes from few nJ to 400 uJ. After the fourth pass the beam goes
through the AOPDF (HR800) and a Pockels cell for the selection of a train of pulses at 1 kHz.
These pulses are further amplified to an energy of 2 mJ. The ASE level estimated by blocking
the injection in the amplifier is around 40 p.J. The choice of the location of the AOPDF in
the amplifier is original. We chose this configuration because, due to the gain narrowing in the
first 4 passes, the spectral bandwidth injected into the the AOPDF is reduced compared to the
case where it is placed after the oscillator. As a consequence, the diffraction efficiency of the
AOPDF is higher, and thus the pulses can be amplified to the mJ level in the following passes

while maintaining a good temporal contrast (10® at the output of the Femtopower).

116



f 35mJ

Oscillator

Nd:YLF DM Series
Photonics Industries
50mJ @ 1kHz @ 527 nm

Figure 6.4: Schematic of the commercial amplification system. It is a ten-pass amplifier with
an output pulse energy of 2 mJ at 1 kHz repetition rate(uncompressed). The crystal is pumped
with 11 W (at 527 nm) and cooled at 193 K with a cryostat (XTAL). The Dazzler and the

pockels cell are placed after the fourth pass.

6.2.3 AOPDF (Dazzler)

During all my Ph.D T used several times the AOPDF [3] for the pulse shaping and characteri-
zation. I give here a brief introduction of this device. It is constituted of a T'eO, crystal which
is optically and acoustically birefringent. An acoustic wave is launched by a transducer excited
by an electronic signal. The acoustic wave propagates with a velocity V along the z axis and
hence reproduces spatially the temporal shape of the rf signal. Two optical polarization modes
can be coupled efficiently by the acousto-optic interaction only when some phase matching
condition is achieved. If there is locally only one spatial frequency in the acoustic grating, then
only one optical frequency can be diffracted at a position along z. The incident optical short
pulse is initially in mode 1. Every frequency w travels a certain distance before it encounters a
phase-matched spatial frequency of the acoustic wave. At this position z(w), part of the energy
is diffracted into mode 2. The pulse leaving the device in mode 2 will be made up of all the
spectral components that have been diffracted at various positions z(w). Since the velocities of
the modes are different, each frequency will experience a different time delay. The amplitude of
the output pulse, or diffraction efficiency, is controlled by the acoustic power at position z(w).
The optical output E,,(t) of the AOPDF is a function of the optical input F;,(t) and of the
electric signal H(t). More precisely, it has been shown to be proportional to the convolution of

the optical input and the scaled electric field:

Bout(t) & Ein(t) ® H(t/)a) (6.1)
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where the scaling factor, « = An(V/c), is the ratio of the speed of sound to the speed of light
times the index difference between the ordinary and extraordinary polarizations. « is the ratio

of the acoustic frequency. Relation (6.1) can be written in the frequency domain as:

Bt (w) o< Eip(w)H (aw) (6.2)

In this formulation H(t/«) appears as the impulse response of a filter applied to the input
optical pulse. By generating a proper function S(t) one can achieve any arbitrary convolution

with a temporal resolution given by the inverse of the available filter bandwidth.

Ec'ut(w)

Figure 6.5: Schematic representation of the Acousto-Optic Dispersive Programmable Filter

6.2.4 Home made amplifier

The second amplifier is a home made three-pass amplifier. A schematic of this amplifier is
shown in Fig. 6.6. The Ti:Sa crystal, cut at Brewster angle, is under vacuum and cooled at
195 K. The pump beam is down collimated by a (3:1) telescope and is then focused with a lens
(L2) on the crystal. The power of the pump is 25 W. The absorbtion of the crystal is 75 %
and the transmitted beam is refocused with a concave mirror (M1). The injection beam passes
through an optical isolator to avoid any return into the first amplifier. A mirror telescope and
a focusing lens (L1) are used to achieve the correct beam size on the crystal. After each pass
the beam is re-imaged using concave dielectric mirrors (M2-M3) in order to have for each pass
the correct beam size on the crystal. The diameter at 1/e? in intensity of the infrared beam is
roughly 1 mm for each pass. The geometrical focus for each pass is located before the crystal
to have a slightly divergent beam to compensate the thermal lens in the crystal. The beam
focus is inside the vacuum chamber to avoid any nonlinear effects in air. The output energy is
6 mJ. The total gain of the amplifier is 7.5.
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Figure 6.6: Schematic of the home made amplifier. Ll:converging lens f=1500 mm.

L2:converging lens =700 mm. M1: dielectric mirror treated for 527 nm

The number of passes in this amplifier is limited to three due to the high B integral value
(1.35 rad). This value needs to be added to the 3.5 radians already accumulated in the first
amplifier. A total B integral higher than 4 radians is typically considered too high for the
correct functioning of a CPA laser. As shown in the next section, the DazScope technique
enables to measure and pre-compensate this nonlinear phase and therefore to achieve near
perfectly compressed pulses. The high B integral of this chain originates from the small pulse
stretching (10 ps). This choice is motivated by the fact that a small stretching factor enables
the use of prism or very compact gratings compressors with increased insensitivity to dispersion

fluctuations. This is of fundamental importance for achieving a good CEP stability.

6.2.5 Hybrid compressor: prism + chirped mirrors

The calculations for the design of the prism compressor were made by A. Trisorio from the
PCO group. The values of dispersion added by this compressor are shown in Tab.1 together
with the overall dispersion of the laser system Tab.2. The picture of the prisms and a schematic

of the prism compressor are shown in Fig. 6.9 and Fig. 6.10
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Incidence angle d Ag AM ¢ (w) fs* p’(w) fs® p*{w) f
55.6° 30 mim 800 nm | 750-850 nm | 64090 95760 262710
Figure 6.7: Parameter and dispersion introduced by the prisms

Optical elements P (w) (f5) P (w) (¥ P lw) (fsh
Stretcher (20 cm of glass type SF57) 44206 31000 G730
Faraday isolator 5291 2693 -12
Fockels cell + Polarizers 2473 1478 810
Ti: saphir crystal (10*8 mm) 4553 3360 -1245
Dazzler (crystal dispersion of 45 mm) 22320 14580 2955
Dazzler (dispersion added by the acoustic-wave) -17000 30000 200000
Calcite Polarizers type C¥I CPAS (319.4 mm) 2270 1222 -68
Faraday rotator 3654 18595 352
zilica lenses 782 552 =211
Ti: saphir crystal (10"8 mm)) 1441 1003 -373
TOTAL 70490 91064 214954

Figure 6.8: Dispersion introduced by the different elements of the laser chain.

corresponds to 10 ps stretched pulses
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Figure 6.10: 3 D modeling of the prism compressor with Zeemax.

To limit SPM in the last prism, the temporal compression is ended by 32 reflections on two
negatively dispersive chirped mirrors (Fig. 6.11). The characteristics of these chirped mirrors

are:
e reflectivity higher than 99.5 % for a spectral range between 760 and 840 nm

e a damage threshold of 400 mJ/cm?
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e a second order dispersion of -200 fs? per bound with an angle of incidence of 15°

The pulse duration after the prism compressor is roughly 1 ps and is reduced to 22 fs after

the 32 reflections (The total dispersion introduced by the chirped mirrors is -6400 fs?).

Figure 6.11: Photos of the chirped mirrors used in the hybrid compressor. The pulses are

reflected 32 times on the mirrors to end the compression

The temporal duration has been optimized using a closed feedback loop (Dazscope), that is
presented in the next section, and measured with a home made SPIDER. The compressed pulse
energy is 4 mJ with an efficiency of the compressor of 67 %. The temporal contrast has also
been measured in order to access the temporal quality of the pulses. This is shown in Fig. 6.12.
The contrast is 5 * 10° at a delay of 3 ps and 3 x 107 for a delay of 15 ps. The ASE level is 107
at 40 ps. With a fast photodiode and a digital oscilloscope we measured the energy stability of
the output pulses. The standard deviation of the energy fluctuations is 2.6 % over 10 minutes.
This is due to the fact that the second amplifier is not saturated.

To test the quality of the beam we measured with a CMOS camera the far field spatial profile
(f=1.5 m) at different z positions on either sides of the beam waist. From this measurement the
M? factor can be calculated. In particular we obtain M7} = 1.9 for the x axis and M, = 2 for
the y axis. The spatial quality is not excellent and this is due to the relatively high B integral
of our laser and to degradation of the spatial profile in the prism compressor. This is not too
problematic because the spatial profile is cleaned with the propagation in the hollow-core fiber.
Pre-compensation of nonlinear spectral phase with the pulse shaper and spatial cleaning in the

hollow fiber enable us to avoid the main problems of a high B integral.
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Figure 6.12: High dynamic range third order correlation (Sequoia, Amplitude Technologies)
measurement of the pulses compressed in the hybrid compressor (prisms+chirped mirrors).The

contrast is 5 * 10° for a delay of 3 ps and 5 * 107 for a delay of 15 ps.
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Figure 6.13: Measurement of the intensity profile focused with a f=1.5 m concave mirror for
different position before and after the waist. (a) Radius at 1/e?, W, in intensity measured along
the x axis and fitting curve from the formula. (b) Radius at 1/e?, W, in intensity measured

along the y axis and fitting curve from the formula.
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6.3 DazScope

6.3.1 Introduction

In this chapter I present the local spectral compression technique for the closed-loop optimiza-
tion of the temporal duration, commercialized under the name DazScope™. I developed this
technique in collaboration with FASTLITE. The starting point of this development was the
study of the effect of the spectral phase on the XPW generation presented in section 4.6. From
the results presented in this section there is a clear correlation between the shape of the XPW
spectrum and the spectral phase of the input pulse. In particular, I have shown how the combi-
nation of second and third order spectral phase shifts the barycenter of the spectrum generated
by the nonlinear process. This is even more evident using second harmonic generation (SHG)
as the nonlinear effect. Fig. 6.14 shows for example the evolution of the SH spectrum function
of p? (x axis £2500fs?) for different fixed values of ¢® (£35000fs%). The first figure on the
left of the first line (figure 1) corresponds to ¢ = —35000fs%. The second figure of this line
(figure 2) corresponds to ¢ = —30625fs%. The last figure on the right of the last line (figure
16) corresponds to ¢ = 35000fs%. From the different scans it is easy to see that the third
order spectral phase passes through ¢®) = 0 between picture 8 and 9 (respectively last figure of
the second line and first figure of the third line) where the barycenter function of ¢ changes
the sign of the slope. For a single scan there is an absolute maximum of the SHG energy when
©® = 0. Starting with this consideration it is important to see if, looking at the spectrum
generated in the nonlinear process for different values of an added ¢(®, enables the extraction
of the spectral phase of the input pulses. This is demonstrated theoretically in the next section.

The experimental results are then presented.
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Figure 6.14: Evolution of the SH spectrum (y axis 370 nm<\<430 nm) function of ¢® (x axis
+2500f5?) for different fixed values of p® (£35000fs%). This graph needs to be read following
the lines from the top two the bottom (like a text). The first figure on the left of the first line
(figure 1) corresponds to ¢® = —35000fs®. The second figure of this line (figure 2) corresponds
to o) = —30625fs%. Between each figure there is a fixed increment of the third order spectral
phase ¢ = +4375fs%. The last figure on the right of the last line (figure 16) corresponds to
©®) = 35000153

6.3.2 Theoretical introduction

The starting point of this analysis is the equation:

() o AL (63)

0" (w)]
that has been derived for XPW generation using the stationary phase approximation. This
formula, valid for sufficiently chirped pulses (|¢" (w)| > 1/Aw?, Aw spectral bandwidth), states
that the intensity of the spectrum of the cross-polarized wave Ip(w) can be linked to the
intensity of the spectrum of the fundamental pulse I(w) and its spectral phase second order

. . " . . . . .
derivative ¢ (w). The corresponding expression for second harmonic generation is:

P
(@)

The validity of (6.4) can be confirmed by recording the SHG spectrum of a near Fourier-

Isnc(2w) (6.4)

transform limited pulse to which a purely parabolic phase ¢ (w — wy)?/2 is added. In this
case, the asymptotic expression of the SHG spectrum is a hyperbolic function of the second
order phase ¢? since the expected SHG spectrum is, according to (6.4):
I*(w)
@

Ispc(2w) o (6.5)
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Fig. 6.15 shows some typical experimental SHG signal recorded, at a given pulsation, as a
function of the second order phase. A Lorentzian fit confirms the validity of (6.4), hyperbolic
at large chirps.

When a set of purely linear chirps, ¢(®, is added to the the spectral phase, ¢(w), of an input
pulse, the total spectral phase becomes ¢(w) = @(w) + ¢ (w — wp)?/2 and equation (6.4)
predicts, for a given frequency, symmetric and hyperbolic decays of the SHG intensity with large
positive and large negative () values, these decays being symmetric with respect to ¢ (w).
The algorithm consists in finding the optimal hyperbolic fit at large chirps and returning, for
every frequency, the value of " (w) (the local chirp). The pulse spectral phase is then retrieved

by a double integration.
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Figure 6.15: Left:typical Lorentzian fit (solid line) to the experimental data (dotted line)at a
given wavelength. Right: map of the SHG spectra as function of frequency and added second

order phase coefficient.

6.3.3 Examples

To illustrate the efficiency and accuracy of this method I have simulated the SHG spectrum
obtained for a chirp scan from —3000fs% to +-3000fs? for four different input pulses:

- Fourier transform (6.16.a),

- pure second order phase of +1000fs?(6.16.b),

- pure third order phase of +50000fs3(6.17.a)

- sinusoidal phase (6.17.b).

The pictures also show the fitted value of " (w) (the local chirp) with a white dotted line. In
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the case of a pure second order phase, " (w) = const; the constant giving the value of the initial
chirp. For the purely third order spectral phase pulse, the image corresponds to linear chirp
optimization vs wavelength, as the local chirp of a third order is linear. For a more complex

phase, the image is distorted but still gives for each wavelength the local chirp.

Fourier-transform limited 09

380
-3000 -2000 -1000 O 1000 2000 3000

380-
-3000 -2000 -1000 0 1000 2000 3000 secondorder(fs?)

Added second order (fs°)

Figure 6.16: SHG spectrum obtained for a chirp scan from —3000 fs? to +3000fs? for a Fourier

transform limited input pulse (a), for an input pulse with a pure Chirp (b)

Pure third order Sinusoidal phase 08

380
-3000 -2000 -1000 O 1000 2000 3000 -3000 2000 1000 O 1000 2000 3000
Added second order (fs?) Added second order (fs)

Figure 6.17: SHG spectrum obtained for a chirp scan from —3000fs% to +3000fs? for an input
pulse with pure third order (a), and for an input pulse with a SPM oscillatory phase (b)

6.3.4 Experimental results

In the previous section it is demonstrated theoretically how the spectral phase can be measured
using a ¢ scan. This scan is experimentally done with an AOPDF. This measured phase can
then be automatically compensated with the same AOPDF. Therefore, both phase measurement
and correction are done in a single AOPDF'. This closed-loop optimization has been implemented
for the first time in the the "salle noire” laser system. I have previously shown that, due
to the small stretching factor, the B integral of this source is quite high (B > 3). I now
demonstrate that the AOPDF can be used to measure the spectral phase induced by SPM
and then compensate for the measured phase distortion. For the pulse measurement, a small
fraction of the output energy (< 1 uJ) is selected with a beam splitter and focused with a f=500
mm focal length lens into a 50 pum type-I BBO crystal. The generated SHG is separated from
the fundamental and collected with a commercial spectrometer (AvaSpec-3648 from Avantes).
Fig. 6.18a,b and Fig. 6.19c,d show the SHG spectra versus chirp traces together with the

extracted local chirp function (white line) for four states: initial state at low energy (Fig. 6.18a),
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optimized pulse at low energy (Fig. 6.18b), pulse at high energy with the same phase settings
(Fig. 6.19¢), optimized pulse at high energy (Fig. 6.19d).
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Figure 6.18: Chirp scan of a non compressed pulse (a), Chirp scan after optimization of the

polynomial phase (b)
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Figure 6.19: Chirp scan under the same conditions then Fig. 6.18b but with increased seed
energy into the second amplifier (c), Chirp scan after correction of the nonlinear phase at high

energy (d)

Fig. 6.18a shows an input spectral phase mainly dominated by a residual second and third
order spectral phase resulting from imperfect optimization of the compressor. This phase is
automatically compensated after a polynomial fit to the third order. The resulting trace after
this compensation is shown in Fig. 6.18b. From this measurement it is visible that the remaining
phase is oscillatory and can not be fitted with a low order polynomial. Fig. 6.19¢ clearly
indicates that, changing the seeding of the second amplifier from 600 to 900 u.J, dramatically
changes the spectral phase of the amplified pulses, in particular increasing the amplitude of the
oscillations of the local chirp. Due to the small stretching of our pulse (10 ps) the B-integral
of our laser system is estimated to be about 4-5 rad for the high energy seed. When a pulse
is sufficiently chirped as in a CPA stretcher, the temporal profile corresponds to the spectral
profile and so the nonlinear phase corresponds to the the spectral shape: ¢, o nol(t) o
nol(w) (where I(w) is typically a Gaussian). When we compensate the polynomial spectral
phase of the stretcher/compressor pair the residual phase comes from nonlinear effects in the
amplification crystal and the local chirp is then the second order derivative of a Gaussian
function. This correspond to the oscillatory trace measured in Fig. 6.18b, Fig. 6.19¢c. In

particular at high energy there is a large oscillation of period 50nm (12.5nm on the SHG
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spectrum) with amplitude of about £900fs?. As predicted theoretically in [1], this phase can be
pre-compensated numerically with the pulse shaper. Naturally this assumes that the non linear
phase is small compared to the stretching factor and this is still valid in our case. Fig. 6.19d
shows experimentally the effect of the pre-compensation. The residual phase measured after
optimization is less than 0.5 rad which corresponds to the typical measurement precision of
SPIDER[3] or FROGI4] devices. The pulse temporal duration, measured with an home made
SPIDER, is shown in Fig. 6.20.

- 8OO0

- 6000

o
@
L

0.0 ~ 4000

Phase (rad)

("ne) Ausuaiun [esjsads
Intenstiy (a.u.)
o
=
1

= 2000

-

o
L

o

o
L

0

T T T T T T T i
720 740 780 780 BOO 820 840 860 0.0 F
Wavelength (nm) {150 00 50

a :
Time (fs)

Figure 6.20: Temporal measurement and spectrum and phase after DazScope optimization.

6.3.5 Discussion

Compared to standard pulse measurement technique like FROG or SPIDER, the DazScope
technique is a phase-only method and strictly speaking, is not a pulse measurement technique.
For example a double structure pulse will not be measured. As a phase-only technique it can
be compared to the Multiphoton Intrapulse Interference Phase Scan (MIIPS) [2, 5, 6, 7]. The
DazScope technique is really adapted for the characterization and optimization of the output
pulses of a CPA laser where an AOPDF is present. In these cases it has several advantages:
the traces are very visual and in particular any residual linear chirp translates to a relative
shift to the zero added second order phase. There is no ambiguity on the sign of this chirp.
This technique is also very sensitive to the high order terms of the spectral phase. We have
seen previously how it has been used for measuring and pre-compensating the non linear phase
induced by SPM during amplification. We have also discussed in the introduction how the
residual spectral phase affects the temporal quality of pulses at the output of a CPA laser and
is responsible for the coherent (ps) contrast. Finally the measuring setup is extremely simple
consisting of just a BBO crystal and the spectrometer. It can be placed as close as possible to

the experiment even inside the interaction chamber.
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6.4 CEP

Up to now I have demonstrated the generation of 4 mJ, 21 fs pulses at 1 kHz. I have also
presented how the pulses at the output of the oscillator are CEP stabilized. This is not enough
for having CEP stable pulses at the output of the laser. All the optical elements after the
oscillator introduce some phase fluctuations Apg. The fluctuations in the multi-pass amplifier
are caused by variations of the non linear index of the crystal. These variations are induced by
fluctuations in the intensity of the pulses due to the fluctuations of the pump intensity. The
CEP fluctuations in the strecther/compressor originate from dispersion fluctuations caused for
example by a variations of beam pointing or beam path. The CEP noise thus originates from
the oscillator, laser amplifiers and the compressor. In particular the main contribution comes
from the oscillator. In the oscillator the repetition rate is 80 MHz compared to the kHz of the
amplified pulses. There is therefore an accumulation of the variations of Ayqy over a period of

1 ms. In conclusion, to build a CEP stabilized system, it is necessary to have:

e a device for fixing the value Ayy. This is realized using two wedges inside the oscillator

cavity. These wedges can be finely moved.
e a first feedback loop after the oscillator for actively stabilizing Ayy.
e a second feedback loop just at the end of the laser chain.

Although the measurement of Ay, for the both loops is based on nonlinear interferometry,
they are different because the first uses MHz low energy pulses from the oscillator and the
second uses the amplified high energy, kHz pulses. The first loop is called fast loop and the
second is called slow loop. In the commercial Menlo-system the two feedback loops generate
two error signals that are treated to generate a single error signal. The feedback control is
based on the modulation of the non linear dispersion of the Ti:Sa crystal of the oscillator.
This is tuned by changing the intensity of the pump laser with an acousto-optical modulator.
I have already discussed the scheme for measuring Agy after the oscillator (section 2.2.1). I
now present the setup for measuring the slow changes of the CEP. This device is named an
f-2f interferometer. The schematic is reported in Fig. 6.21. A beam splitter selects low energy
pulses that are focused in a sapphire plate. This step is needed for broadening the spectrum
to one octave. They are then focused on a BBO crystal, phase matched for converting the
infrared side of the spectrum. The SHG and the fundament signal are cross-polarized and have
a certain delay 7y. These two signals pass then through a polarizer with the transmission axes
at 45 degrees compared to the polarization signal of the two beams to make them interfere.
The signal measured with the spectrometer presents many spectral fringes (Fig. 6.22). The
CEP drift is extracted by the shift of these fringes as a function of time. In particular the

spectrometer signal is given by the equation:

I(w) L/ [Ep(t+70) + Esu(t)] exp(—iwt)dt (6.6)

[e.e]
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that can be expressed in the form:

I(w) x Ip(w) + Isg(w) + 2/ Ip(w)Isg(w)cos [((go + Psu(w) — Pr(w) + wp)] (6.7)

where Ip(w) and Isgy(w), (Psp(w) and ®r(w)) are the respective spectral intensity (spectral
phases) of the fundamental and the SH. ¢y is the input CEP phase. The argument of the cosine
is extracted with the Fourier Transform Spectral Interferometry (FTSI) algorithm. As it was
presented in the case of a SPIDER measurement this algorithm consists of making a Fourier
transform to get into the time domain, to apply a band pass filter around 75 and to make
another Fourier transform back in the frequency domain. It is then possible to measure the
CEP variation between successive pulses. A tension signal proportional to the CEP variation

is then sent to the acousto-optic RF driver for the CEP stabilization.

Sapphire plate
DO  (2mm) BBO

ss Y —{—8—{H-1

Figure 6.21: f-2f interferometer for measuring the CEP shift of the pulses at the output of the

laser chain
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Figure 6.22: Typical spectrum measured after the f-2f interferometer. The CEP drift is ex-

tracted by the shift of these fringes as a function of time.
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6.5 CEP after prism 4 chirped mirrors compressor

The commercial Femtopower front-end of the laser system is CEP stabilized. The initial CEP
drift with the fast and slow feedback active was measured to be 176 mrad for a time of 30
minutes. The integration time on the spectrometer was 1 ms, 20 consecutive spectra are
averaged for CEP measurement. After reducing the jitter of the acoustic wave of the AOPDF
in the laser system (see next section) we decreased this noise to 100 mrad for a measurement

of several hours Fig. 6.23.
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Figure 6.23: Measurement of the CEP drift at the output of the Femtopower. The integration

time for each acquisition is 1 ms, 20 consecutive spectra are averaged for CEP measurement.

The same measurement was repeated to characterize the CEP drift between the 4 mJ pulses
with the fast loop activated. The measurement trace presented frequent random jumps of the
CEP and it was impossible to stabilize the CEP drift with the slow feedback loop. These random
variations of the CEP between pulses can not be compensated with the slow feedback loop. We
believe that this CEP drift was added by the compressor and in particular by the prisms (the
chirped mirrors have been tested separately after the Femtopower without degradation of the
CEP). Due to its large dimension (3 meters between the two triplets of prism) the compressor
was not sufficiently isolated from the dispersion fluctuation caused by the movement of air
between the prism. Probably with a correctly designed cover this problem can be solved. We
did not continued in this direction because the propagation in the prisms also strongly degrades
the spatial quality of the beam and thus its M?2. We thus tried a second configuration where
the amplified pulses are compressed in a hybrid compressor consisting of transmission gratings
and chirped mirrors. The good CEP stabilization we obtained in this configuration and its

robustness convinced us to adopt this solution.
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6.6 Transmission grating + chirped mirror compressor

The laser setup with the transmission gratings + chirped mirrors compressor is shown in
Fig. 6.24. The compressor is composed of two 600 lines/mm, fused silica holographic gratings
(Wasatch Photonics). Substituting the prisms with the gratings implies some changes in the
laser configuration, primarily due to the fact that the stretcher and compressor are not matched
anymore. The prism compressor introduces negative third order dispersion (—95760fs%) and
this compensates the positive third order dispersion of the bulk stretcher and the material in
the amplifier (91064 fs3). In the case of a grating compressor, the third order dispersion is
positive and it is therefore added to the value of the stretcher and the material in the amplifier.
Furthermore the value of the third order dispersion is directly proportional to the value of the
second order dispersion. We decided to compensate all the third order phase with the Dazzler.
This is possible only making a trade-off with the negative chirp introduced by the compressor.
With a distance between the gratings of 70 mm for an angle of incidence of 13.9 °, the spectral
phase added by the compressor is ¢® = —50000fs% and ¢ = 70000fs®. Again the final
compression is then achieved after 32 bounces through the negatively chirped mirrors pair.
The pulses are thus initially stretched to 7 ps. Decreasing the pulse stretching compared to the
previous configuration limits the output pulse energy to 4 mJ. The spectral phase added by
the Dazzler in the two compression configurations is reported in Tab. 6.25. The overall trans-
mission of the compression stage is 53 % (60 % for the gratings compressor). Using grooved
gratings instead of holographic gratings this efficiency can be increased to 83 %. Temporal
and spectral characterization of the 2.1 mJ output pulses was achieved using an home made
SPIDER, Fig. 6.26(a),(b), after a DazScope optimization. The spectrum does not exhibit any
significant distortions over 100 nm bandwidth. The measured spectral duration is 25 fs, close to
the Fourier transform limit. Furthermore, the proposed compression scheme preserves a good
spatial quality. (M? = 1.2). The Gaussian spatial intensity distribution of the focused beam is
represented in Fig. 6.26(c).

A few pJ are split off and sent into the collinear f-2f interferometer APS 800, Menlo System to
monitor the relative CEP drift of the amplified pulses. Fig. 6.27(a) represents single shot fringe
pattern registered at the output of the interferometer (2000 shots, the integration time of the
spectrometer is 1 ms). No feedback loop is activated for this acquisition. The visible and well-
contrasted interference figure demonstrates the effective CEP stabilization of the laser pulses.
This observation is corroborated by the measurement of the corresponding CEP drift on a short
time scale (one minute) (Fig. 6.27(b)). The parameters of the APS are: acquisition time=1 ms,
cycle loop time =100 ms, 20 consecutive spectra are averaged for CEP measurement. To eval-
uate the long term stability, the slow drift introduced by the amplifier is then pre-compensated
by a feedback loop to the oscillator locking electronics using the measured CEP. Fig. 6.27(c)
shows the typical CE phase stabilization of the system with feedback control. The RMS phase
error over tens of minutes is 250 mrad. Furthermore we discovered that part of this noise was
added by the jitter of the acoustic-wave of the Dazzler (section 6.9). The added CEP noise is

in fact linearly proportional to the acoustic wave jitter. In this first configuration the acoustic
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rms jitter was measured to be 180-300 ps with a corresponding added CEP noise of 120-220
mrad. Decreasing the acoustic rms jitter to 70 ps noise reduces the added rms phase noise to
less than 50 mrad. In this second configuration the measured RMS phase error is 180 mrad
(Fig. 6.28) for a measurement of several (3) hours. Comparing this result to the measurement
just after the Femtopower (after the Dazzler upgrading) we see that an additional CEP noise
close to 80 mrad is added by the second amplifier and the grating compressor.

Small distance between the gratings reduces the sensitivity to beam pointing and air currents in
the compressor. In our case, the reduced groove density of gratings and the lower incident angle
decrease CEP fluctuations associated with variations of gratings separation (thermal of mechan-
ical drift). Previous studies have theoretically and experimentally demonstrated that the CEP
drift stabilization in gratings-based setup may require interferometric control of the effective
gratings separation, which nevertheless this introduce additional experimental complexity. In

our configuration we overcome this limitation.

2.1 mJ, 26 fs
CEP stable
h
f-to-2f interferometer
(APS 800, Menlo Systems)
0.6 m]
Femtopower Compact Pro CE 10 ps TGC
Phase (FEMTOLASERS CmbH) [ —M_
wilh AOPDF (Dazzler, Fastlite) is
£k il
EE] ==
11 m] hd £ L
\
. \ 4 m]
Nd: YLF DM 50 Series
Photonics Industries Z I l‘_} '
20 m] Ti:Sa

Figure 6.24: Schematic of the 2 mJ, 25 fs, 1 kHz, CEP stable CPA system with transmission

gratings and chirped mirror compressor
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Figure 6.25: Spectral phase added by the Dazzler for the two compressions schemes
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Figure 6.26: Temporal and spatial characterization of the compressed 2.1 mJ pulses. (a) Spec-
tral intensity (solid line) and phase (dashed line) obtained from SPIDER measurement. (b)
Temporal intensity profile (SPIDER measurement). (c) Spatial intensity distribution in the
far-field (the 7 mm-diameter output beam is focused by a 1 m lens). Vertical and horizontal

profiles are fitted by a Gaussian distribution (white lines). The measured value of M? factor is

about 1.2
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Figure 6.27: CEP stability measurements (spectrometer integration time: 1 ms). (a) Single shot
fringe pattern from the collinear f-2f interferometer for 2000 consecutive shots. For illustration
one shot is shown in the inset. (b) Measured relative CEP drift of amplified pulses without
feedback loop. (c¢) Measured stabilized CEP drift of amplified pulses with feedback control over
15 minutes (250 mrad RMS). The stabilization of the CEP over an hour has been measured
with a RMS error of 290 mrad
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Figure 6.28: Measured stabilized CEP drift of amplified pulses after reduction of the jitter of

the acoustic wave of the Dazzler.

6.7 Influence of the B integral on the CEP

The drawback of the small stretching factor of the pulses in the laser system, is the accumulation
of a nonlinear phase induced by SPM during amplification. This nonlinear phase is evaluated
measuring the B integral of the laser chain. I have shown in section 6.3 how the AOPDF can
be used to measure and pre-compensate this spectral phase (DazScope) to avoid its adverse
effect on the pulse compression. The B integral is also correlated to the added CEP noise.
The intensity fluctuation of the amplified pulse shifts the CEP due to the nonlinear refractive

index change. This shift can vary randomly from pulse to pulse and therefore can not be
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compensated with an active phase stabilization loop. The refractive index change due to the
nonlinear refractive index (An = nol) is n = ng + naol. The length corresponding to a 27 shift
of the CEP is given by:

Lo = 1/(dAn/dN) = 1/((dna/dM)I). (6.8)

To make the situation simpler, we assume the intensity I constant over the length L; then
the product of the intensity and the length is given by IL=\ n¢By/2mns. Where By, the B
integral, is given by expression B, = 27/(Ang) fOL naoldz. In this case, the CEP shift due to

the nonlinear index is given by:
00 =27 L/ Log i = il <> By (6.9)

’ ny \ dA

The intensity fluctuation of AT results in the fluctuation of the CEP shift of Ayy = 66,,Al.
The list of ng, ns, % and 66,; at B;,; = 1, and the CEP fluctuation for a 1 % intensity
fluctuation, is given in Tab. 6.29. For 1 % intensity fluctuation, the CEP fluctuation is on the

order of 1073 rad at B, = 1.

Material Ho na dna fdA Bile Bm AT
at 800 nm  (m*/W) (m/W) (rad) (rad)

Fused silica 145 33%1072 098 % 107 —034 —34x1077
Sapphire (ne)  1.76  3.0x 10720 —1.03x 107 —048 —4.8x 10~

Figure 6.29: List of the parameters related to the CEP shift due to intensity fluctuations

It is thus interesting to effectively measure the B integral of our chain in order to evaluate

its contribution on the total CEP noise.

6.8 Measuring the B integral

The B integral of a laser chain can be measured by injecting the amplifier with two delayed
pulses and measuring the output replicas of these pulses with a high dynamic range correlator.

To understand how two pulses can generate several replicas after amplification and compression
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I first give here a short theoretical introduction.

The most intuitive way to understand this temporal ”diffraction” is to consider it as a four-wave
mixing (FWM) process [2]. As shown in Fig. 6.30, the delay between pulses is chosen so that the
pulses partially overlap after the stretching. At any particular position in the overlapped part
of the two pulses the instantaneous optical carrier frequencies are wy and ws (w;>ws). Since
the pulses are stretched, the instantaneous carrier frequencies are wy(7) = wo + b(1T + t4/2)
and wq(7) = wo + b(T — tq/2), where t4 is the relative delay. The frequency difference is then

0w = wy — wo = bty. The third order nonlinear polarization,
Py = x® [Er(wn) + Ba(wn)] By (—w1) + E3(=wn)| x [Ei(w1) + Ea(ws)] (6.10)

gives FWM, SPM and XPM. In particular, the terms E (wy)Ej(—ws) Ey (wy) and Ey(ws) B (—wy ) Ey(ws)
are the FWM process of interest, giving the new frequencies 2w; —ws, and 2wy —w;. We see that
2wy — wy = wy + bty, so it is constantly blue shifted from wy (7). Likewise, 2wy — wy = wy — bty
is red shifted from wy(7). When the chirped pulses are recompressed in the compressor,
wy + dw = wy + bty is advanced by t; relative to the w;. Because the unshifted frequencies
wy collapse to 7 = 0 to form the compressed pulse, the blue shifted frequencies will collapse
at 7 = —t4 to form the pre-pulse. The same applies to the red shifted post-pulse. The partial
overlap causes the bandwidth of the new pulses to be narrower, indeed no time casuality is

violated.

w(T)

_A_ Delay line
I

4

diffuser

tq ﬂ ty ﬂ ty LSpemmmEter Streak Camera

Figure 6.30: Experimental arrangement of nonlinear pulse shaping in a CPA amplifier.

Reprinted from [2]

Another valid approach to understand the process is to look at the process as non linear
propagation of the composite pulse, which contains the beat pattern. In this picture the new fre-

quencies are generated as a result of SPM. The new frequencies are defined by: dw oc dI(7)/dr.
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Because of the many rapid intensity oscillations due to the beating, new frequencies are gen-
erated efficiently. In particular blue shifted frequencies are generated in the rising fronts and
red shifted frequencies in the decreasing front. All the new frequencies generated will interfere
in the compressor to give the additional pulses. In particular the amplitude of these replicas
compared to the main peak depends of the amount of B integral of the chain. A fit algorithm
can then searches for a B integral parameter that minimizes a least-square error function cal-

culated for the temporal sidebands.

In our case two delayed pulses with the same amplitude are generated using the Dazzler present
in the first amplifier (so strictly speaking we measure the B integral accumulated after the fourth
pass of the first amplifier). The transfer function for generating these pulses is the same as that
the one introduced in section 2.3.4 discussing the Phazzler. To measure the output replicas with
sufficient dynamic range we used a third order correlator (Sequoia, Amplitude Technologies). In
the absence of B-integral, the simulated third order cross correlation shows only three peaks and
the energy ratio between the two pulses drives the symmetry of the resulting trace. This point
is an important experimental control element; in particular, the relative injection-efficiency of
the pulses into the amplifier, whose accurate control is experimentally challenging, can be eval-
uated that way. In the fit, the energy split ratio is adjusted numerically to fit any experimental
asymmetry. In the presence of B-integral, side bands appear and the number and magnitude of
the sidebands is adjusted to match the experimental data, using B as fit parameter. A typical
measured trace is shown in Fig. 6.31. The multiples replicas separated by the temporal delay
T, are clearly visible. An unexpected asymmetry is visible in the recorded traces. A possible
explanation relies on the theory presented previously and is confirmed by the simulation of
the replication process. When the spectrum of each individual pulse is numerically isolated,
one sees that there is a sizeable frequency shift of the replicas when the pulse-to-pulse delay
is comparable to the stretched-pulse width. Experimentally, the delay between the pulses was
set to 1 ps, which leads to a frequency shift of 15 nm between the two first replicas at the two
side of the main pulses. Such a frequency shift certainly impacts on the conversion efficiency of
the measurement setup because of the finite spectral acceptance of the thick frequency mixing
crystals in the cross-correlator. The fitted B integral in this case is 1.5 radians. The output
energy was reduced in this measurement to avoid any damages in the Ti:Sa crystal. We can
then estimate a B-integral of 3 radians at full energy. From Tab. 6.29, the contribution to the

CEP noise considering an intensity fluctuation of 2 % is then < 50 mrad.
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Figure 6.31: Measured high dynamic range correlation (Sequoia) injecting the CPA system with
two temporally delayed (T}) pulses

6.9 Control of the CEP with the Dazzler

Without feedback loop, the CEP drift of the amplified pulses was small enough over several
minutes to demonstrate, for the first time, that CEP control could also be performed using
the AOPDF inserted in the Femtopower. We do this by controlling the CEP of the acoustic
waves in the AOPDF. This first experiment was done before the reduction of the jitter of the

acoustic-wave.

The physics of AOPDF is based on a stringent acousto-optic phase-matching relationship be-
tween the acoustic and optical wave vectors. As for any phase-matching relationship, this
relationship has its counterpart in terms of spectral phase and the acoustic and optical spectral

phases are directly linked by the expression :

Popr,in (Wopr) + Pace,in (wacc) — Lopr,diff (wopr) = 7T/2 (611)

where, Qoprin and Qopr 4irr are the spectral phase of the input and diffracted optical pulses,
and Qaec.in(Wace) , 1s the spectral phase of the acoustic pulse. In this configuration, the electronic
generator of the AOPDF is able to control the absolute phase of the acoustic wave within 160
mrad (rms time jitter between the trigger and the RF clock), which translates into the optical
domain as follows: the CEP of the diffracted pulse can be changed with respect to the CEP of
the input pulse by an arbitrary amount with 160 mrad (7 /20) accuracy. Fig. 6.32 shows the
effect of successive CEP jumps of -7, +m, -m, +7/2, +7/2, +m/2, +7/2 applied by the AOPDF,
thereby demonstrating the ability of the AOPDF to exert control over the output CEP. Note

here, that the feedback control was turned off to avoid automatic correction of the CEP jumps
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by the oscillator locking electronics. These phase steps were performed at a low repetition rate,
i.e. not limited by the refresh rate of the AOPDF. By pre-computing and pre-loading a set
of RF waves with different CEP values (e.g. 64 waves covering the 0-27 interval) in SRAM
memories, the RF generator is able to change the CEP phase drift at high repetition rate.
A demonstration of this achievement is shown in Fig. 6.33 which shows the CEP measured
function of time. The word "LOA-ENSTA” was written changing the CEP between successive
shots. The vertical segments were obtained by choosing random values of CEP. The baseline
(-2.5rad) shows the low CE phase drift of the system during this experiment. This control of
the CEP opens the path to closed-loop CEP drift corrections at high repetition rates without

any moving parts or retroaction on the oscillator. This is the subject of the next section.
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Figure 6.32: Measured CEP (red line) of amplified pulses and successive phase steps applied
by the AOPDF (black line). No slow loop feedback was applied
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Figure 6.33: Measured CEP function of time. The CEP is changed with the AOPDF at high
repetition rate to compose the word "LOA-ENSTA

6.10 Feedback of the CEP phase with the Dazzler

In the discussion about the CEP stabilization I have explained that, for a correct stabilization
of the CEP drift, two feedback loops are needed. A fast feedback loop just after the oscillator
and a slow feedback loop at the output of the system for compensating the slow CEP drift
caused by the amplifier and the compressor. In the commercial Menlo system both feedback
loops act, via an acousto-optical modulator, on the pump intensity of the oscillator. Applying
two feedback signals with different time scales on the same actuator is suspected to increase
the measured RMS noise on the CEP. This can cause the lock to break earlier than in the
undisturbed case producing spikes in the CEP measurement. It is thus interesting to try to
separate the two loops. A solution proposed by C.Li et al [1] is to use the signal measured
with the f-2f of the slow loops to act with a piezoelectric transducer, changing the distance
in the telescope grating of the stretcher. Another solution is to replace the sensitive grating
adjustment by the introduction of dispersive material. In particular the CEP of the ultra-short
amplified pulses can be controlled by slightly changing the dispersion in the pulse stretcher or
compressor, without significantly changing the output pulse duration. In the previous section
we have demonstrated how the CEP of the output pulses can be controlled with the AOPDF.
This device can then be used to stabilize the CEP after the measurement of the slow drift. The
advantage of this solution is the separation of the two loops without any additional elements
into the laser chain. The development of this solution has been done in collaboration with
Fastlite.
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For the CEP stabilization with the AOPDF, like in the commercial APS800 Menlo system,
the information from the f-2f fringes is extracted using the FTSI technique. After choosing a
target CEP, the correction phase is applied with a proportional-integral (PI) feedback controller
with the Dazzler. As discussed previously by pre-computing and pre-loading a set of RF waves
with different CEP values in SRAM memories, the RF generator is able correct for any CEP
phase drift at high repetition rates. The stabilization repetition rate is in fact determined
by the overall loop time. In the case of AOPDF feedback loop this time is 60 ms (10ms
of data acquisition, 30ms of data transfer and computation, 20ms of data transfer to RF
generator) corresponding to a mean stabilization repetition rate >15Hz. Fig. 6.34 shows the
CEP measured with the f-2f interferometer (averaged on 5 shots) before the activation of the
AOPDF feedback (firsts 10 seconds) and after the stabilization (64 acoustic wave were loaded).
The effect of the feedback is clearly visible. The target of the stabilization was also changed
(0,41,-1,0) to demonstrate the control of the CEP in closed loop. Fig. 6.36 shows the phase
noise (dB, rad?/Hz) for the open loop measurement (blue curve) and after the stabilization
with the AOPDF(red curve). The effect of the correction is clearly visible(the intersection of
the two curves). The rms CEP stability obtained with the AOPDF feedback loop is 144 mrad
(334mrad FWHM) that needs to be compared with the result obtained using the standard
APS800 Menlo system loop (131mrad (290mrad FWHM)). The two results are comparable.
The large discretization level (98mrad for 64 waves loaded) of the CEP correction in the AOPDF
loop is suspected to contribute to the slightly higher rms noise with the AOPDF loop. Future
developments will enable a direct hardware feedback on the AOPDF and an increased number
of memories (256), allowing both faster (500Hz) and finer (<25mrad) feedback.
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Figure 6.34: Single shot CEP measured with the f-2f interferometer before the activation of the
AOPDF feedback (firsts 10 seconds) and after the stabilization. The effect of the feedback is
clearly visible. The target of the stabilization was also changed (0,+1,-1,0) to demonstrate the
control of the CEP in closed loop
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Figure 6.35: Phase noise (dB, rad?/Hz) for the open loop measurement (blue curve) and after
the stabilization with the AOPDF(red curve). The effect of the correction is clearly visible to

a frequency of 4 Hz (the intersection of the two curves).
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6.11 Hollow Fiber

6.11.1 Introduction

The temporal duration of the pulses that can be generated in a CPA laser system is limited to
approximatively 18 fs [15, 7, 22, 20], for mJ level pulses. This limitation is mainly due to the
gain narrowing during amplification. To balance this spectral narrowing several spectral shaping
techniques have been tested. These solutions make it possible to reach temporal duration shorter
than 15 fs. To generate pulses in the few-cycle regime post-compression spectral broadening
techniques are necessary. The two most common are the propagation in a hollow-core fiber filled
with noble gas [11] and filamentation [9]. Although a higher transmission efficiency and the
possibility of self-compression has been claimed for filamentation [17, 8], the main drawback of
this technique is that the compressed temporal duration varies radially across the beam [6, 21].
This implies that, in order to obtain a sub-10 fs pulse, only the central part of the beam needs
to be selected with a corresponding substantial reduction of the usable energy. Furthermore 5
fs pulses can not be generated in a single filamentation stage. The solution chosen for the "salle

noire” laser system is spectral broadening in a hollow fiber.

6.11.2 Hollow fiber

Few-cycle pulses can be generated by extra-cavity compression techniques, in which the pulses
are spectrally broadened upon propagation in a suitable nonlinear waveguide and subsequently
compressed in a carefully designed optical dispersive delay line. Spectral broadening of laser
pulses by self-phase modulation in a single mode optical fiber is a well-established technique:
pulses down to 6 fs were obtained in 1987 from 50-fs pulses generated in a mode locked dye
laser [5]. More recently 13-fs pulses from a cavity-dumped Ti:sapphire laser were compressed to
5 fs with the same technique [1]. However, the use of a single-mode fiber limits the pulse energy
to a few nanojoules. A powerful pulse compression technique based on spectral broadening in
a hollow fiber filled with noble gas has demonstrated the capability of handling high energy
pulses (sub-mJ range) [11, 12]. This technique presents the advantages of a guiding element
with a large diameter mode and a fast nonlinear medium with a high threshold for multiphoton
ionization. The theoretical principles of the propagation in a hollow fiber are briefly presented
in the next section. In section 6.11.4 I present results about the generation of few-cycle pulses

(4.3 fs) with an energy of 1 mJ. The CEP stabilization of this pulses is also demonstrated.
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Figure 6.37: Schematic of the propagation in a hollow-core fiber.

6.11.3 Propagation modes and losses in hollow fibers

The use of hollow fibers permits the exploitation of spatially uniform SPM and overcomes the
limitation imposed on the pulse energy by the small core diameters of single mode fibers. Owing
to the large and scalable mode size, this technique can handle much higher pulse energies than
traditionally used single-mode optical fibers. Wave propagation along a hollow waveguide can
be thought of as occurring by grazing incident reflections at the dielectric inner surface. Since
the losses caused by these multiple reflections discriminate against higher order modes, only
the fundamental mode will be transmitted through a sufficiently long fiber. This offers the
potential for using a large channel diameter without compromising the quality of the output
beam. The modes of hollow cylindrical fibers with diameter much larger than the wavelength
were considered by Marcantili and Schmeltzer. These fibers support three types of modes:
transverse circular electric (T'Ey,,), in which the electric field lines are transverse concentric
circles centered on the propagation axis. Transverse circular magnetic (7' Mo,, ), with the electric
field directed radially, and hybrid mode EH,,, (|p| > 1) with all the electric and magnetic
components present. For fused silica gas-filled fibers the lowest-loss mode is the £ Hy; hybrid

mode, whose intensity profile as a function of the radial coordinate r is given by:
I(r) = 1yJ3(2.405r /a) (6.12)

where [ is the peak intensity, Jy is the zero-order Bessel function and a is the capillary
radius. Fig. 6.38 shows the transmission of the fundamental mode E'Hy; at 780 nm as a function

of hollow fiber length for different values of the capillary radius.
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Figure 6.38: Transmission of the fundamental mode FH;; at 800 nm function of the fiber

lengths and for different internal radius of the fiber. Reprinted from [12].

Another important point is the coupling efficiency of the input power in the fundamental
mode EHy;. For maximizing this parameter the size of the beam at the input of the fiber
needs to match the mode we want to couple. A theoretical coupling efficiency of 90 % has been
theoretically demonstrated for a radius between 0.49a and 0.84a. If the modes are not matched
the losses increases and more energy is coupled in the higher order modes. This decreases the
throughput of the fiber and affects the output spatial quality. Working with a correct coupling,
the fiber acts like a spatial filter and the output beam has a very good spatial quality.

The propagation in a hollow fiber is described by the propagation equation I have derived in
the SEWA approximation (section 3.4.6). The two main phenomena governing the propagation
are SPM and GVD. SPM induces the spectral broadening and introduces a nonlinear spectral
phase. The influence of SPM is evaluated defining the non linear length:

1
Py

where Fj is the peak power of the pulse and ~ is the non linear coefficient. ~ is defined as:

Lo = (6.13)

UPI%%)

= 6.14
i (6.14)

where wy is the laser pulsation, ¢ the speed of light, n, the non linear index of refraction of
the gaz and A,y the effective area of the mode.
The influence of the GVD is estimated defining the dispersion length L :
T2
L,=—-% 6.15
B (019
where T is the duration (at 1/e? in intensity) of the input pulse and [, = gz—g is the

dispersion of the group velocity. These two parameters quantify the physical length for the
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contributions of SPM and dispersion. In particular for a good compressibility of the spectrally
broadened pulses there should be an equilibrium between the two phenomena. The optimal
regime is given for a fiber length: L., > /6L, L.

6.11.4 Experimental results

Recently, Cavalieri et al. have demonstrated sub-4 fs pulses with 400 pJ energy via HCF com-
pression of 1mJ, sub-23fs pulses [4]. Additional efforts have been made to push the output
energy up to ~1mJ by safely coupling higher energy seed pulses into the fiber [19, 10]. For a
HCF filled with a static gas pressure, however, the achievable output energy becomes quickly
limited by self-focusing and plasma formation due to ionization of the gas, which degrade beam
coupling into the fiber and result in significant energy losses. The use of longer and larger
fiber cores with a pressure gradient helps delay these effects until the pulses are coupled well
into the fiber, thereby making it possible to scale few-cycle pulse production beyond the mJ
level [18, 13, 2].

Spectral broadening in a HCF is strongly dependent on the input pulse parameters such
as duration and energy. A much less explored experimental parameter, however, is laser po-
larization [16]. Changing the polarization state of the laser from linear to circular provides a
simple way of coupling more energy into the fiber since it reduces both the Kerr nonlinearity [3]
and ionization [14] of the gas at equivalent intensities. The solution we tested to increase the
energy out of a statically filled HCF was therefore to seed it with circularly polarized laser
pulses. With this technique, we generated 4.3fs, 1mJ pulses, compressed from 2.5mJ, 22fs
seed pulses. A comparison between linear (LP) and circular polarization (CP) shows that the
energy throughput and the long-term spectral stability of the output pulses is significantly
enhanced for CP.

The high-energy seed pulses in our experiments were generated using the "salle noire” laser
at first with prisms + chirped mirrors compressor. The CEP stability after the hollow fiber for
this high energy seeding has been confirmed after the installation of the transmission gratings

+ chirped mirrors compressor.
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Figure 6.39: Schematic of the statically filled HCF setup seeded with circularly polarized pulses.

WP1,2: broadband zero order quarter wave plates.

In the HCF compression setup, shown in Fig. 6.39, the input beam can be changed from
LP to CP using a zero-order quarter wave plate (WP1). The beam is then loosely focused
into the HCF by a f = 1.5m focusing mirror. The HCF is 1m long with an inner diameter
of 250 um and rests inside a tube filled with a static pressure of Neon gas. The output beam
can then be changed from CP back to LP for measurements downstream using a broadband
zero-order quarter wave plate (WP2). Residual pulse dispersion is finely compensated by a set

of broadband chirped mirrors (CMs) (Femtolasers GmbH) and a pair of fused silica wedges.
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Figure 6.40: HCF output pulse energy for CP (black line) and LP (red line) as a function of

Neon pressure, for an input pulse energy of 2.5mJ.
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In the experiment, the difference in output pulse energy and spectral broadening between
LP and CP was measured for the 2.5mJ, 22fs seed pulses. Fig. 6.40 shows the output pulse
energy after the HCF as a function of gas pressure. A throughput enhancement is already
quite visible for CP even in the case where the remnant gas pressure is very low (<< 1 mbar).
For both CP and LP, the output energy decreases with increasing gas pressure but the energy
throughput remains higher for CP. Reduced self-phase modulation due to a diminished Kerr
effect for CP means that spectral broadening is less pronounced for CP at pressures below
~ 1bar. At higher pressures, however, pulse broadening for CP becomes comparable to that for
LP, which can be explained by higher ionization losses for LP due to stronger ionization. At an
optimum pressure of ~ 1.1 bar, the 1.1 mJ output energy measured for CP is almost 30 % higher
than the 0.85 mJ measured for LP. Fig. 6.41 shows the spectral broadening recorded for CP and
LP at the optimum pressure of 1.1bar. A careful comparison of the two cases reveals that for
CP (black line) a more homogeneous pulse broadening occurs around the central wavelength
(780 nm) together with a clear extension of the spectrum towards shorter wavelengths, which

is more adapted for obtaining cleaner compressed pulses.
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Figure 6.41: Broadened HCF spectrum before (black line) and after (red line) the chirped

mirrors for CP and LP before the chirped mirrors (grey line).

At the optimum pressure of ~ 1.1 bar, the broadened spectrum (Fig. 6.41) for CP can support
3 fs transform-limited pulses. The compressed pulse duration is measured after fine compensa-
tion of pulse chirp using a commercial second-order autocorrelator (Femtolasers GmbH) suited
for sub-5fs pulse characterization. A typical optimized compression result for CP is shown in
Fig. 6.42, showing a very good agreement with the theoretical autocorrelation trace for a 4.3 fs
sech? pulse at a central wavelength of 780 nm (red filled circle in Fig. 6.42). This pulse duration
corresponds to ~ 1.6 cycles of the carrier wavelength. The background oscillations present in

the experimental autocorrelation trace are most likely due to satellite pulses resulting from the
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combined effects of residual uncompensated spectral phase and the sharp modulations in the
broadened spectrum. In addition, spectral clipping due to the bandwidth limit of the chirped
mirrors was observed, as shown in Fig. 6.41 (red line), meaning that the compressed pulses
could be shorter. Here, it is worth mentioning that the bandwidth of the zero-order quarter

wave plate after the HCF is broad enough such that no spectral effects were observed.
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Figure 6.42: Measured (black line) and fitted (red filled circles) second order autocorrelation
traces of the compressed pulses for CP. The seed energy is 2.5 mJ and the Neon pressure is 1.1
bar.

Although no obvious differences were observed in beam pointing for both polarization states,
we did however observe that CP yields a more stable output spectrum over time. Fig. 6.43 shows
density plots of the output spectra for CP and LP made from 20000 successive shots at the
optimum pressure of 1.1bar. Here, we observe a significant improvement in stability for CP,

especially at the extremities of the spectrum.
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Figure 6.43: Density plot of the output spectrum of the HCF for CP (a) and LP (b) for a seed
pulse energy of 2.5 mJ and Neon pressure of 1.1 bar. The fluctuations of the spectrum are the

highest where the curve is the broadest

The CEP drift of the compressed pulses was measured with the f-2f interferometer, after the
installation of the transmission gratings 4 chirped mirrors compressor. In this configuration
we inject the fiber with 2 mJ with an output of 1.1 mJ. The gas pressure in CP is 1.5 barr.
The measured FROG trace of the compressed pulses together with the reconstructed temporal
shape is shown in Fig. 6.44. After the fiber the spectrum is already sufficiently broad to be
doubled directly in the BBO crystal without passing in the sapphire plate. We measured an
RMS CEP drift of 230 mrad (acquisition time 1 ms, averaging on 20 shots) (Fig. 6.45). This
corresponds to an additional noise of 50 mrad compared to the results directly after the hybrid

compressor. This additional noise is due to the intensity fluctuations that are coupled to CEP
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fluctuations by the nonlinear index in the HCF.
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Figure 6.44: FROG trace and temporal reconstruction of the compressed pulses after the hollow-

core fiber.
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Figure 6.45: Closed loop CEP drift after spectral broadening in a hollow-core fiber and recom-

pression.

6.11.5 Conclusions

In conclusion seeding the hollow fiber with circularly polarized pulses is a good solution to obtain
a significant enhancement in energy throughput together with a notably improved spectral

stability for circularly polarized seed pulses. Using this approach, 1 mJ, sub-5fs pulses could be
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generated, compressed from 2.5mJ, 22fs. Seeding larger core fibers with circularly polarized
pulses should provide a effective way for generating sub-5fs pulses with even higher (multi-mJ)
energies. This solution is the one adopted in our system for the generation of the energetic few-
cycle pulses. As presented in the introduction the goal of the laser development of my group is
to build an efficient (solid target) single attosecond source at high repetition rate (1 kHz). To
obtain this source it is necessary to dispose of mJ level, CEP stabilized, kHz, few-cycle pulses.
We can now satisfy these requirements. The ASE temporal contrast of our system is 107 which
is enough to avoid pre-ionization of the target at least in the sub-relativistic regime. If the beam
is taken directly after the hybrid compressor we also have a multi-mJ, 25 fs, kHz laser source
for experiments in the multi-cycle regime. In the next chapter, after an introduction of the
different regimes of high order generation on solid target, I will present the first experiments of
laser-matter interaction with the study of the plasma mirror. In the last chapter of this thesis
I present the future development of a double CPA system using an XPW contrast filter for
obtaining ultra-high contrast pulses.

I,
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Chapter 7

High order harmonic generation on

solid target

7.1 Introduction

In this chapter, after an historical overview of the high harmonic generation (HHG) on solid
targets, I give a theoretical introduction of the two harmonic generation mechanisms and of the
possibility of obtaining attosecond pulses from these harmonics. I then introduce the plasma
mirror interaction regime that occurs for intensities below the generation of harmonics. This
plasma mirror interaction can be used to increase the temporal contrast of the laser pulses. The

first experiments of laser-matter interaction in this regime are presented in the last section.

7.2 Historical overview

High harmonic generation from solid plasmas was first observed by using high-energy nanosec-
ond pulses from CO, laser systems [5, 6, 7]. In these experiments pulses with an energy in
the Joule level at 10.6 u.J with ns duration were focused to the intensity of «~ 10 Wem ™2,
and harmonics up to 46th order («~ 230 nm) were observed. Theoretical studies attributed
the harmonic generation mechanism to the nonlinear restoring force of the plasma and mode
coupling into plasma oscillations [2]. They also predicted that there would be a cut-off in the
harmonic spectrum, whose position is determined by the plasma density. Another decade was
needed until the first observation of harmonics from plasma surfaces using femtosecond pulses
produced by table-top Ti:Sapphire laser systems [25]. Typical parameters were «~~ 100m.J of en-
ergy at v 800nm with «~» 100 fs duration. Although the pulse energy was 3 orders of magnitude
lower than that from C'O, lasers, the pulse duration, being shorter by 4 orders of magnitude,

allowed to achieve the intensity of « 10'"Wem=2.

amplitude scales as a? oc ITA\?, higher intensity was compensated by shorter wavelength, i.e.,

On the other hand, since the relativistic

the value of a;, was comparable to that of C'O, lasers. Nevertheless, it was shown that surface
harmonics can be generated with a much smaller, table top laser system. In the meanwhile,

numerical simulations (particle-in-cell PIC simulation code) found that there is no cut-off in
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the spectrum [10], which is in contrast with the prediction from previous studies. Harmonics
beyond the predicted cut-off were also experimentally observed using a high power, picosecond
Nd:glass laser with a focal intensity of «~ 10°TWem™2 at 1053 nm [18]. A new theoretical model
was proposed to explain these results, which is known as the oscillating mirror model [14].
The model predicts that the harmonics are generated from fast moving reflective surface [4].
The appearance of the cut-off in the previous mode-coupling picture was attributed to the low
resolution PIC simulations [10]. The oscillating mirror model and the numerical simulations
predicted that the harmonic generation could be extended well beyond the previously expected
cut off by increasing the laser intensity to the relativistic regime [10]. This new prediction
leads to growing interest into harmonic generation from plasma surfaces as a source of coherent
XUV radiation. Many experimental studies have followed. Several investigations have found
that the harmonic generation process is strongly dependent on the plasma scale length [26, 22].
Harmonic generation efficiency was found to have an optimal scale length above zero, and then
drop rapidly as the scale length increases [26, 12]. In fact, improving the temporal contrast of
the incident pulses was found to be beneficial to the harmonics generation process [15]. An-
gular distribution of the generated harmonics was also studied. For picosecond laser pulses,
the angular distribution was found to be near isotropic rather than specular [18], which was
attributed to surface rippling owing to the high ponderomotive pressure. On the other hand,
XUV beam directed in the specular direction was observed for femtosecond laser pulses [22],
where the interaction occurs faster than the plasma expands. The polarization dependence
of the process was studied by several group [18, 22]. The harmonic generation efficiency was
observed to be lower for s-polarization when femtosecond pulses were used [26, 22|, which was
consistent with the prediction of the oscillating-mirror model [14].

Theoretical work has pursued the possibility of the harmonic generation process as a source
of attosecond pulses. It was pointed out that harmonics are inherently phase locked and that
leads to a train of attosecond pulses [19]. Another work proposed to focus a few-cycle pulse
into a spot as small as the fundamental wavelength (A), which leads to the generation of
an isolated single attosecond pulse in a certain direction [16]. Analytical work similar to the
oscillating-mirror model [11] has revealed that the harmonics spectra scales as a power law:
I, < ¢P, where q is the harmonic order and p is the scaling parameter p— 2.5. From this slow
power-law decay, they predicted that even a train of zeptosecond pulses could be produced.
This scaling was verified by experimental observation of the harmonic spectrum scaling law.
It was also predicted that the cut-off position should scale as «~ 3, where ~ is the relativistic
~v-factor. This means that the highest harmonics generated from this process scales up very
rapidly when the intensity of the incident field is increased. This scaling of the cut-off was also
confirmed experimentally [8]. One more important thing to be mentioned are the studies on
of harmonic generation in non relativistic regime [20]. They found that there is a harmonic
generation process efficient with non-relativistic intensity, which they named as coherent wake
emission (CWE). The results predicted from their model are similar to the prediction from very

early theoretical models, for example, the observation of the cut-off.
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7.3 Harmonic generation mechanism

Harmonic generation mechanism from solid surfaces is categorized into two different regimes
depending on the incident laser intensity: relativistic regime and non-relativistic regime. The
former is known as relativistic oscillating mirror (ROM) model [14, 25], while the latter is

named as coherent wake emission (CWE) [20].

7.3.1 Relativistic oscillating mirror

To understand the physical mechanism of harmonic generation from solid target, we can consider
an electromagnetic wave incident on the surface composed of a number of electrons that can
oscillate around an immovable ion background (Fig. 7.1). The plasma can be directly created
from the solid target by the leading edge of the laser pulse. The plasma electrons are accelerated
along the polarization direction by the electric field and acquire a velocity that is proportional

to the normalized filed amplitude ap:

eEL
wrmc

(7.1)

where E;, and wy, are the electric field and the laser frequency respectively. As long as the laser
intensity is such that a; << 1, the magnetic field B does not play any relevant role, but it
becomes relevant for a;, > 1. In such condition the Lorentz force F, Bl A2 sin(2wrt)
tends to move the electrons parallel to the laser propagation direction inducing an oscillatory
motion. The interplay between the Lorentz force and the restoring force due to the electrostatic
field induced charge separation, determines an oscillatory motion. Since the incident electro-
magnetic pulse is reflected at the electron surface and this surface is moving relativistically, the

incident field experience an extreme Doppler up shift up to:

Qnae ~ 472 wr, = 4(1 + a3 )wr, (7.2)
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Figure 7.1: Schematic drawing of oscillating mirror. The electromagnetic field of the incident
pulse drives the plasma-vacuum interface back and forth. The pulse experience a huge Doppler
shift upon reflection on the oscillating surface, which leads to the generation of high frequency

components. Reprinted from [17]

7.3.2 The relativistic y-spikes model

The oscillating mirror model offers a simple and intuitive picture of the harmonic generation
process for solids, leading to a simple law for the cut-off frequency. However, recent experimental
works have evidenced a different evolution of the cut-off frequency as a function of the maximum
relativistic V.. The experimental data have been interpreted using a different theoretical
analysis performed by Baeva et al.[1]. This theory allows one to recognize the different behavior
between the plasma electrons and the plasma surface during the interaction with the relativistic
laser pulse. Indeed, whereas the velocity of the electrons are close to the speed of light in all
instants (with a component both normal p,, and parallel p, to the plasma surface), the plasma
boundary behave in a quite different way. Its velocity vy is not ultra-relativistic for most of
the times but smoothly approaches ¢ only when the tangential electron momentum vanishes
(Fig. 7.2(a),(b)). The v-factor of the surface v, also shows a specific behavior Fig. 7.2(c). It
has sharp peaks at those times for which the velocity of the surface approaches c¢. Thus, while
the velocity function vy is characterized by its smoothness, the distinctive feature of v, are its
quasi-singularities. When v, reaches its maximum and 7, has a sharp peak, high harmonics
of the incident wave are generated and can be seen in the reflected radiation. The temporal
width of this 7 spike scale as At ~ 1/%4:. In other words the duration of the emitted pulse
scales accordingly. Since this pulse is compressed by Doppler shift by a factor 492, and the
emission of these harmonics is confined to a time interval At/4~2  ~ 1/43 it thus contains
frequencies up to ~ ~3 . This theoretical prediction is in agreement with experimental results.
In particular it demonstrates way a universal harmonic spectrum (that does not depend on the

particular surface motion) can be derived. Physically, only the time interval of 7-spiking is
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responsible for harmonic generation. Consequently only region around the maximum velocity
v, corresponds to the harmonic spectrum. As a result, since all smooth functions resemble
parabolas around their maxima, the harmonic spectrum is universal (Fig. 7.3). It contains two
qualitatively different parts: a power low decay (to the spectral cut-off) and an exponential

decay.

p. Ad

Figure 7.2: Schematic view of the principle of the « spike model. (a) Electron momentum
component parallel to the surface as a function of time; (b) velocity of the plasma surfaces and

(c) v factor of the surface. Reprinted from [1].
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Figure 7.3: The universal high harmonic spectrum contains power law decay and exponential

decay (plotted in log-log scale).

7.3.3 Coherent wake emission

When the intensity of the incident laser field is not relativistic,the oscillating mirror does not
generate harmonic efficiently and CWE becomes dominant. Fig. 7.4 illustrates the process of
CWE. The CWE is a process associated with plasma wake oscillation. This process occurs for
a p-polarized incident electric field. When a pulse is incident on the surface of the plasma,
the electric field of the pulse pulls electrons out from the plasma. Those electrons, named
Brunel electrons, are driven back into the plasma by the same electric field and absorbed by
the plasma, a process known as vacuum heating [3]. These electrons bunch in the plasma
density gradient and constitute a density wave inside the plasma. As the density wave travels,
it triggers plasma oscillations in its wake. These plasma oscillations are converted back to
electromagnetic waves at the point where the wave front of the wake turn around [21]. As
the generated electromagnetic wave travels along the density gradient, it refracts and comes
out of the plasma in the specular direction of the incident beam. Since this occur within a
fraction of cycle, each wave generated is in a form of a pulse shorter than one optical cycle,
possibly sub-femtosecond. The CWE process has several interesting properties. As apposed
to the ROM harmonic generation, this process is efficient down to the incident intensity of
IN? ~ 4 x 10"®Wem™2 [20], which corresponds to the normalized amplitude of aj ~ 0.05.
Therefore, CWE will be the dominant harmonic generation mechanism when the intensity is
non relativistic. Another important feature of CWE is that the harmonic spectra shows a
clear cut-off at the maximum plasma frequency wy,, which is determined by the density of the
plasma. The reason way no harmonics are generated above w,, is that the generation process
relies on the density wave in the plasma. This is in contrast with the spectra of ROM harmonics,
where it shows a slow roll-over around the frequency /873 .. The harmonics and a pulse train

generated from CWE is chirped in two ways. One is a chirp generated within the density
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gradient, because the higher frequency component is generated from the higher-density part in
the plasma and hence needs to travel more to come out of the plasma. The other is a chirp
coming from the velocity of the electrons pulled out into the vacuum. Since the velocity of the
electrons is dependent on the intensity of the incident pulse, the time they require to re-collide
with the plasma surface depends on the intensity. In other words it gains a chirp according to
the intensity envelope of the pulse. The former introduces a chirp in a single attosecond pulse
in a train, which is analogous to an chirp observed in gas HHG [24], while the latter changes
the time spacing between individual pulses in a train, analogous to a harmonic chirp [24]. A

typical CWE spectrum is shown in Fig. 7.5.

(@)

|

Incident
pulse

Generated
pulse

Figure 7.4: Schematic illustration of the coherent wake emission. (a) The pulse enter the plasma
density gradient with an oblique incidence. (b) The electric field of the pulse pulls electrons out
from the plasma into the vacuum and then drives them back into the plasma. The plasma gains
the energy through the recollision (vacuum heating) and plasma density wave is generated. (c)
Plasma oscillation in the wake of the density wave generates a pulse back into the vacuum.
Reprinted from [17]
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Figure 7.5: Typical raw harmonic spectrum

7.4 Route to intense attosecond pulses

One of the most appealing aspects of harmonic generation from solid surfaces is its potential
to generate intense attosecond pulses [23]. In fact the predicted harmonic generation efficiency
is several order of magnitude higher than that of gas HHG and thus attosecond with very high
intensity are expected. According to theoretical studies, the surface HHG process is capable of

generating a train of attosecond pulses [19] or an isolated attosecond pulse [23, 16].

7.4.1 Generation of a train of attosecond pulses

When several equidistant frequencies are phase-locked, superposing them will lead to a train
of pulses much shorter than the cycle of the original frequencies. Applying this idea to the
harmonics was proposed to generate a train of attosecond pulses [9]. One of the properties
that makes harmonic generation process suitable for attosecond pulse generation is its broad
spectral span of the generated harmonics. Even for harmonics from a monochromatic wave, the
overall spectral bandwidth is as wide as Aw v~ 2Nw, where N is the number of the synthesized
harmonics. The expected pulse duration after the Fourier synthesis is 7 «~ 1/Aw « 1/2Nw.
Note that the factor of 2 appears only for gas HHG, where only odd harmonics are generated.
For example, when a 800 nm fundamental wave (w = 2.35 x 10"°Hz) is used, synthesizing
three harmonic of gas HHG (five for surface HHG) can lead to an attosecond pulse train, where
each pulse is as short as ~ 100as. Above mentioned analysis assumed that the harmonics

were phase locked which is not necessary the case in reality. In fact, it was found that the
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individual atoms are not phase locked in the gas HHG process. On the other hand it was
also found that the propagation in the atomic media will results in the phase locking of the
harmonics, which allows the generation of a attosecond pulse train. This have been successfully
experimentally demonstrated. Since the physical origin of harmonic generation from plasma
surfaces is different from that of gas HHG, the same question arise as whether harmonics are
phase locked and attosecond pulses can really be generated. Theoretical studies found that this

is indeed the case and predicted that it is possible to generate a train of attosecond pulses [19].

7.4.2 Generation of isolated attosecond pulses

Although a train of attosecond pulses can be used for applications such as spectroscopy, the
interpretation of the data will be a convolution of information from each pulse in the train.
Therefore, an isolated attosecond pulse would be more desirable. It exists two solutions for
generating these pulses derived from HHG in gases: using few-cycle pulses and polarization
gating. For our system the first solution has been chosen. Fig. 7.6 illustrates the principle of
this method. When the incident pulse is short enough, the highest frequency component is
generated only at the middle of the pulse, where the intensity is significantly higher than the
other part of the pulses. Filtering out that highest frequency part of the spectrum will lead
to a single attosecond pulse. When the incident pulse is longer, on the other hand, the high
frequency component is generated over several cycles, i.e filtering results in a train of attosecond
pulses instead of a single attosecond pulse. It is also important to notice that a shorter incident
pulse can lead to a shorter attosecond pulse, because the threshold intensity at the middle will
be lower and thus the spectral region that can be used synthesize the attosecond pulse will be

broader.
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(a)

Incident pulse Filtered pulse

Figure 7.6: Principle of single attosecond pulse generation by a few cycle pulse. Dashed lines
show the threshold intensity for generating the high frequency component of interest. (a)
When the incident pulse is short, only one cycle contributes to the generation of high frequency
component. (b) When the incident pulse is longer, where the high frequency components is
generated over several cycles, a train of attosecond pulses is generated instead. These are
symbolic drawing to show the idea. In reality, the generation timings of the attosecond pulses

do not necessarily coincide the peaks of the field. Reprinted from [17]

It is possible to apply this method to the surface HHG process directly because the principle
is the same. There is a small difference that the high frequency components is generated twice
per optical cycle for gas HHG, while once per cycle for surface HHG. This difference is actually
advantageous in practice because the condition on the pulse duration is slightly relaxed. One
important thing to consider is the effect of the carrier envelope phase on the harmonic generation
process. In gas HHG, a cosine pulse produces a single attosecond pulse, while a sine pulse
produces two attosecond pulses (Fig. 7.7). For surface HHG, numerical simulations predict an
analogous behavior. Therefore, as I have already introduced, it is necessary to control the CEP

to control the generation of single attosecond pulses.
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Figure 7.7: High order harmonic spectra obtained experimentally in gases with a few cycle

laser. (a) cosine shaped and (b) sine shaped waveform. Reprinted from [13]

7.5 Plasma mirrors

7.5.1 Introduction

I have demonstrated that the ”"salle noire” laser system satisfies all the initial prescriptions for
attosecond generation on solid target. The actual temporal contrast of 7 orders of magnitude
in the ns regime is a limitation principally for the ROM harmonics where the highest focused
intensity are needed. A solution to increase the temporal contrast without any major modifi-
cation of the laser system consists of using the plasma mirror technique at the output of the

laser. Studying plasma mirror is also very useful because the rotating/translating target for the
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plasma mirror is the same that the one used for HHG generation and because this is the first
regime of the laser-plasma interaction. Passing from the plasma mirror regime to HHG regime
(CWE and then ROM) implies to increase the focused intensity.

Discussing the contrast filtering techniques I have shown that they are based on the nonlinear-
ity on their response. The ionization of a dielectric material, a very nonlinear phenomena, is
also a good candidate to be used in a contrast filter. Electric insulators have a large band-gap
and are transparent for visible wavelength. However, if the intensity focused on the insulator
is sufficiently intense, electrons are excited from the valence band to the conduction band. If
the density of the excited electrons is higher than the critical density N, = egmew? /e?, the
dielectric will act like a plasma. In particular it will become highly reflective. The ionization
phenomena is also very fast. It can now understood how a plasma mirror works for the contrast
enhancement. If the intensity of the pedestal is below the ionization threshold of the target and
the main pulse ionizes the target due to multi-photon absorbtion and is reflected, the contrast
between the two is increased. This kind of interaction is named plasma mirror. The situation

is depicted in Fig. 7.8.

Target

Figure 7.8: Principle of the plasma mirror (1) The incident pulse is focused onto a transparent
target. (2) The prepulse/pedestal are transmitted through the material. (3) Plasma is generated
by the leading edge of the main pulse. (4) The rest of the pulse is reflected by the generated
plasma. Reprinted from [17]

To be more specific, the pedestal, even below the ionization threshold, will be slightly
reflected. The contrast enhancement is then the ratio between the initial reflectivity seen by
the pedestal and the reflectivity of the plasma generated by the main pulse. It is thus important
to limit the initial reflectivity and to have a high plasma reflectivity for the main pulse. Another
very important issue is that the plasma generated on the surface of the dielectric will cause

a damage in this zone and the next shot needs to illuminate a different point of the target.
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This is why, until now, the plasma mirror technique has been applied mainly in single shot
configuration or at very low repetition rate. To extent this process to the kHz repetition rate
implies working with a rotating and translating target. The development of the target has been
done by A. Borot, another PhD member of the PCO group. A representation of the target

inside the interaction vacuum chamber is shown in Fig. 7.9.

Figure 7.9: Translating/rotating target mounted inside the vacuum chamber. The target is

made by fused silica

7.5.2 Experimental setup and results

For the plasma mirror experiments we used the 25 fs pulses compressed with transmission grat-
ings + chirped mirrors. To further clean the spatial profile the output beam passes through

the hollow fiber without any gas inside to act just as a spatial filter. The positive dispersion
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of the windows is compensated by reflections on the already installed chirped mirrors. The
beam is then expanded by a factor of two with a mirror telescope and passes through a \/2
and a polarizer. These elements are used to finely tune the fluence on the target. A second
A/2 is used for changing the polarization state before entering the interaction chamber (under
vacuum). Inside the chamber the beam is focused with a f=300 mm lens on the solid target with
an incident angle of 45°. This super polished fused silica target has an RMS surface flatness of

A/10 and an anti reflecting coating at 800 nm.

Fig. 7.10 shows the measured time-and space-integrated reflectivity for s and p polarization
function of the input fluence. The maximum fluence corresponds to an input energy of 450 u.J.
The input and reflected beam were measured using two calibrated photodiodes and acquired
digitally. The fluence is calculated by dividing the input energy by the FWHM of the focused
beam which is the same for both polarizations (Fig. 7.11). The highest reflectivity (75 %) is
reached with s-polarization. This is due to the absence of the losses due to resonance absorption
and Brunel absorbtion [3]. These effects are acting with p-polarization and reduce the reflected
energy. On the other hand the reflectivity is higher for s-polarization than for p-polarization
(for p-polarization we are close to the Brewster angle).

In s-polarization we expect an increasing of the temporal contrast of 1 order of magnitude
with a high transmission efficiency. The contrast enhancement can be increased to 2 orders of

magnitude reducing the initial reflectivity with a better anti-reflecting coating.

Generating harmonics after cleaning the temporal contrast with a plasma mirror implies having
two rotating targets. Due to the complexity of this setup at the kHz repetition rate and the loss
in energy we decided, for the future HHG experiments, to start using the current laser source
without any contrast filtering technique. The high contrast (> 10'°) pulses will be obtained
integrating an XPW filter in the laser system in a double CPA configuration. The design of

this system is the subject of the next, conclusive chapter.
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Figure 7.11: Focal spot on the target measured with a CCD camera
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Chapter 8

Conclusions and perspective

8.1 Introduction

My Ph.D work focused on the possibility of generating high contrast, ultra-short pulses for doing
high repetition rate relativistic optics. In this manuscript I presented the study of the XPW
contrast filter for obtaining the high contrast pulses and the development of a mJ level, few-
cycle, CEP stabilized source. During this work several devices were developed in collaboration
with the company FASTLITE. Two different hybrid compression schemes were tested and the
solution based on transmission gratings and chirped mirrors was adapted. Some preliminary
results were obtained using the source in laser-matter experiments in the sub-relativistic regime
(plasma mirror regime). To efficiently generate harmonics in the relativistic regime a high
temporal contrast is also needed. In particular recent experiments underline the importance of
a high temporal contrast down to just a few picosecond before the main peak. This implies
to control both the incoherent and coherent contrast. The XPW filter is the chosen solution
that satisfies those requirements. The installation of a XPW filter in the laser system involves
working in a double CPA configuration. The design of this solution is presented in the next

sections.

8.2 Double CPA XPW

The front-end of the "salle noire” laser is a commercial system (Femtopower CEP) delivering
CEP stabilized, 1 mJ, 30 fs pulses compressed in a prism compressor with a temporal contrast
of 108. This is the first building block (CPA) of the future system. To generate few-cycle, high

contrast pulses there are two possibilities:

e Implement an XPW contrast filter at the output of the Femtopower, seed the second CPA
for re-amplification keeping the high contrast. Broaden the spectrum in the hollow-core

fiber for the generation of few-cycle (high contrast) pulses. (I)

e Broaden the spectrum to the few-cycle regime in the hollow-core fiber directly after the

Femtopower, clean the few-cycle pulses temporally and spectrally with an XPW contrast
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filter and seed in the second CPA. (II)

After the developments done during my Ph.D on XPW generation, the two options above
are feasible. The second solution is scalable to higher energy but will result in a longer pulse
duration due to gain narrowing in the second CPA. Thanks to the XPW spectral cleaning af-
ter the hollow fiber, in the second configuration the spectrum will be less modulated but the
temporal contrast, at least in the nanosecond regime, will be the same for both configurations
(similar injecting energy in the second CPA). The contribution to the coherent contrast due
to the residual spectral phase is defined by the second CPA and so should be the same in the
two configurations. The contribution due to modulations of the spectrum will be smaller in the
second configuration. An experimental implementation similar to the second possibility (except
for the XPW filter) has already been tested [2, 3] with the generation of 3.4 mJ pulses with a
sub-10 fs temporal duration. Implementing an XPW filter after an hollow fiber with a further
amplification in an OPCPA system has also been tested by Tavella et al.

I believe that for our applications the first solution has several advantages in terms of cost,
simplicity and robustness. The sensitivity of the XPW filter to the spectral phase has already
been demonstrated for sub-10 fs pulses. In terms of daily operation (and also for the need of
broadband optics) it is much easier to implement the XPW filter at the 30 fs duration, where
the influence of the phase is less critical, followed by pulse broadening in the hollow fiber at the

end of the system. This solution is the one designed in the following part.

As I have discussed in section 4.11 the two crystals configuration with the first crystal in
focus is not easily scalable to high input energy and short pulse duration. With a reasonable
input beam size, in order to avoid white light generation in crystals, a focal length of 10 meter
is needed with a distance between the crystals of more than 1 meter to filter 1 mJ, 30 fs pulses
(the output of the Femtopower). Furthermore in order to avoid SPM in air, a major part of
the setup should be under vacuum. To dispose of a more compact and user-friendly filter there

are two solutions:

e the first consists in decreasing the input energy to 200 pJ (with a spatial filter) and work
in air with a standard two (holo- cut) crystal setup configuration. In this configuration
we have demonstrated the possibility of generating around 50 uJ with a overall efficiency
near 30 %. To seed the second CPA the beam needs to be stretched again and eventually
passes through another Dazzler. With a 70 % transmission of the stretcher and a 40 %
efficiency of the Dazzler there are 17 uJ to be amplified in the second amplifier.

e The second possibility is to try a high energy XPW configuration, using the whole energy
and focusing it with a short focal length (1 m) in a vacuum chamber with an iris placed at
the focus. The two BaF, are placed after the focus where the intensity is below the white
light generation threshold. In this configuration a global efficiency (considering also the

losses in the iris) of 10 % is expected with an output energy of 100 uJ. The spatial cleaning
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in the focus is necessary due to the spatial quality of the beam after the Femtopower. 30
wJ are then injected in the second amplifier. In this case the iris for the spatial filtering
and the crystals are placed under vacuum. Due to the limited amount of elements under

vacuum a simple plexiglas tube can be used. The advantage of this configuration is its

compactness and simplicity of alignment.

The increase in temporal contrast after a XPW filter is determined by the extinction ratio
of the polarizers eventually degraded by some linear birefringence of the nonlinear crystals. To
be conservative we can consider an increase in temporal contrast of 3 orders of magnitude.
Furthermore in both the configurations the spectrum is broadened after the XPW filter and a
FWHM >90 nm is expected. Tens of uJ pulses, with a temporal contrast higher than 10'° and
compressible to 15 fs can then be seeded into the second CPA.

The second amplifier stage has been designed using Commod pro in collaboration with B.
Mercier, another member of the PCO group. I assume the pulses stretched to 10 ps. The table
with the energy after each pass for the two XPW filter options and for different sizes of the

pump beam are shown in Tab. 8.1. This table also gives the accumulated B integral after each

pass.

Diameter of the pump spot  |500 pm 800 pm 300 pm 800 pm 1 mm 1 mm
gain per pass 13 13 7.8 7.8 5.2 5.2
passes Energy mJ B integral
0 0.016 0.032 0.016 0.032 0.06 0.032 radians
1 0.101 0.203 0.072 0.144 0.056 0.113 0.0
2 0.725 1.13 0.351 0.686 0.207 0.409 0.1
3 258 3.46 1.3 208 0.683 1.2 0.5
4 4.85 5.9 3.04 4.0 1.74 257 1.5
5 5.86 7.7 4.85 573 3.2 4.09 3.2
5 827 g 5.32 707 4.59 2.41 515

Figure 8.1: amplification for each pass

To obtain the desired energy a 5-pass amplifier is needed. Considering for example a diam-
eter of the pump of 900 um, pulses with an energy of 4.85 mJ are obtained injecting with 16
pJ (first solution for the XPW filter) and an energy of 5.73 mJ injecting with 32 p.J (second

181



solution for the XPW filter). The number of passes is limited to 5 to limit the additional B
integral to 3.2 rad. The B integral accumulated is the first CPA is cleaned in the XPW filter.
As discussed in section 6.3 the Dazscope optimization loop can be used to measure and pre-
compensate the additional spectral phase induced by non linear effects during amplification. In
the actual configuration of our laser system the stretcher and the compressor are not matched
and all the third order spectral phase accumulated in our laser system in compensated by the
AOPDF. The pulse can only be stretched to 7 ps and this limit the output energy. Designing
the second CPA we can choose a gratings solution both for the stretcher and the compressor
and stretch to 10 ps. Using the solution with the hybrid compressor consisting of transmission
gratings and chirped mirrors (new grooved gratings with 83 % efficiency), pulses with energies
> 3.5 mJ can be obtained and compressed to sub-20 fs. These pulses can then be compressed
down to the few-cycle regime in a hollow fiber working with circular polarization. Getting in
the few-cycle regime should be facilitated by the short input pulse duration. In section 6.11 I
have demonstrated the possibility to generate 1 mJ pulses using a hollow fiber with a diameter
of 250 pum. To inject more energy tests are planned using fibers with a 500 um. The difficulty
with a hollow fiber with a big core diameter is keeping a good spatial profile. Another possi-
bility for increasing the input energy of the fibers is the use of a pressure gradient.

The CEP stabilization of the compressed few-cycle pulses at the output of the "salle noire” laser
has been demonstrated in section 6.6. The CEP stability directly after the Femtopower has
also been presented. The only new element that can affect the CEP stability of the system in
the double CPA is the XPW filter. The demonstration that the XPW filter does not introduce

significant CEP drift noise into the system is given in the appendix (section 9).

8.3 Conclusion

We can then conclude that, with the design presented in this last chapter, multi-mJ, CEP
stabilized, high contrast (> 101?), few-cycle pulses can be generated at the kHz repetition rate.
A source with these specifications is not currently commercially available but it is realistic to
expect that it will be available in the next years due to the importance of its applications. The
pulses generated with this source, gently focused on a gaz jet or tightly focused on a solid target,
can generate single attosecond pulses. A higher efficiency is expected for the generation on a
solid target. The characterization and applications of these attosecond pulses in pump/probe
experiments will be the subject of the research for the future years and in particular it will
the subject of the experiments with the ”"Salle Noire” laser system in a near future. Using a
deformable mirror to focus these pulses down to the limit of diffraction (A?) [1], intensities in the
relativistic regime can be obtained and attosecond pulses can be generated with the relativistic
oscillating mirror regime or in A\* regime. An eventual pre-pulse with controlled amplitude and
delay can be added (for example with the AOPDF) to generate a particular plasma density

gradient that maximize the harmonic emission.
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Chapter 9

Appendix

9.1 CEP after XPW

9.1.1 Carrier envelope phase after XPW

When the XPW filter is introduced in the laser system it is important to demonstrate that
it does not deteriorate the CEP stability. This means to demonstrate that the relative CEP
between the fundamental and the generated XPW pulse is constant between successive pulses.
If successive pulses have the same CEP then this is true also for the generated XPW pulses.

Considering again the relation:
B(L, u}) = —Z’)/LL //]]{2 A(wl)/l(wg)/l*(wl + wo — w)dwldwg (91)

expressing the XPW four-wave mixing process (neglecting SPM and XPM), it results that for a
generated angular frequency wy = w; + ws — w there is the following relation between the CEP

of the interacting waves :
¢W4 = 7T/2 + ¢W1 + Cbm - ¢w (92)

This expression describes the buildup of the frequency-independent part of the XPW pulse
phase. The other processes that act together with XPW generation (SPM and XPM) induce
an intensity-induced phase shift but, for a given intensity, the CEP difference between the fun-

damental and the XPW beam remain constant between successive pulses.

In the following part, I give a clear experimental evidence that the CEP is preserved upon
the XPW process. These experiments were done in collaboration with K. Osvay group from
Szeged (Hungary). This group have a long experience with the spectrally and spatially re-
solved interferometry (SSRI). SSRI has been proven to be a powerful technique for dispersion
measurement of various materials and optical elements. It typically consists of a two-beam in-
terferometer, where the phase fronts of the reference and sample beams are tilted with a small
angle, and an imaging spectrograph. The interference pattern is imaged onto the input slit of
the spectrograph, so that spatially (along the slit) and spectrally resolved interference fringes

are formed on the CCD camera inserted at the output plane of the spectrograph (Fig. 8.1 ).
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The slope and the curvature of the interference fringes are characteristic to the dispersion coef-
ficients of the sample such as group delay (GD) or group delay dispersion (GDD). The absolute
spatial position of the fringes is, however, directly and uniquely related to the relative carrier
envelope phase of the sample and reference beams. If the detector is slow or its exposure time
long enough, then it actually captures many subsequent interference patterns on top of each
other. As a result, the visibility of the recorded interference pattern would be substantially
degraded, if there is a change in relative CEP between sample and reference pulses. However,
if there is no relative CEP drift, then the position of the fringes should be maintained and the

visibility of the integrated fringe system is expected to be independent on the exposure time.

BaF, crystal ~ Polarization splitter

- 7~ Polarity
Ti:S Laser rotator
f = 1000 mm Funda-
achromats mental
beam

Imaging

| Translation
spectrograph ! stage

Figure 9.1: Experimental setup. The cross polarized pulses interfere with the fundamental

beam in a Mach-.Zehnder interferometer

Yo

Figure 9.2: The spatial position y of the SSRI fringes is uniquely determined by the CEP

difference between the sample (i.e. cross polarized) and the reference (i.e. fundamental) pulses.
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Experiments CEP after XPW

In the experiment (Fig. 9.1) the laser source is the "salle noire” laser system. Due to the
fact that we measure the relative CEP between the fundamental and the XPW beam (and
not between successive pulses) the system does not need to be CEP stabilized. The pulse
energy is considerably attenuated prior to the XPW generation stage that consisted of an
f=1m focal lens and a BaF3; crystal. The generated XPW beam and the rest of the fundamental
pulses are collimated by a second lens. The orthogonally polarized XPW beam is split from
the fundamental beam by a polarizing cube. After adjusting their relative polarization and
timing appropriately, both beams are sent to the input slit of an imaging spectrograph. Two
independent experiments were carried out to measure the relative change in CEP between XPW
and fundamental beams. First the exposure time of the CCD camera was varied from 1 ms to
1000 ms to test the fringe stability over time. Fig. 9.3 shows spatial cross section of the fringes
for three different wavelength function of the exposure time of the CCD camera. As is clear
from the composed images at three different wavelengths, the vertical position of the fringes
(relative CEP) is maintained over the large variation of the exposure time. Moreover, the
position is also independent of the spectral position of the interferograms. This evaluation of
the fringes is restricted to certain wavelengths. We can evaluate the whole interference pattern
(i.e. for each spatial point and for each wavelengths) if we compute the visibility of the fringes
for the entire interferograms. From the captured interferograms the visibility has been also
evaluated, varying from 0.883 to 0.823 when the exposition time was increased from 1ms to 1s.
This small change of visibility is attributed the unavoidable mechanical vibration of the optical

components in the two arms of the interferometer.

747 nm 800 nm 829 nm
.S 4BD——-“ P———— '——-—-—
T | —— iy | Purfarap
2T |nemetn | | —
Eg St e g, .“
L |t | et | e
At At I
1 10 10210 1 10 102103 1 10 102103

Exposure time (ms)

Figure 9.3: Spatial cross section of the fringes at three different wavelengths in the function of
the exposure time of the CCD camera. At each exposure time the corresponding slice of nine

independent interferograms are displayed
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Figure 9.4: Change of total CEP of the XPW pulses relative to the sample pulses as a function
of wedge insertion in the XPW beam.

The second experiment yielded an independent proof of CEP preservation during XPW
generation. A pair of fused silica wedges with an apex angle of 10.3 was inserted into the XPW
arm of the interferometer. The change in relative CEP between the XPW and fundamental
beam was measured as a function of the material amount inserted into the XPW beam path
through moving one of the wedges. Nine interferograms were captured at each position of the
traveling wedge moved by a precision translator in 10 pum steps. The variation of the total
spectral phase of the XPW pulses relative to the fundamental beam was calculated at each
subsequent position of the wedge (Fig. 9.4). The rate of phase change for the XPW beam
as a function of wedge insertion was hence measured as 644.6 rad/mm, which is in excellent
agreement with the calculated value of 647.0 rad/mm.

These experiments using the spectrally and spatially resolved interferometry clearly demon-
strate that the relative CEP is maintained between the fundamental and the XPW pulse. The
last check is to measure the CEP drift between successive pulses after XPW. This has been
realized measuring the CEP drift in open loop (just the oscillator stabilized) with the f-2f non-
linear interferometer placed after the XPW filter. This experiment was realized in collaboration
with the O. Gobert and J.Hergott from the Centre Energy Atomic (CEA Saclay). No increas-
ing CEP noise is measured after the filter compared to the output of the laser. We have even
measured a slightly reduction of the CEP noise. We think that the spectral broadening and
the cleaning of the spatial profile has as a consequence the reduction of the noise added by the

white light generation in the bulk sapphire and thus on the measured CEP noise.
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