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French summary

Depuis une vingtaine d’années, la physique attoseconde, via le phénoméne de génération
d’harmoniques d’ordres élevés (HHG), a permis de nombreuses avancées dans la compréhension des
phénomenes de dynamique ultra-rapide sur des échelles jusqu’a I’attoseconde. Les lasers femtoseconde
émettant des impulsions de fortes énergies et de durées de quelques cycles optiques sont les outils
indispensables a cette physique. Pour des durées d’impulsions si courtes, le contrdle de la phase entre
la porteuse et I’enveloppe (CEP) est nécessaire pour pouvoir contrler I’interaction entre le laser et le
gaz a la base du phénoméne HHG. Récemment les lasers basés sur les fibres dopées ytterbium ont
permis de transposer les expériences d’HHG a haute cadence. La stabilisation de la CEP pour ce type
de systemes constitue la brique manquante au développement de sources a haute cadence pleinement
compatibles avec ces applications.

Cette thése a été consacrée a la stabilisation CEP d’un laser a fibre dopée ytterbium pour une application
a la génération de rayonnement cohérent dans I’XUV a fort flux de photon. Cette source permettra la
réalisation des expériences d’imagerie cohérente avec une résolution nanométrique et temporelle de
’ordre de la femtoseconde.

Dans la premiére partie nous présentons 1’architecture d’une source a un taux de répétition de 100 kHz
stable en CEP émettant des impulsions de 30 pJ et 96 fs. Ce systeme constitue une preuve de principe
pour les futures sources haute énergie basées sur un amplificateur a fibre dopé Yb suivi par un étage de
compression non linéaire. La stabilisation de CEP est assurée par une architecture hybride composée
d’un injecteur stabilisé passivement suivi d’un amplificateur de puissance stabilis¢ activement.
L’architecture de I’injecteur est basée sur un amplificateur paramétrique optique (OPA) qui permet de
produire des impulsions d’environ 150 fs de durée a 1030 nm avec 400 nJ d’énergie par impulsion.
L’architecture d’amplification par dérive de fréquence (CPA) utilise une fibre rod-type dopée Yb.
L’étage de compression non linéaire par élargissement spectral est une cellule multi-passage incluant
une lame mince de silice.

Une caractérisation compléte du systeme en terme de bruit CEP a été menée. L’étude, réalisée par trois
méthodes différentes de détection, a permis une analyse sur des durées d’opération allant de la seconde
a une heure. Pour les mesures sur 1’échelle de la seconde, une nouvelle méthode développée au sein de
la thése a permis de montrer une stabilité CEP de 325 mrad, mesuré tir a tir a 100 kHz. Une mesure de
bruit CEP de 375 mrad sur 66 minutes a confirmé le fonctionnement du systéme sur le long terme.
L’influence majeure du bruit d’intensité du laser de pompe de I’injecteur stabilisé passivement a été
mise en évidence par une étude du bruit d’intensité et son impact sur la chaine laser stabilisée en CEP.

Dans la seconde partie nous présentons la mise au point d’une ligne HHG XUV optimisée a 13 nm pour
les parametres d’un laser a fibre, pour des applications a I’imagerie par diffraction cohérente. La ligne
est composée de trois éléments fondamentaux : une chambre de génération, une partie dédiée au filtrage
de l’infra-rouge résiduel et une derniere partie utilisée a la fois comme spectrométre pour la
caractérisation des HHG et comme montage pour I’expérience d’imagerie. La gestion des plus faibles
énergies par impulsion et la plus forte puissance moyenne par rapport au cas plus classique des lasers
Ti:Sa sont les éléments centraux considérés pour la conception. La partie génération est basée sur un
capillaire de tres petit diamétre interne rempli de gaz comme milieu d’interaction pour la génération
d’harmoniques d’ordre élevés. Cette configuration permet des intensités dans le capillaire supérieures
a 10 W/icm~2.

La ligne XUV congue est également bien adaptée a d’autres applications telles que les expériences de
spectroscopie électronique de photoémission (PEES/ARPES) ou pour la réalisation de mesures en
coincidence (COLTRIMS).
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Chapter 1

Introduction

In the IV century BC, Aristotle in the sixth book of his Physics cited Zeno’s paradoxes about
motion. One of the most famous is the arrow paradox. The paradox considers the motion of
an arrow along a distance. Zeno says that if we look at the arrow at discrete time instants,
it appears constantly occupying the same portion of space corresponding to its proper length.
His conclusion was that the arrow is not actually moving because motion is an illusion given
by the sum of each instantaneous position of the arrow. Since then, science and physics have
never stopped asking questions about objects moving in space and think about the way of
freezing it. At the end of the XIX century, Eadweard Muybridge decomposed the motion of a
galloping horse using several cameras for acquiring the different horse positions. At this time,
artists used to represent the horse galloping with four feet off the ground extended to the front
and to the back. Muybridge refuted this depiction, showing that during horse galloping, the
four feet off the ground are all grouped together under the horse body.

In Zeno and Muybridge cases, one clear thing is that we need a tool to freeze the motion to
be able to understand its dynamics. The faster the camera, the higher is our ability to resolve
the different positions composing the motion of the studied object.

In modern physics, ultrafast laser sources are the cameras allowing to detect dynamics at time
scales as short as 107!® s, an attosecond. On this time scale, the motion of very small ele-
ment of nature such as an electron can be analyzed. The development of ultrashort sources is
the key enabling the discovery of more and more detailed parts of the microcosm. To obtain
these short time pulse durations, a mode-locked femtosecond laser (1 fs= 1071° s) is focused
in a gas medium to induce a phenomenon known as High harmonic generation (HHG). This
phenomenon was first observed in 1987 by Mcphersson et al. [McPherson et al. , 1987] and
in 1988 by Ferray et al. |Ferray et al. , 1988]. A 30 ps long laser in the first case and a 350
fs one, respectively emitting in the ultra-violet (UV) and infrared (IR), were converted via
HHG process producing spectra in the extreme UV range. At that time it was not clear yet
that this high frequency conversion via a nonlinear effect could be seen as the generation of
an attosecond pulse train. To simply understand the process, we can imagine that a high
intensity femtosecond laser pulse excites a gas atom which oscillation become the source of
an attosecond pulse. The constructive interference of all these atoms emissions generates the
pulse train. It is interesting to point out that one attosecond pulse occurs each half-optical
cycle of the fs driving laser. We therefore understand that the turning point of managing an
attosecond source is controlling a fs laser on a single optical cycle precision. The control knob
is the Carrier-Envelope Phase (CEP). This phase is directly linked to the real behavior of the
fs few-cycle electric field. In multi-optical cycle mode-locked laser regimes we can consider a
pulse as the envelope of a fast oscillating electric field. Approaching few-optical cycle pulse
durations, this approximation is meaningless: two pulses with the same envelope present two
different oscillating electric field behaviors. The CEP of a fs laser is a random value in the
range [0; 27|, different for each pulse. Particular strategies must be adopted to stabilize the
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CEP of each pulse of the train to a certain value and then control it.

In the last decades, high energy few cycle CEP-stable fs sources have been realized us-
ing titanium-doped sapphire (Ti:S) lasers |Krausz, 2016, Haworth et al. , 2007| for driving
HHG. This kind of laser allows the amplification of fs laser pulse to high peak power up
to the PW level [Li et al. , 2018, Aoyama et al. , 2003]. This high peak power can be ob-
tained in Ti:S laser chain thanks to the Chirped Pulse Amplification (CPA) technology
[Strickland & Mourou, 1985]. For the impact of this technique in vast domains of laser physics,
D. Strickland and G. Mourou have been awarded the physics Nobel prize in 2018. Ti:S lasers
can provide few-cycle pulses thanks to the broad amplification spectra.

Nowadays several HHG applications require to have a high flux of generated photons and/or
high repetition rate. A first example are experiments using coincidence detection scheme in
complex atomic systems such as COLTRIMS [Jahnke et al. , 2004, Reduzzi et al. , 2015|. For
these experiments it is important to generate only few photons per laser shot. The measurable
coincidence events occur rarely, making the experiment acquisition time very long to obtain a
good signal-to-noise ratio.

Other than the dedicated tool to study ultrafast dynamics, the HHG process is particularly use-
ful as a table-top source for XUV imaging applications. Coherent Diffraction Imaging (CDI)
is a major example, in this sense, allowing to probe matter with a resolution of the order
of wavelength [Ravasio et al. , 2009, Robinson & Harder, 2009, Seaberg et al. , 2011]. In this
technique, a large number of photons have to be acquired in the shortest possible time in order
to have a perfectly retrieved resolved image.

This high photon flux requirement directly translates to the need for a high repetition rate, high
power, fs pump laser source. The average power is limited for Ti:S CPA technology because
of the thermals effects in the crystal. For this reason, HHG ready CPA Ti:S lasers have been
reported with a maximum repetition rate of 10 kHz |Golinelli et al. , 2017|. The solution for
driving HHG at repetition rates higher than 10 kHz has been using the Optical Pulse Chirped
Pulse Amplification (OPCPA) [Krebs et al. , 2013, Rudawski et al. , 2015]. This kind of sys-
tems is particularly advantageous because of a large emission wavelength tunability. The price
to pay is a low conversion efficiency (< 15 %) and a high system complexity.
Ytterbium-doped fiber has emerged in last years as one of the few laser technologies well
suited to high average power, high repetition rate sources. The big difference with respect
to the Ti:S case is a low quantum defect. Pumped at 915 nm or at 976 nm, this laser
emits around 1030 nm [Agrawal, 2000]. Energy up to the mJ with repetition rate higher
than 500 kHz has been demonstrated recently [Miiller et al. , 2016]. The long-term stabil-
ity and robustness make these sources adequate for an ever-increasing number of applica-
tions. The limit with respect to the Ti:S or the OPCPA techniques is the narrower am-
plification bandwidth. The narrower bandwidth implies longer pulse duration. To over-
come this limit, nonlinear effects (post-compression) can be used to broaden the Yb-doped
source spectrum allowing to reach very short pulse duration. Few-cycle, high energy and
repetition rate HHG driver laser based on this technology have been recently demonstrated
|[Lavenu et al. , 2019, Lavenu et al. , 2017, Hédrich et al. , 2013, Hédrich et al. , 2011]. High
flux HHG driven by few-cycle Yb-doped system has opened the way for a new generation of
high repetition rate experiments [Gonzalez et al. , 2018, Hadrich et al. , 2016].

The remaining bottleneck for the high repetition rate Yb-doped fiber driven HHG source is the
CEP stabilization and control.

The context of development of this thesis work is related to the ANR project HELLIX. This
project aims at the development of a CEP-stable high repetition rate Yb-doped fiber driven
sub-20 nm HHG source for lens-less CDI experiments. In particular, this thesis has been
centered on two main goals:

e The achievement of CEP-stabilization on the Yb-doped fiber laser.
e The development of sub-20 nm optimized HHG line designed on a sub-10 fs, 150 uJ, 166



kHz laser developed in the project [Lavenu et al. , 2019].

HELLIX is a collaborative project involving Amplitude Laser Group!, the Laboratoire In-
teraction Dynamique et Lasers (LYDIL), the Laboratoire Charles Fabry (LCF) and the Labora-~
toire de I’Accelerateur Lineaire (LAL). This thesis is the result of the synergistic collaboration
between the four projects partners. The thesis works have been carried out at LCF for the
laser source development, and at LIDYL for the HHG beamline development.

The thesis has been funded by a Marie Curie Sklodowska International Training Network

(ITN) fellowship called MEDEA?. MEDEA stands for Molecular Electron Dynamics driven by
intense laser field (E) and Attosecond pulses. The scope of the network, grouping two laser
companies and five research laboratories, is to provide a training platform and consolidate the
connections between laser development and application in attosecond community.
The manuscript is organized in two thematic parts. In the first part we discuss the fun-
damentals, the methods and the experimental realization of a proof-of-principle CEP-stable
all-Yb-doped amplified source delivering 30 pJ, 100 fs long pulses at 100 kHz. The second part
concerns the design of sub-20 nm HHG line optimized on the fiber laser driver developed in
the HELLIX project.

Chapter 2: The theoretical principles of ultra-short pulse propagation are introduced and
the corresponding technological applications are presented. First, we consider the case of a
linearly responding medium. The CPA working principles are described highlighting the am-
plification scheme for an Yb-doped fiber amplifier as technological application. Second, the
ultrashort pulse interaction with a nonlinear responding medium is described. Optical Para-
metric Amplification is discussed as an application of this interaction.

Chapter 3: In this chapter we discuss a crucial parameter to be measured in our thesis
work: the Relative Intensity Noise (RIN). We first define this parameter and the commonly
used measurement techniques. We introduce our measurement setup, discussing the possible
issues. The commercial laser representing the first block of our proof-of-principle system is
studied using the presented setup. RIN performance improvement is finally shown modifying
the commercial laser components.

Chapter 4: This chapter is dedicated to the description of the setup and to the characteri-
zation of the Yb-based passively stabilized CEP-seeder for our laser chain. We start defining
the CEP and discussing the CEP-stabilization most used technique for laser oscillators. We
describe the setup of the CEP-stable seeder and the CEP measurement adopted techniques.
The high repetition rate CEP measurement detection problem is discussed. The complete
characterization in terms of CEP is presented using three different detection techniques. The
RIN characterization of the CEP-stable seeder is discussed as well. The influence of the RIN
of the commercial pump laser on the CEP of the CEP-stable seeder is evidenced showing the
importance of the RIN measurement in CEP-stable systems.

Chapter 5: The CEP-stable amplified system is presented in this chapter. We discuss the
difficulties of preserving CEP stability in CPA amplification chain. We describe, then, our
system composed by a CPA Yb-doped fiber amplifier and a nonlinear post-compression step
delivering pulse at 100 kHz having 100 fs time duration and 30 uJ energy. The CEP-stability
is ensured thanks to a feedback loop. A complete CEP characterization measuring in-loop and
out-of loop cases is realized.

Chapter 6: The second part of this manuscript is presented in this chapter. We first rapidly

Lamplitude-laser.com
2www.medea-horizon2020.eu
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remind some theoretical principle of the HHG process. We present, then, our design considera-
tions for the interaction medium for HHG sub-20 nm optimized process. The realized complete
HHG line and the technical choices adopted are finally discussed highlighting the application
ready setup.



Chapter 11

Theory and Background

Objectifs

This first chapter is divided in two main parts: theory, technology and application. In
the the first section the theoretical concepts concerning ultra-short pulse propagation
in media are generally introduced. In the second part, specific examples of realization
and application of the theory are presented. A particular interest is given to the fiber
propagation case and to frequency conversion configurations.
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2.1.3 Pulse compression . . . . . .. ... oo 23
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1 Theory

In this section we will present the main concepts concerning ultra-short pulse propagation in
media having linear and non-linear responses. The first part will concern the introduction of
dispersion and dispersion compensation applications. The second one will analyze 2nd and 3rd
order nonlinear effects, focusing on relevant examples for the work presented hereafter.

1.1 Linear pulse propagation

In order to define the evolution of an electric field ﬁ and magnetic field ﬁ linearly with a
generic medium, we start treating Maxwell [Weiner, 2011| equations in free-space. Naming
B and E the electric and magnetic flux densities; 7 and ?, the current density and the
polarization vectors; g and €9 the permeability and the permittivity of free space, we can

write:
VeD =0, (IL1)
Vel =0, (IL.2)
0B
VxE = -5 (11.3)
Vx B =u(J + 88?). (I1.4)
Where:

D=cFE+ D, (IL5)
B = uo(H + M). (IL6)

%
We can neglect for the first treatment the magnetization of the material M. We can re-
arrange Maxwell equations to establish propagation of the electro-magnetic field with only one

equation|Weiner, 2011]:
2R PE 9P
Vo E=png0—5 5 +Ho—5 o

If we consider the polarization vector as a scalar and we neglect all the transverse variation of
the electric field !, according to the plane wave approximation, we will have:

(I1.7)

O’E 10°E  0°P
92 2o Mo
Where we have used the well-known equivalency on the speed of the light in vacuum, ¢ =
1/\/TioEo.
This very general equation can be used to obtain the behaviour of a pulse propagating in a
medium having a linear response as already anticipated. We can take for this scope, a plane
wave defined as:

(I1.8)

E (2,t) = A (2,t) cos|wot — koz + (2, 1)]. (11.9)

Where the A’ (z,t) is the pulse envelope, wp is the angular frequency, ko is the wavevector,
defined as kg = %2, and ¢ (z,t) is the phase term. We want, then, to solve equation (I1.8) for
the so-defined pulse. For doing this, the pulse can be rewritten using a complex envelope:

Az t) = A'(z, 1)), (11.10)

We can re-write (I1.9) as:

'This assumption is justified in the cases studied in this manuscript. The beam propagating in fibers and
in free space are Gaussian and collimated where the transverse variation of the electric fields can be neglected.
2where )¢ is the wavelength for the electric field.
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1 .
B () = 5 [A () efleor=ho0) 4 c.c.] . (IL.11)
Let us focus on the polarization term in (II1.8). We have first to define it as follow:

P (z,t) = Re{p(z,t)e!@ot=Fr2)1, (I1.12)

We take for this section only the linear part of the polarization vector of the medium, so that
P (z,t) = Pr(z,t) and k, = ko.

To solve (I1.8), we use the Fourier transform for passing to the frequency domain. The electric
field and the polarization will become:

~ . +m . ~ .
E (z,w) = Re{e (ko) / Az t) e @m@oltqr) — A(z,w — wp)e k02 (I1.13)

Pr (z,w) = Re{Pp(z,w—wq)e *02)}. (11.14)
The new written terms of (I1.13) and (II.14) can be used, then, in the equation (II.8), as follow:

O?E w? ~ —~
Sz —C—QE—uow2PL. (I1.15)

And explicating the carrier and envelope terms, we get:

PE oA oA .

— = iho) |\ 20 9ikg—— — ky?A| . IL.1

022 Qr_—’ 022 Y05y, 0 (11.16)
envelope

We can use the slowly varying envelope approximation [Weiner, 2011], neglecting the first term
in the square brackets, considering:

02 A .
and solving the simplified (II.16), we find:
oA 2 . —
— 2iko 5 + <°§2 . I<:02> A= Py (IL.18)

The polarization term can be referred to the electric field, introducing the electric susceptibility
X(w), such as, for a linearly responding medium:
Pr(w) =cox(w) B(w) . (IL19)

Where the refractive index n(w) is calculated as:

n? (w) = x (w) + 1. (11.20)
And considering that the carrier ky and k(w) can be written as:

2T wo

ko ; (I11.21)

X @

where ¢ is the light speed in vacuum.

k(w) = %n(w). (11.22)
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The propagation equation in (II.18) becomes, then, the very simple:

DA .
2iko 5~ = (k2 (w) — k2] A. (11.23)
z
It is interesting to notice that the equation (I1.23) there are only terms referring to A and
k. We can recall this propagation variable, 3, and considering it expanded in Taylor series, in
the neighborhood of wy:

B (w) = Bo+ b1 (w—wo) + %52(60 —wo)i+ éﬂg(w —wo)® + ..., (11.24)
Where:

o8
%= B, (I1.25)
9%p
92 = P (11.26)
7B
S~ P (I1.27)

We [Agrawal, 2000], define, 8 = i, where v, is the group velocity, because it represents the

velocity of propagation of the envelope. By is the group velocity dispersion (GVD) and B3 the

third order dispersion (TOD). If the treatment of the interaction with the medium requires to

take higher terms of the series, until the n — th term we have a n — th order dispersion. These

terms represent the different types of modification of the pulse due to the dispersive nature of
the material.

Considering, then, the Taylor expansion we reformulate the equation (I1.23), coming back

to the time domain and passing to the pulse frame, considering t' =t — i, as [Weiner, 2011]:

N
% = Zn%ﬁnwm. (11.28)

The very general equation in (I1.28) can be simplified to the following:

DA i 5
-z A=0 11.29
0z QBQW ’ ( )
where the Taylor series is stopped to the second order, for this discussion!. Equation (II.29)
allows to treat the problem of the propagation of the pulse in a linearly responding medium,
and will give a solution in the form:
A(z,w) = A(0,w) eizfa’z, (I1.30)
The last two equations are very useful for introducing the dispersion. This is a central
topic for pulse propagation in free-space and in fibers as will be clear in the next pages of this
manuscript.
We can introduce the definition of the instantaneous frequency, as follows:

__9¢

Wi = _Ea

we now describe as chirp. It is said to be positive when the reddest components of the

spectrum travel faster than the bluest ones. In this case, the propagation is said in normal
dispersion regime, with 8o > 0.

(I1.31)

!This choice is justified for a simple analysis. In most of the cases of pulse propagation in this thesis only
the second and TOD are involved.
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The interaction of an ultrashort pulse with a medium follows equation (I1.29). The simplest
example we can consider is pulse propagation in vacuum. The vacuum is by definition a non-
dispersive medium. This means that we can re-write equation (II1.29) neglecting the second
term, (2, to the result of a constant A (z,¢). This indicates the fact that no changes on the
pulse envelope are occurring considering propagation over an arbitrary length z = L in vacuum.

For all the others media, the dispersion will have an impact and carrier and envelope will
change. In particular, if we consider a generic added spectral phase ¢ (w) for a pulse, E (¢), in
the propagation in a transparent medium:

1 +oo ) .
Eout () = 27r/ Ein(w)ezw(‘”)ewtdw, (I1.32)

where the spectral phase is related to 8 (w) as —¢ (w) /L.

To give a more concrete physical meaning what happens to a pulse passing through the
medium we consider only the GVD and neglect the TOD. It is common to call group delay
the first derivative in frequency of 5. This definition is more representative of the physical
meaning for the pulse propagation. This term, in fact, is the time at which a determined group
of frequency around wq arrives at the end of the propagation. If there is no dispersion of order
two in the material, all the frequencies spend the same time for travelling through it.

Spectrum Time

Intensity [a.u.]
Intensity [a.u.]

\\/_/

Frequency [THZz] Time [fs]

Figure II.1 — Pulse frequency and time domain evolution in a dispersive medium.

In figure I1.1 we can see on the right, yellow-dotted curve, the spectrum of a Gaussian pulse.
A constant phase and a parabolic one for this spectrum are respectively shown in blue and red
on the same graph. On the right graph, the resulting pulse in the time domain is shown. In
blue the Gaussian pulse carrying a constant spectral phase and in red the same pulse having a
parabolic phase term. We will define the first case pulse as Fourier Transform-Limited (TL)
pulse because it represents the shortest possible pulse for the given spectrum. The second case,
instead, corresponds to a longer pulse for the same spectral width because of the not constant
phase. If we take a TL pulse travelling in the medium of length L with only second order
dispersion, it exits as the pulse of figure II.1. We talk about positive or negative dispersion
depending on the sign of 8. If we consider a common case of a pulse in the visible range
passing through a piece of glass, the dispersion experienced by the pulse is positive. This is
the case for most transparent materials in the visible.
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1.2 Non-linear pulse propagation

We want, now, to introduce some concepts of non-linearly responding light-medium interaction.
The assumption we have done in the first section of this chapter, of taking a polarization term
varying linearly with F, is no more applicable. In a more general treatment, we will have in
fact:

P = P, + Pni, = gox1(w) E(w) + gox2(w) E* (w) + coxs(w) E>(w) + . . . (I1.33)

We talk about second order effects if only the second term has to be considered and of third
order effect if the cubic field term counts.

1.2.1 Second order effects

General Equation  We consider a new formulation of the general equation (II.29) for the
nonlinear case ! [Weiner, 2011]:

0A 1 0A . (9214 . . LoCoWo

2z "o ot P T T o

Py e Akz (11.34)

where Ak =k, — kg is the difference between the wave vectors.
The more general effect is the sum of two electric fields E (t) = Ej (t) + E2 (t), so that:

PNL _ EOXZ ((U) {Afei(let—lez) + A%ei(szt—ngz) + et (1135)
2A; Ageillwitwa)t=(kitha)z] 4 o 4 (11.36)
2A1* Agelllwz—wn)t=(ke=k1)z] | ¢ o 4 (I1.37)

+ 2417 A; + 214.2*142}. (1138)

Each line of the equation above will be the basis for a specific second order process. The first

(I1.35) is Second Harmonic Generation (SHG), the second (11.36) is Sum Frequency Generation
(SFQG), the third one, (I1.37) is Difference Frequency Generation (DFG), and the last one (I1.38)
is Optical Rectification (OR). We will discuss in more detail the SHG and DFG effects.
The second order effects are often referred to as three wave mizing (3WM). We can consider
them, in fact, as the interaction of two entrance wave and a resulting one. We will consider
the three electric fields at wy, we, w3 such that wy +ws = w3. We have three coupled equations,
that can be obtained from (II.34), to solve:

0A, 1 8A1 %A1 _ deprwi zAkz
0z Vg1 ZB 2t2 — 7/ d2n100 A A (&
8A 1 BA 9% A 2 zAkz
2 + gy 72 - 52 at22 = —1 26;:560 A3A1 (11.39)
8A3 1 8A3 8%A; _ defpws zAkz
+ Vgg ﬁ otz 2n50 A A2€

Where degp = 22 and Ak = ks — ka—k1.
It is not so easy to solve analytically these equations. However, some qualitative considerations
can be done on the physical meaning of each term. As we already discussed in paragraph 1.1,
the third term represents pulse broadening due to the dispersion. The 2"¢ term implies that
the three pulses have different group velocities. In a first approximation we neglect the terms
containing the fs considering only the ones related the group velocities. This approximation is

'For simplicity in the next we call the envelope A(z,t)=A
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justified considering the GVD due to propagation in the crystal is not relevant for the second-
order effect 1. We can introduce the group velocity mismatch (GVM) as the difference of the
inverse of the group velocity one or two with respect to the third one, as follow:

1 1 1 1
613 = — — 7,523 - — . (1140)
Vg1 Vg3 Vg2 Vg3

And referring all to the pulse E3, we obtain:

0A 0A .defrwi iAk
o+ 0135 = —i 27J;fc0AA e "2hE
.de
902 4 5932 BAZ = —iG2 Az Ay e M’“Z (IL.41)
0As __ deffwa zAkz
0z 2n3co A A €

SHG Process Second harmonic generation is the simplest example of effect we can analyze
using the above equations. In this case, the three waves satisfy w1 = wy = w = w3/2. Let
us rename the electrics fields as Ey = Ey = E,,/ V2 and E3 = Es,. Furthermore, we make
the strong approximation of considering monochromatic waves. This allows to omit the GVM
impact and look only at the effect of SHG on the fields. Starting from the equation (I1.41) we
can write:

dAy, _ _ deffw * 71Akz
dz — 1211 co AQWAW
dAZw _ deffwA Qe’lAk?Z
dz nawco 2 :

We make the assumption of no depletion assuming a constant A,(z), allowing to solve the
equation in terms of the evolution of the field 2w along z. We obtain:

de w2
Ay (2) = —i < A> eAFzgin <A2k2> .

N2, Co Ak

Considering the intensity definition [Weiner, 2011], for a plane wave case, we have:

1 1 derrw A2 . Akz
Ta0(2) = gromndn” = geveana, (L) i (557
w

We obtain that the intensity of the doubled field (SHG) along the interacting crystal is varying
as a quadratic sinus. This means that the intensity of conversion is maximum for Akz =
0,7, 3m,... . This condition satisfaction, Ak = 0, is called phase matching. The relation can
be rewritten for the SHG case, referring to the refractive index as n(2w) = n(w). We can easily
understand that, because of dispersion, the index for w and 2w is clearly different. Several
solutions can be adopted for solving this problem and efficiently generate the SHG. The most
common and simplest is to use the so-called birefringent phase matching, that will be subject
of discussion in the second part of this chapter.

DFG process The difference frequency generation can be seen as the equation (11.39), where
the three central pulse frequencies are different. It is important to say that it is common to link
this phenomenon to the so-called Optical Parametric Amplification (OPA) [Minck et al. , 1966].
In the scheme in figure I1.2 we can see the 3 waves denomination as pump, signal and idler
respectively for ws, ws, w1.

IThis is true if we consider pulse duration longer than 300 fs and crystal interaction length of some mm.
These are the conditions where the second-order nonlinear effects occur in this manuscript cases.
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Optical Parametric Amplification

-

wq Idler

Pump W3

Figure I1.2 — Optical Pararametric Amplification (OPA) principle

This scheme can be understood as follows: one photon coming from the beam called pump
is converted in a signal and an idler one. In order to understand how this phenomenon works
we start again from the general equation (II.41), considering some approximations. First, we
consider monochromatic waves in order to neglect the GVM terms. We assume, then, that
the pump is undepleted A3 = A3(0). Last, we consider that the phase matching condition is
satisfied. We get, in this way, two coupled equations:

dA, __ ~de w. *
{ AR (11.42)
dAs - Ge f fW2 * :
TZQ =t 275,;00 A3A1 .
We solve it, focusing on Ay behaviour so that:
dAs 9
— = k1ko|As|* As. 11.43
Zs 1k2|A3|”Ag ( )
Where: k; = d;;zf:f and ko = d;j:g;z’ We can see in the equation (I1.43), that kiks|As|® =
const = I'2. The equation will have a solution as follows:
Ay(z) = c1e'? + cqe T (I1.44)

We can choose boundary conditions so that at the beginning there is no idler A;(0) = 0
and an initial signal defined as a constant A3(0) = Ag. In this sense, the constants c1, ¢y in

the equation are given by ¢; = ¢o = %:
I'z —TI'z
AQ(Z) = Ago% = AQQ coshT'z. (1145)

We can, at this point, assume that the amplification is significantly high, such that I'z >> 1.

In this way we can write[Weiner, 2011|:
er
AQ(Z) = A20 coshI'z ~ A20 5 . (1146)

Since we are considering a plane wave, the intensity of the field at z, is:

1 5 62Fz
IQ(Z) = 500%80‘142’ = [2(0)

= G12(0). (I1.47)
Where we call the G Parametric gain. If we repeat this procedure for A;, we obtain:

L(2) = L I(2). (11.48)
w2
We obtain as a result, that the number of photons of idler is equal to the number of photons
of signal at z. We have confirmed the scheme in figure I1.2: one pump photon gives one signal
photon and an idler one.
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1.2.2 Third Order Effects

Non-linear Schrodinger Equation In the case of third-order effects we need to consider
the polarization vector Py :
PNL(Z, t) = EngEg(Z, t). (11.49)

If in the second-order effects we have generalized the possible effects as a three-wave mixing
process, for the third-order ones, we can approach it as a mixing of four waves (FWM).We
can proceed in the same way and get four coupled equations. In this treatment, we choose to
analyze the simplest case, concerning the degenerate FWM, where:

w1 :wQ:w3:w4:w;A1 =A2=A3:A4=A;k1 =/€2=/€3=/€4:/€. (11.50)
In this way, the polarization can be rewritten as:
3 .
PNL(Z,t) = Z€0X3’A‘2A€Mtik‘7z. (1151)

We have to notice that we are in a special case where we are auto phase matched to have
kp, = k. So that, starting from equation (I1.33), we get [Agrawal, 2000]:

0A 1 0A ) 82A ,350,[1,0000.)0
Sy = i
0z vy Ot 270t 8n

x3|A|?A. (11.52)

We can define the coefficient, on the right side of the equal, as a generic constant ~y, and make
a change of variable for ¢/ =t — i
0A i 0%A

—— = —fy—— —iv]A]PA. I1.53
This equation is denoted as non-linear Schrondiger equation (NLSE) because it is the same form
as the well-known formulation for a free particle under a potential V' [Eisberg & Resnick, 1974]:
ov h? 0w
th— =

= oozt VY (11.54)

Where in our case we have a potential V = ~|A|?.

Self-Phase Modulation and spatial Kerr-effect Let us assume that we are in a medium
for which the second order dispersion term, [32, is null. Equation (II.53) can be simply solved
in the form:

A(z,t) = A(0, 1) Aone (=), (IL.55)

Where we can see that in a generic position z, the field is the envelope at the beginning of the
propagation plus a new accumulated phase term A¢yp(z,t) = v|A[*2. We can notice that the
new added phase is dependent on the square modulus of the input field. This means it will be
dependent on the intensity I(¢) of the field. The physical meaning of this added phase, can be
seen looking at the instantaneous frequency w;(t), as follows:

d|A(t)?
dt

This means that the spectrum broadens during pulse propagation. This effect is called
Self-Phase Modulation (SPM) [Alfano & Shapiro, 1970] and it is of high importance in fibers,
we will discuss in more details in the next section of this chapter.

Originated from the same treatment of the SPM, another effect takes place modifying the

wi(t) =wo + dw = wp — vz (I1.56)
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spatial profile of the beam [Stolen & Ashkin, 1973|. This effect goes under the name of spatial
Kerr-effect, or simply Kerr-lens. Consider what we have said for the SPM added phase term
because of the third order susceptibility. We can see that this is linked to a change in the
refractive index n(t):

n(t) = ng + na| A(t)|. (I1.57)
Where index is, in this case no = 2%3. This means that for a Gaussian beam impinging on

a material of ny > 0!, it will experience a n at the center of the beam where the intensity is
higher. In particular, this produces a lens with a focal f calculated as follows:

R4

f= AnodP’

(I1.58)
where: R is the beam radius, d is the material thickness and P is the peak power of the pulse.

1.3 Fiber applications

Fibers will be one of the media mostly used in this manuscript. For this reason, it is interesting
to analyze in detail how the presented dispersion phenomena on ultra-short pulses give rise to
specific modification of the propagating pulses in this guiding medium.

1.3.1 Linear propagation in fibers

The properties of pulse dispersion discussed in paragraph 1.1 work in the same way for the
propagation in fibers. It is important to notice that some notation details and nomenclature
could change between bulk and fiber propagation case. In particular, let us recall that a fiber
is constituted by a core and a cladding respectively having a refractive index neadding < Necore,
satisfying the guiding condition. For this reason, it is important to redefine the electric field
propagation properties for the fiber case with an effective area A,y and an effective index n.ys.
For understanding what happens in fibers we restart from the general equation (I1.15). We have
up to now, considered in one dimension, extending it to an (x,y) field case [Agrawal, 2000]. In
this way we have:

V2 gt 4 (Wpoer — 5%)u = 0. (I1.59)

This equation is the starting point for getting the reformulation of the NLSE for the fiber case,
as follows:

0A A B 0%°A

Y9: ~ "2 T2 are
Where A is the amplitude of the pulse envelope normalized so that |A|? is the power measured
in [W]. We make the usual change of variables T' =t — z /v, referring to the pulse frame. The
first term on the right side of the equation describes the effect of propagation losses through
the coefficient «. It has to be noticed that the nonlinear parameter +, is different from the one
used in the formulation in (II.53). The new ~ is defined by:

—~|AJ?A. (I1.60)

ng(wg)wo
w)=——-—"—. 11.61
W= (1L61)

Where Ay is the effective area for the guided mode, defined as follows:

u 2 T 2

With u being the fundamental mode distribution in (z,y). It has to be added that in equation
(I1.60) only the second order dispersion term, (2 is taken into account.

! All the media used in this work satisfy this condition.
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1.3.2 Non-linear Propagation in fibers

It is useful to introduce two characteristic lengths Lp and Ly linked to the dispersion and
non-linear propagation effects [Agrawal, 2000].

Ty> 1
Lp=—;Ln = —. (I1.63)
| B2 7Fo
Where Tj is the input pulse width in this case and F, is the input pulse peak power. We can
distinguish 2 different fiber propagation regimes depending on the different values of the ratio
Lp/Lnp = N2

e For N«1, the effects due to the dispersion in the fiber dominate over the non-linear ones.
In this case the linear treatment discussed in the previous paragraph is valid.

e For N>>1, the propagation is dominated by the non-linear effects. In this paragraph, we
concentrate the analysis considering the SPM as the only effect taking place.

The discussion of section 1.2.2 is applicable in the same way for the fiber case, considering
negligible fiber losses. In this case, a temporal non-linear phase term due to the SPM is added
to the initial field. The pulse experiences a frequency chirping dw. The maximum phase shift
is given by:

Gmaz = V2Ppeak- (I1.64)

Where Ppeqr, is the peak power, measured in [W] of the pulse. The input TL pulse is spectrally
broadened upon propagation. It has been shown [Agrawal, 2000| that the structure of the
broaden spectrum is modulated, presenting some peaks. In figure I1.3 shows how SPM acts on
the input pulse spectrum as ¢4, increase.

| Intensity [a.u.]

@[rad] i

08— = — === =T = === = - ="
Frequency [THz]

9.6

8.4

7.2

Figure I1.3 — Self-Phase Modulation effect on an initially TL pulse propagating in a fiber

In particular, it can be shown that the number of generated spectrum peaks M is linked to
Gmaz , following!:
¢max%(M - 1/2)71' (1165)

!This is true in the case of a Gaussian, TL input pulse.
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We have previously seen, also, how the Kerr lensing effect acts on the propagating beam in a
medium. For the fiber case, this brings to an even deeper conclusion. We take our beam profile
experiencing a converging lens through the Kerr-effect. At some point the lens dominates the
natural diffraction of the beam, destroying the medium itself.

We can define a critical power P,..;; such that for:

® Ppear > Perit Self-focusing dominates and the medium is damaged.
o Ppoar < Perit The beam propagates experiencing negligible Kerr lens effect.

P..;; is proportional to %2. For example, in fused silica fibers P,..;; is of the order of 4 MW
at 1030 nm wavelength. We always work with peak pulse powers lower than P,.;; in order to

avoid the self-focusing phenomenon.
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2 Technology and Applications

What we have presented in the previous section is a general approach to pulse propagation
in media. In this section, we will use the presented concepts with a more technology oriented
approach. We will start discussing the impact of the presented effects for high peak power
fiber-based amplifier. We will, then, describe the implementation of parametric amplification.

2.1 Chirped Pulse Amplification in Yb-Doped Fiber Amplifiers (YDFA)

Yb-doped fibers play a central role as amplifiers for ultrashort pulses at 1030 nm. In par-
ticular, they are the only type of laser amplifiers used in this thesis. Considering what
we have said about critical power, we find a bottleneck for the amplification linked to the
peak power. In order to overcome this problem, the chirped pulse amplification (CPA)
[Strickland & Mourou, 1985] has been proposed. For this work and its impact, D. Stricland
and G. Mourou have received the Nobel prize in 2018. The CPA scheme exploits the properties
of dispersion we have presented in the theory section to enhance the amplification medium ca-
pabilities. Figure I11.4 shows the working principle. It consists of three steps: pulse stretching,
amplification , pulse compression. At the beginning, a high peak power (short and energetic)
pulse cannot be amplified directly because of the optical damage it causes to the amplification
medium. For this reason, the pulse is chirped and stretched in time in the first step. In this
way, the spectrum of the pulse is preserved but the peak power is lowered by several orders of
magnitude depending on the positive dispersion added in the stretcher step. The pulses can be,
then, amplified in a single or in several stages. Finally, the positive dispersion added in the first
step can be compensated in a pulse compressor. At the output this allows amplified high peak
power pulses. Each of the three steps are discussed in details in the next three paragraphs.

Stretcher Amplification Compressor

Figure 1I.4 — Chirped Pulse Amplification scheme.

2.1.1 Pulse stretching

We have said that, at A = 1um, positive dispersion is typically added to an ultra-short pulse
passing through a transparent medium like fused silica. We can easily understand, then, that
a passive fiber is the most simple stretcher we can imagine. More sophisticated setups can
be realized, as for the pulse compression case, in order to manage more or less precisely the
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dispersion added. The most simple and used case relies on the scheme depicted in figure I1.5.

fth f f ftlh

Aty > Aty =
Figure I1.5 — 4f stretcher scheme. Gp: grating 1, Ga: grating 2. f: lens focal length, [1:
distance between lens focal plane and grating G1, lo: distance between lens focal plane and

grating G2. P,: input peak power; P,: stretched pulse peak power; Atrr: pulse duration in
TL condition; At,: stretched pulse duration.

,P; <P,

We can see that the TL pulse at the entrance is dispersed by the first grating G1 and
then passes through the lens to be collimated and then refocused on the second grating G2 by
means of a second identical lens. If the distance between the lens and G2 is longer than the
focal length f, the arrangement introduces negative dispersion. It has been shown that, at the
output the pulse will take a second-order phase due to the stretcher that is, for the first order
m = —1 of the gratings |Rulliere, 2005]:

ﬁz o )\S(ll + lg)

= 0= 11.66
2mc2d? cos Op ( )

Where A is the central laser wavelength. [y is the distance of the grating G'1 respect to the focal
plane of the lens and it is equal to zero in the scheme in figure I1.5 . Analyzing the equation
we understand that the sign and quantity of dispersion 2 added by the stretcher is dependent
on the sign and modulus of the sum [y + [5. This means that the above-described setup can
be used either as compressor or stretcher depending on the distance between grating and lens.
Moreover, for [ + 1o = 0 we will obtain a dispersion-less system. This stretcher setup is usually
called 4f-scheme [Martinez et al. , 1984].

2.1.2 Amplification in Yb-doped fibers

One of the limitation in fibers is the critical power as we have already said. The core diameter
is another central issue for amplification. It introduces important SPM spectrum modulation
effects for high peak power, that we want to avoid in amplification. In this sense, in the
last decades, several efforts have been spent to obtain large core amplifier fibers. In order to
maintain a good spatial quality for the beam profile, we want propagation in the fundamental
mode of the fiber. To have a single-mode fiber, indeed, the An of difference between the core
and the cladding has to be low enough to satisfy the equation below [Agrawal, 2000]:

V =—a/(n?

)\ core

where a is the radius of the fiber core. The lowest possible An that can be nowadays realized
is of the order of 1073, this means that we will have core diameters of maximum 15 pgm. For

— ngladdmg) < 2,405, (I1.67)
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getting larger core diameters and preserving a good beam quality, different strategies have been
adopted. We can cite two of them:

e One of the first ideas has been to slightly bend a multi-mode fiber in order to systemati-
cally introduce losses in the high order modes |[Koplow et al. , 2000|. On the other hand,
this technique has been shown [Nicholson et al. , 2007| to reduce the A.yy.

e Another solution is to use core coupled fibers. This technique allows to obtain core sizes
up to 60 pm. It consists of a classical doped core and a second one [Swan et al. , 2008]
(or several [Ma et al. , 2014]) not-doped making a helix structure around the first. The
second core has a smaller diameter and allows leakage of the higher order modes leaving
only the fundamental propagating through the bigger core.

A different type of fiber with respect to the classical, step-index one, has permitted a very
important up-scaling of the Large Mode Area (LMA) fibers. The Photonic Crystal Fibers
(PCF)|Birks et al. , 1997] allow to theoretically get core of 80 pum of diameter. The key point
is to completely change the step index classical fiber structure. A section of a PCF is shown
in fig 11.6.

T AT $An< 10
Bl Single-mode core
B Cladding s
[ | Single-mode core | ]
[ | Air I

Figure I1.6 — Photonic Crystal Fiber structure.

In the middle there is the large doped core. Around it several air-filled holes are fabricated.
With this geometry a very low effective index contrast can be obtained An~10"%. The presence
of the pump cladding prevents this type of fibers to be strictly single-mode. Nevertheless the
amplification of the fundamental mode can be dominant thanks to a specific design. Flexible
fibers with core diameter up to 40 pm [Limpert et al. , 2004] have been demonstrated to be
single-mode using this kind of structure. For larger core diameter, the flexible nature of the
fibers limits the guiding quality. For this reason, rigid fibers going under the name of rod-type
fibers, have been introduced |Limpert et al. , 2005]. With this kind of technology fibers with
diameters up to 100 pm have been realized [Limpert et al. , 2012].

2.1.3 Pulse compression

We can generally define pulse compressor, a setup where the positive dispersion added for
stretching the pulse in the first step of the CPA is corrected. Considering what theoretically
discussed in 1.1, the principle of this tool is to make again all the pulse instantaneous frequen-
cies, w, arriving at the same time. This allows to recover a TL limited pulse. Several methods
can be used for this, depending on the amount and type of dispersion we need to manage. One
example is using the 4-f scheme presented for the stretcher case, with the condition (I;+12) < 0.

Grating Pair This is the most simple and common case of compressor existing
[Rulliere, 2005], simplifying the setup of the 4f-scheme. It consists of two gratings with the
same periodicity as depicted in the scheme in figure I1.7.
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Input

Figure I1.7 — Grating pair compressor scheme.L,: grating distance.

The doubled passage in through the grating pair avoids the spatial chirp in the output
beam. Looking at the grating equation [Hutley, 1982], the lower frequencies are diffracted with
a bigger angle with respect to the higher ones. This produces a different pathlength for the
different frequency components. More commonly we talk in terms of wavelength instead of
frequency. At the output of the compressor the dispersion will be |Treacy, 1969]:

ML A 2
By = _7rc2d92 \/1 - (d — sinb; > . (I1.68)

Where: L, is the distance between the gratings, A is the central wavelength, d is the grating
periodicity, 6; is the incident angle on the grating.

From the formula we can appreciate that the dispersion is negative, and it depends on the
distance between the gratings as well as on the groove density. This device is useful because it
can correct large amounts of f2. Nevertheless it can be shown [Treacy, 1969| that it introduces
also a positive TOD. Consider a concrete situation of the propagation of an initially TL pulse
in a medium with only fB3. We could compensate the second order dispersion coming from
the material using this compressor, but the output pulse cannot be TL because of the added
TOD. We understand, then, that we need a compressor allowing to manage TOD on our optical
pathlength.

Prism Pair One possible solution for having a f3 < 0 is the prism pair. The figure I1.8
depicts the simple scheme. It can be demonstrated |[Kafka & Baer, 1987] that at the output
the pulse has experienced negative 82 33 o< L,. L, is the distance between the prisms, as shown
in figure I1.8. The amount of introduced dispersion, also, depends on the material refractive
index at the laser central wavelength. Generally, the prism pair can correct very finely small
amounts of 5 B3, where the previous shown grating pair is preferred for large second order
dispersion compensation. A classical scheme of pulse compression after a medium introducing
B2,03 can be a cascade of these two types of compressors [Cruz et al. , 1988|.
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Input l

Figure I1.8 — Prism pair compressor scheme. L,: distance between the prisms

Chirped mirrors Nowadays there exists other techniques to compensate the dispersion
more or less precisely on the different orders. Chirped mirrors are an example in this sense.
They consist of multi-layered dielectric|[Szipocs et al. , 1994]. A principle scheme is shown in
figure 11.9.

A

Mirror

— Substrate

Figure I1.9 — Chirped mirrors principle scheme.

Each layer is designed to have different thickness and refractive index that will be the knobs
for acting on the phase correction. A specifically designed series of high and low refractive
index is used in order to have a constructive interference of all the reflected components.
The big advantage of the chirped mirrors is that the phase 5(w) we want to correct can be
directly added, engineering the choice of the layers materials and thicknesses. They can be very
expensive because of the complexity of the design and fabrication and generally can correct
only small dispersion quantities.

Compression [t is interesting to detail something about how to choose stretcher and com-
pressor in a CPA scheme. Considering what we have said about the different types of com-
pressors, it should be clear that the grating pair will be preferred because of the large amount
of dispersion compensation possible. The already treated problem of this compressor is that
besides important 8y contribution, it carries an opposite sign TOD. As an example, consider a
CPA composed by a fiber stretcher and a grating compressor. In this case, the TOD added by
the fiber and grating pair accumulates. This added third-order phase in the pulse means a re-
duction of the peak power because of the appearance of an oscillatory structure. For this reason,
it is often preferred to use a stretcher-compressor pair both grating based|Martinez, 1987|.
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2.2 OPA and OPCPA

In this part we want to describe the application of the concepts we introduced for optical
parametric amplification. We will first talk about the birefringent phase matching for the OPAs
and the most common geometries for this kind of amplification. We will, then, quickly overview
a mixing of the CPA amplification scheme and the OPA, the so-called Optical Parametric
Chirped Pulse Amplification (OPCPA) scheme.

Birefringent phase matching for OPAs The evocated birefringent phase matching allows
phase-matching condition for a specific crystal. The basic idea is to match the three wave-
vectors ki, ko, k3 for getting Ak = 0, thanks to the different refractive indices experienced in
the crystal for different polarization axes of the incoming electric field. Table II.1 summarizes
the three types of phase matching for a negative uniaxial birefringent crystal (n, > n.).

Birifrangent Phase Matching
Type name Pump Signal Idler
Type 1 ext. ord. ord.
Type 11 ext. ext. ord.
Type 11 ext. ord. ext.
Type 0 ord. ord. ord.

Table II.1 — Birefringent Phase Matching. ext.: extraordinary axis, ord.: ordinary axis.

Now, we can take a more realistic situation with respect to the one presented in the the-
oretical part, relaxing the approximation of perfect phase matching. If we consider, then, a
non-zero Ak , we will add a phase term in equation (I1.44) for the signal:

- Akz
2

As(z) = A2(0)[c1€9% + coe™ 9%]e" (11.69)

The exponential terms in the square brackets have been changed because of the Ak#0, from
T" to g, according to:

Ak
g= @25, (11.70)
The OPA gain, then, becomes:
Ir(z) r,
A = = 97, I1.71

We can see that this expression for the gain is coherent with the equation found for the perfect
phase-matching condition, Ak = 0. We, now, want to define a bandwidth for the OPA. To do
this, we can consider the gain such that the G(w) = %, as depicted in I1.10.
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Figure I1.10 — Gain definition for OPA bandwidth.

We need to relax the approximation of monochromatism we have done in the previous
treatment. In particular, we will introduce an interval of frequencies Aw around the wi,ws
previously considered. We consider still a monochromatic pump ws, for simplicity. The GVM
is given by 612 = (== — ). The phase matching bandwidth of the OPA in this assumption

Vg1 Vg2

can be shown [Baumgartner & Byer, 1979] to be:

ANV

Aw = (log(2)) /()25

- (11.72)

In the case of short pulses we will have to manage large spectra. The GVM between the com-
ponents in the OPA will be crucial for amplifying all the pulse bandwidth and avoid dispersion
spreading |Weiner, 2011]. As we have discussed before, this will mean loosing frequencies of
the spectrum generating a longer TL pulse.

Broadband OPAs We generally wish to have an OPA phase matching BW as large as
possible for amplifying ultra-short pulses. An appropriate, and very simple, method to obtain
this, is the so-called Degeneration OPA. We take, in fact, a type I crystal configuration and
signal and idler at the same central frequency w; = wy. In this way the GVM is equal to zero
because signal and idler are degenerate. This case is very simple but it is limited in terms of
possible frequencies that can be amplified to half the pump central frequency.

We can look for a new degree of freedom for getting a large phase matching for the more
common case wiFws. Let us look at the scheme in picture I1.11, depicting the three wave
vectors.

)" y?

!

Figure I1.11 — Collinear and Non-Collinear phase-matching OPA schemes.
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On the left, we can see the discussed case until now. On the right, instead, we will see the
case of a pump beam and signal beam that are not collinear. In the latter case, we have two
phase matching conditions Akyep, Akpq, that must be satisfied. These phase matching condi-
tions represent the wave-vectors relations along the perpendicular and parallel axes with respect
to the propagation one. It can be shown that both relations are satisfied when [Weiner, 2011]:

Vg2 = Vg1c08(2). (I1.73)

Where  is the angle in figure II.11. We will talk about Collinear OPA (COPA) for the first
case of discussion, depicted in figure II.11 on the left and Non-Collinear OPA (NOPA) in the
second one on the right [Shirakawa et al. , 1999]. In the NOPA case, the non-seeded wave is
spatially chirped. In this work we will choose a COPA geometry because we will interested in
the utilization of the idler.

Optical Parametric Chirped Pulse Amplification (OPCPA) The mixing of the CPA
technique with OPA crystals as amplifier gives origin to the OPCPA. The first demon-
stration [Dubietis et al. , 1992, in 1992, just came some years after the CPA demonstra-
tion [Strickland & Mourou, 1985]. At that time, a BBO-based OPA allowed to amplify
with a G~10%, 70 fs long pulses, reaching 0.9 GW of peak power. Since then, the ap-
plications of OPCPAs have grown up intensively and tens of systems have been presented
[Cerullo & De Silvestri, 2003, Butkus et al. , 2004]. A key point of OPCPA sources is the flex-
ibility in wavelength allowing to have sources with output in the UV [Wnuk et al. , 2010] or in
the Mid-IR [Mayer et al. , 2014]. Moreover, considering what we have said about the broad-
band OPA concepts, extremely broadly tunable sources can be realized [Baudisch et al. , 2016].
The output wavelength availability is linked to the laser that can be used as pump and sig-
nal. The conversion pump-to-output power ratio is lower than 30 %. Having high output
power will depend on having high power pump laser at the right wavelength for the paramet-
ric conversion required. The signal, instead, is not required to be very powerful, considering
the already-mentioned very strong gain of the process. The important features, in this sense,
would be: central wavelength, spectrum and time duration. These three parameters, in fact,
allow to optimize the gain stages and the output pulses characteristics. A very common and
simple way to provide a signal at a specific wavelength with an arbitrary large spectrum is
the White-Light Generation (WLG) process.This strongly x3 dependent process allows to ob-
tain a very large bandwidth focusing a small energy amount from a pump laser in a crystal
[Dubietis et al. , 2017|. In this way a large number of wavelengths can be used as seed for the
OPCPA chains. This phenomenon is broadly used and will be the theme of deeper discussions
in the remaining of this thesis.
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Relative Intensity Noise in
femtosecond amplified laser sources

Objectifs

In this chapter we will discuss the intensity noise of a mode-locked femtosecond
laser. In the first two sections, the motivation for this kind of characterization for
femtosecond sources, and a theoretical formalism are respectively discussed. The
setup used for the measurement and its issues are analyzed in the third section. In
the last part, the results in terms of characterization and improvement of a case-study
femtosecond source are finally presented.
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1 Context: RIN measurements for femtosecond mode-locked
lasers

Since the first laser demonstration, in the sixties, the laser intensity noise characterization has
been crucial for laser feature understanding and performance improvement [McCumber, 1966].
The Relative Intensity Noise (RIN) has been introduced as a criterion for these scopes. Con-
tinuous Wave (CW) emitting diode laser domain has particularly pushed the research on this
topic [Petermann, 1991]. For this kind of laser it is of particular interest to have the low-
est possible intensity noise for several applications in metrology [Arditi & Picqué, 1980]. For
mode-locked lasers, it is relevant to inspect amplitude and RF phase noise. The interest of
evaluating the noise performances has acquired a strong importance since the frequency-comb
and its applications were pointed out by Hansch [Hénsch, 1972]. In this case, the nature of ML
lasers is, for example, used for precision spectroscopy [Hansch, 2006].

Considering what we have said, we could deduce that the laser noise analysis and consequent
reduction to the lowest possible noise is a subject of study only for very precise situations. Nev-
ertheless even commercial pulsed lasers require a characterization of the intensity fluctuations
performances. The shot-to-shot stability (or pulse-to-pulse stability), defined as the root-mean-
square (rms) of photodiode measured pulse energies is the standard [ISO 11554:2017, 2017]. Tt
will be usual to find in product data-sheets that the laser stability is less than some percent
rms.

In the last decades, commercial high energy class lasers have been used as strong field physics
drivers. For this kind of utilization, ultra-stable laser chain are required, thrusting the limits of
the intensity stability features. It is asked, for instance, a laser with a pulse intensity shot-to-
shot stability lower than 1%. This opens the discussion about how reproductive and sensitive
can be this type of measurement. We believe that femtosecond laser amplified source charac-
terization in terms of RIN brings to a clearer analysis of the system for the desired application
with respect to the used shot-to-shot rms. Measuring the RIN of our source provides a fre-
quency spanning fingerprint of the sources of noise contributing to the rms intensity stability.
It has to be said that pulse-to-pulse stability is an extremely simple measurement to do, requir-
ing only a photodiode and an oscilloscope. The few studies that have been carried out about
RIN measurement for pulsed ultra-short laser require, instead, costly and delicate setup ar-
rangements [Paschotta, 2004, Budunoglu et al. , 2009, Tawfieq et al. , 2018]. This complexity
is incompatible with the industrial and commercial requirements. In this chapter, we introduce
a very simple setup for RIN measurement of femtosecond laser sources explaining details of the
measurement and the advantages of the technique.
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2 Theory and background

In this section, we discuss a theoretical approach for the treatment of intensity noise for fem-
tosecond mode-locked lasers. First the intensity and phase noise is introduced. The RIN is
then discussed and some common techniques of measurement are analyzed.

2.1 Definition of the RIN

Consider an ideal femtosecond mode-locked laser, without noise. The intensity in the time
domain can be described as a sum of Delta functions [Weiner, 2011]:

Iy(t) = Pzné(t —nT), (IIL.1)

where: P is the power of a single pulse, T' is the period of the pulse train. In a more realistic
situation, we have to consider intensity fluctuations AI(t):

I(t) = Io(t) + AI(t). (I11.2)

Taking into account amplitude and time fluctuation, we can write:

+oo
I(t) =P+ N@®)] Y 6(t—nT —J(). (II1.3)
n=—oo
Where: N(t) is the normalized power fluctuation, J(t) is the timing jitter. The way to deduce
the phase noise and the amplitude noise of the laser usually involves a frequency domain anal-
ysis. We remind the definition of the power spectral density (PSD) as [Davenport et al. , 1958|:

Sp(w) = F{It)I'(t+ 7))} (111.4)
So that, for our train of deltas we get:
“+o0o
Sp(w) =P? > [216(w — wn) + Sn(w — wn) + n°wn®Sy(w — wr)]. (I11.5)
Where: wy, is the harmonic mode-locking frequency wy = QWT", Sy is the amplitude noise

spectral density and S is the phase noise spectral density. We neglect for our treatment the
phase spectral noise contribution S, and focus only on the amplitude one. We take, then, the
rms of the amplitude noise fluctuations in time N (¢), underlining the equivalence:

on =/ (N@)? = %ﬁ :OOSN(w)dw. (I11.6)

We introduce a finite bandwidth of frequencies from a Wi, t0 Winee to model real measurement
conditions.

® Wmae 1S coming from the bandwidth of the detection system. As we will see in the next
section, the detection is limited by the setup elements to a specific frequency, that will
be the maximum frequency of the RIN PSD.

® Wmin 18 strictly linked to the measurement time AT, according to wWyin = MLT’

The RIN PSD is simply defined as the amplitude noise Sy . It is the above-mentioned power
laser spectrum S),(w)where we have normalized the average power and neglect the timing jitter
contribution. If we take the harmonic n = 0 of the pulse train:

Sp(w)

RIN = =55~ = Sy. (111.7)
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Dimensionally, considering that we are measuring a normalized frequency sample, we have
units of [é] The logarithmic scale is often used for the interpretation of the PSD. We have:

RIN4p) = 10log10(SN), (IIL.8)

with units of [dBc¢/Hz]. The ¢ in the dBc value is aimed to stress the fact that is a value
normalized to a carrier, giving rise to the adimensional term. The integrated value of the
RIN (referred as IRIN) is equal to o%. We can easily understand that the IRIN value and
the shot-to-shot stability (which we have indicated in the context section to be as reference
measurement for commercial lasers) are theoretically the same. It will be shown in the next
section that even if theoretically the two values should be same, the way they are measured
induces different results in practice.

2.2 RIN measurements for mode-locked laser

As already said in the context section, the RIN measurement is a well-established character-
ization tool for CW lasers. For mode-locked lasers there are different details that have to be
considered. The simplest way we have to measure a train of pulses is to use a photo-diode (PD)
and an Electrical Spectrum Analyzer(ESA)[Von der Linde, 1986]. Using this instrument allows
to directly access the frequency spectrum of the pulse train. What is particularly interesting
is that both phase noise and intensity noise spectra can be retrieved. This can be clarified
looking at the figure I1I.1.

Electrical Spectrum
Analyzer

10t

-5 -4 -3 -2 -1 [ 1 2 3 4

Time (1)

. Harmonic0
. Amplitude Noise S

Harmonicn
Phase noise S I

Amplitude Noise Sy

Frequency (w)

Figure III.1 — Scheme indicating the measurement process with an ESA of a pulse train spec-
trum. PD: Photodiode.

The figure shows the measurement process following strictly what we have said in the
theoretical treatment. At the beginning, a pulse train is illuminating a photo-diode (PD). The
intensity of the pulses is proportional to a current i,(t) generated from the PD. This current is
measured by the ESA. The ESA output is the power spectrum of the train in frequency. Each
pulse in the RF spectrum has a base structure. For the n-th harmonic the base is due to the
Sy and Sy [Scott et al. , 2001]. We can notice in the eq.(IIL.5) that the phase noise spectrum
is not present around the Oth order harmonic. In this case we talk about Baseband. We can
measure the amplitude noise (AN) by filtering out all the laser harmonics different from the
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zero-centred one. Considering the symmetry of the power spectrum this means simply isolating
the frequency bandwidth from 0 to half the repetition rate laser frequency.
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3 Measurement setup and issues

We now introduce the setup of RIN measurement we will use. We first discuss how we design
it. After, technical details that have to be taken into account for the measurement are pointed
out. The setup and the measurement we present in this section has been the result of a learning
curve during the thesis period. Some of the RIN results we present in this chapter are realized
with slightly modified setup with respect to the optimized one. We ensure the coherence on
the results and conclusions we present in the next, using exactly the same setup when we make
comparative study between two different laser conditions. It has to be said that the measured
IRIN value is overestimated when we use the not optimized setup. These elevated values are
meaningful only in the context of the comparative studies. The IRIN corresponding to the
real source one is the one obtained using the optimized setup we discuss in this section. This
underlines the importance of minimizing measurement noises.

3.1 Setup description

We have anticipated that we use a different approach for AN measurement. The main difference
is that we are not using the ESA. We measure the pulse signal in time using a PD. While the
ESA gives the RF power spectrum we need for analysis of the PSD, we measure, instead,
the PD signal using an oscilloscope. We make, then, a post-processing via a Fast Fourier
Transform (FFT) [Welch, 1967] for getting the RIN PSD. A point to solve still remains for the
realization of the time measurement with respect to the spectral one. We have said that we
must filter the higher harmonics of the laser for isolating the baseband. We filter the signal of
the photodiode using an electrical low-pass high order filter. In particular we choose a filter
with a cutting frequency f.,: equal or lower than the Nyquist frequency of the laser repetition
rate fy = fr%.The general RIN measurement setup is the very simple one depicted in figure
I11.2.

< ﬂ M | M A~
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Figure II1.2 — Setup of the RIN measurement.

We can see that the filter transmits only the slow variation of the pulse train to the oscil-
loscope. In the reality of our measurement, we have a noise and not a single modulation as
represented in the scheme. Although the setup is very simple, each element of the detection
system can distort the laser signal, influencing our RIN measurement. This is something we
want to avoid. For this reason, we need to carefully choose each element of the measurement
setup as well as their operation parameters.

Photodiode The photodiode choice is done considering mainly two aspects: the photode-
tector noise and the acquisition bandwidth. We use Si photodetector because the responsivity,
R(}), is high enough at 1pm, our laser central wavelength. The bandwidth is chosen depending
on the repetition rate of the laser we want to measure. The noise quality of the detector is
defined by the Noise Equivalent Power (NEP) |[Hamstra & Wendland, 1972]. This quantity
is essentially the minimum detectable power by the detector. To be more precise, it is the
minimum detectable power divided per the bandwidth unit, and for this reason is expressed
in [W/v/Hz]. For our measurement, we choose the lowest possible NEP for having the highest
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sensitiviy of our RIN. Considering the values that can be found in datasheets of commercial
PDs, we must consider the NEP in relation with the bandwidth of the detector and its re-
sponsivity. The value normally given is the minimum NEP, that corresponds to the maximum
R(X). All this considered, we can reformulate our best possible choice of the photodiode as
the lowest NEP, the smallest bandwidth (frequency response), A, and the maximum R(\)
[Mackowiak et al. , 2015].

Filtering As already discussed the filter has to be chosen with a cutoff frequency feu:<fwn,
where f is the Nyquist frequency. In particular, it is very important for a proper measurement
to use a high-order filter. We would use the closest possible f.,; to Nyquist. At the same
time, we want that the response of the filter is strong enough to really eliminate any residual
measurable harmonics signal. If this is not true peaks in our PSD could be measured around the
filter cutoff coming from the pulsed character of the laser. We can see that another possibility
is to use directly the photodiode bandwidth to filter out the higher frequencies. This is a worst
choice respect to a rapid photodiode and an high-order filter because, the bandwidth limit of
the photodiode can be seen as a RC first order filter. If we use a photodidode with a BW equal
to the fn, the RC filtering still transmits peaks due to the pulsed nature of the laser.

3.2 From continuous to discrete: signal sampling and aliasing

In the theory section we have considered our signal as continuous. The nature of the mea-
surement is, instead, discrete. The oscilloscope, moreover, acts as analog to digital converter
(ADC). It is useful to analyze what impact this conversion could have on the RIN measure-

ment. The oscilloscope is sampling at a determined sampling rate fg the photocurrent of the
PD.
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Figure I11.3 — Representation of the oscilloscope sampling and aliasing. Left: analog measured
sinusoidal signal. Right: oscilloscope undersampling signal (blue-dotted line).

Considering as an example, the sinusoidal oscillating current at a frequency w depicted in
figure I11.3. On the left there is the analog signal in solid orange line. On the right the same
signal is dotted in orange. Let us imagine that the fg is such that a point is measured each
w/1.5, as in figure I11.3 on the right is represented by the black dots.

Not only the dotted orange line fit these points but also another modulation with a lower
frequency, depicted as a dotted blue line in figure II1.3 on the right. This new function is an
alias of the orange sinus generated by the sampling. This case is referred as undersampling. A
way to avoid this problem is to sample faster than twice the frequency of the sinus we want to
measure [Shannon, 1948|.
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Figure II1.4 — Depiction of frequency spectrum aliasing of components higher than fy. Top:
real signal. Bottom: aliased signal.

Let us consider that a signal composed of several peaks in the frequency spectrum, like in
figure II1.4 on the top. The only frequency that are not affected by the aliasing are the ones
between zero and the Nyquist frequency fun. If there are components of the signal higher than
fn are aliased. This means that they are transposed at a frequency in the BW |0; fn|. Let us
analyze the example in figure I11.4 on the top. Consider fg = 100 Hz, f; = 10 Hz, fo = 30 Hz,
f3 =60 Hz, fy =120 Hz. The frequency of the f3 and f; are aliased at new frequencies fg“as
and ¢! that are linked to the fs according to:

falias — \nfg — fol, (I11.9)

where f, is the general original input frequency higher than fy and nfg is the closest integer
multiple of the sampling frequency. For our example this means:

fghias — 1100 — 60| = 40H z, (I11.10)

fatias — 1100 — 20| = 20H 2. (I11.11)

In our noise signal we can have components higher than fy, that will be aliased in the measure-
ment BW. This is a source of complexity in the data interpretation that have to be considered
in our case. It is of particular interest if our sampling rate is not several order of magnitude
higher respect to the mode-locked laser frequency. In the next we will see phenomena of aliasing
for laser pulse picking schemes.

3.3 Shot noise limit

The shot noise limit is the bottom limiting line for RIN PSD. The shot noise is the noise coming
directly from the fact that photons are discretely detected by the photodiode |Quimby, 2006].
In particular, we can say that the shot noise variance for the photocurrent is:

(i) = 0% = 2qIAf, (I1L.12)
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where i, is the photocurrent of the photodiode, g is the electron charge, I is the average current
and Af is the measurement BW. For our treatment, it is useful to have the power spectrum
for the shot noise. This is:

S(f) = 2qI. (I11.13)

Considering, now what we have said in the RIN definition section, the spectral power of the
shot noise is normalized:

Srin(f) = ) _ —. (I11.14)

We can see that the noise value is lower for higher current intensities. For example, for an
average photo-current of 1 mA, the RIN is limited to —159 dBc/v/Hz . The assessment above
is strictly true for the CW case. The problem for our case is a bit more complex, because it
is not so easy to estimate the average current in a pulsed situation. A semi-classical model,
introduced by Quinlan et. [Quinlan et al. , 2013], gives an approximation for short-pulses.
They show that for similar measurement condition to ours, and for ideally Gaussian pulses of
around 100 fs of time-length, simply:

SRIN
2

SRIN,pulsed(f) = . (111.15)

~

This means that for equivalent average photocurrent I, a RIN shot noise limit lower by —3
dBc/ VvV Hz than in the CW case is obtained. Our estimation of the shot noise limit is done
considering the average photocurrent of the detector, calculated as the R(A)P,pt. Pyt is the
average optical power impinging on the photodiode. Typical value of R(\) for Si detector at 1
um are 0.6 A/W. To have 1.6 mA of average photocurrent, 6 mW of average power should be
used for the measurement.

3.4 Photodiode saturation

We have realized that we need to have enough average power on the photodiode if we want to
keep the shot noise limit low. This becomes important when the noises we want to measure in
our under test source are of the order of the calculated shot-noise limit.

We understand that the best solution is to use as much power as possible in order to push
down the shot-noise RIN limit. The upper limit to this is the photodiode saturation. When
the photocurrent is too high the response of the receiver is no more linear. Considering a CW
laser irradiating the PD, the saturation effect depends on the size of the detector, on the load
resistance and on the reverse voltage |Quimby, 2006]. The saturation voltage limit grows for
bigger load resistance, for smaller detection area and decreasing the inter-electrode resistance.
If we, now, concentrate our attention on the pulsed case we can easily understand that this
voltage depends on the peak power of our pulses, too [Stuik & Bijkerk, 2002].
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Figure II1.5 — (a)PD response in not saturated case, (b) PD response in saturated case, (¢) PD
response after filtering for case (a), (d) PD response after filtering for case (b).

If we consider the case of an intensity shot-to-shot rms measurement, the saturation voltage

limit is directly linked to the Ve, measured by the PD for our peaks. Let us analyze the cases
depicted in figure I11.5(a) and II1.5(b). In both cases we are measuring the same source AN
but in case (b) the optical power on the PD is bigger than in (a). In the first case we have
that the amplitude noise fluctuations corresponds to a certain dy shown in the figure. If the
optical power on the photodiode is too high, like in II1.5(b), the Vpeqr is no more growing up
but the shape of the pulse measured is changed'. This means that if we are underestimating
the real fluctuations measuring a dy lower than the real one. We can define a V4 peqr for
which the Vpeqr is no more growing up but the PD response changes. This is the voltage
corresponding to the optical power upper limit for a shot-to-shot fluctuation measurement. In
the RIN measurement case what is measured is the variation of energy of the successive pulses.
The filtering acts as integrator for each pulse. The pulses measured in II1.5(a-b) become the
integrated value in II1.5(c-d). The fluctuations of amplitude dy ¢y are the same in the two
cases, not evidencing the saturation. For even more optical power on the PD, there is saturation
of the energy variation. This corresponds to have a Vi,qz, ri¢ that is bigger with respect to the
previously defined V42 peak-
The saturation voltage is evaluated experimentally for each of the measurements we will present
in the next pages. In order to have a quick demonstration of what we have said we measure
a RIN with two different cases of impinging power on the PD. In figure II1.6 we can see the
PSDs and the integrated RIN behaviors for a specific laser measurement.

'The photocurrent in both these cases is lower than the saturation current Is,: of the photodiode. This
means that the PD response can be considered linear.
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Figure II1.6 — PSD RIN (top) and IRIN (bottom) for a saturated example case.

Let us comment this example of saturation. In red the case of the not saturated RIN
measurement is depicted. We see in the PSD that a peaked structure is visible. We also
observe a continuous floor that naturally goes down for high frequencies. In the saturated case,
the floor RIN of the laser is completely missed. It is interesting to remark that the peaks are
still clearly visible, even if they are strongly reduced in amplitude. Comparing the IRIN we
can see that the effect is dramatic in the underestimation on the laser noise in the saturated
case. We get only 0.03 % instead of the real 0.46 %.

3.5 Signal-to-Noise Ratio (SNR) optimization

We have already said that each element of our measurement setup has an impact on our mea-
sured noise and has to be carefully optimized to have a proper measurement. The oscilloscope
itself has, for example, a specific noise that can be dominant on the laser one. The noise
characteristic of the oscilloscope relies upon several things such as the quantification error, the
input electronic stage of the device and so on. Consider what is depicted in figure I11.7. We
can see the signal of the oscilloscope after the filter on two different input settings.

2 Agilent Technologies TUE JAN 16 125405 2018 -5 Agilent Technologies TUE JAN 16 125327 2018
l]ml'l |_l . g-m1m1m;'.|m]]1w] |_l . ggm1m1m;'.|m

NOT OK OK

Figure II1.7 — Not good and good measurement for electronic noise of the oscilloscope.

In the figure on the left we can see that the oscilloscope trace spans only less than half a
division. In the case on the right, instead, the same measurement is zoomed in thereby reducing
the quantization error from the input ADC. This is observed also in the oscilloscope noise
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provided in the manufacturer data-sheets indicating the noise of the oscilloscope lowering for
smaller V/div settings. There are other noise sources in the oscilloscope (and in our detection
scheme in general) that we cannot control. We will put all these components under the generic
name of electronic noise. As an example, let us analyze the figure I11.8. A PSD and the relative
integrated RIN are depicted for two different measurement cases of the same laser under test.
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Figure I11.8 — PSD(top) and Integrated(bottom) RIN traces.

In the PSD and IRIN curves in red, we have measured a case with low signal on the photo-
diode corresponding to the worst condition for the oscilloscope. In the case depicted in blue,
we have well optimized our oscilloscope to have the smallest input settings and the highest
signal before saturation. Finally, in yellow are represented the PSD and the relative integrated
measured noise floor, acquired with no light coming on the photodiode. Let us start looking
at the IRIN box in the bottom. We can see that the integrated value in the red case is almost
twice the one in the blue case. Moreover, not only the total value is different but also the
measured structure itself. This appears even clearer if we look at the corresponding PSD. If we
look at the peaks in the red and the yellow case we appreciate that they are exactly the same.
The blue one, instead, shows different peaks. The red case is completely dominated by the
electronic noise evidencing a behavior replicating the measurement noise floor. The real laser
RIN is measured in the blue case. In our measurements, we will carefully choose the setup
condition to reduce the impact of the electronic noise and optimize the SNR.

Let us imagine, now, that we want to measure a signal with our RIN measurement method
but the signal is too low for being optimized on the oscilloscope characteristics as we have just
explained. A solution to this problem can be to use an amplifier between the filter and the
oscilloscope, enhancing the average voltage. It has to be stressed, once again, the importance
of the good choice of the amplifier. This component can, in fact, add noise in the RIN resulting
in an altered RIN measurement. An interesting point to emphasize is that the same procedure
cannot be applied for lowering the shot noise limit. This limit depends really only on the
photodiode. Inserting an amplifier after the detector does not change the shot noise relation.

3.6 From pulse-to-pulse stability to RIN

It is finally interesting to show how linked are the RIN measurements and the shot-to-shot
intensity stability. To investigate this relation, we take as an example a pulsed laser at 40
MHz. First, we measure the shot-to-shot stability. The measurement setup is a fast photodiode
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(DET10A, Thorlabs) and a fast oscilloscope (BW > 40MHz). We want to avoid the issue
described in the previous paragraph about the noise of the oscilloscope. We make a zoom on
the pulse measured by the photodiode such that we optimize on the oscilloscope screen only
the peak of it. We use the histograms statistics to measure the fluctuations. Since our idea is
to compare this measurement to the RIN we take a number of point that will correspond to
our RIN measurement time. The result gives a standard deviation of 0.48 %.
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Figure II1.9 — Scheme of the process of RIN full-bandwidth

Before making the RIN measurement following the procedure described in the previous part
of this section, we decide to make an intermediate measurement. The idea is to use the same
setup we have used for the shot-to-shot measurement but post-processing the datas in order
to obtain the RIN PSDs and the correspondent IRINs. This is a sort of RIN full-bandwidth
because of the absence of the filtering step. The principle is explained in figure I11.9.
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Figure I11.10 — Top: RIN full-bandwidth PSD for the laser at 40 MHz Bottom: IRIN full-
bandwidth for the laser at 40 MHz

The not filtered signal of the oscilloscope is analyzed on the computer. The trace is dis-
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cretized in order to have only one Vjeqi value per pulse, as it is shown by the blue dots in
figure I11.9. The discretization at this point is a sampling as the one presented before for the
oscilloscope. This means that this step is affected by the aliasing. The discretized signal is
normalized to the average voltage and Fourier transformed for the calculation of the PSD RIN.
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Figure II1.11 — Top: RIN PSD for the laser at 40 MHz Bottom: IRIN for the laser at 40 MHz.

The results are depicted in figure I11.10. Analyzing the integrated noise we can see
that it is 0.62% in the bandwidth between 1 kHz and 20 MHz. We can see that there
is an important contribution due to the measurement system itself. The optimization of
the SNR described in the previous section is not applicable in the RIN full-bandwidth be-
cause the pulses complete response have to be measured. The oscilloscope quantification
error is not minimized. We subtract the measurement noise contribution of the RIN full-
bandwidth, considering negligible the one of the pulse-to-pulse measurement. We obtain

IRIN = \/ (IRIN?__ — IRIN?

laser measurement

) = 0.57%. This value is very close to the pulse-to-
pulse stability found. We pass now to the RIN measurement. We use an amplified photodiode
(PDA36-EC, Thorlabs), a filter at 2 MHz (LPF1.94-, mini-circuit) and an oscilloscope. The
results are depicted in figure I11.11.

Let us compare them to the RIN full-bandwidth. The IRIN is less than a third, with a
value of IRIN=0.14 %. Looking at the IRIN in the full-bandwidth case, we can see that the
majority of the contribution is due to two noise peaks at 3.3 MHz and 8 MHz. These peaks
are not present in the RIN PSD. The question to answer is if these peaks are real noise or
come from the measurement. The frequencies are integer sub-multiples of the laser repetition
rate. This is in an indication of an aliasing situation coming from the measurement and not
from the noise of the laser [Holst, 1998]. This phenomenon cannot be avoided both in the
shot-to-shot measurement and in the RIN full-bandwidth because of the absence of the low-
pass filter. The impact of this kind of phenomena as well as the measurement noise itself are
completely hidden in the pulse-to-pulse stability. This make this measurement not suitable as
a comparison between different system. It can be still useful if it is used as comparison between
two situations using exactly the same measurement setup and parameters configuration.
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4 RIN case study on an amplified FCPA system

In this section we discuss RIN characterization of the pump laser we use for pumping our
CEP-stable source, that will be described in the next chapter. In the first part, this industrial
amplified laser source is quickly described and a detailed RIN characterization in different laser
operation conditions is done. In the second part, the improvement of the laser RIN quality is
presented, showing the related results.

4.1 RIN characterization of the laser
4.1.1 FCPA system description

The laser we use for RIN case study is a commercial source, Satsuma, by Amplitude Laser. It
delivers 40 pJ, 350 fs width pulses with a repetition rate up to 500 kHz. As already cited, it
is a fiber CPA scheme. We do not detail all the characteristics of this laser but we concentrate
only on some specific characteristics, looking at the scheme in figure I11.12.

frep=40MHz |

frep=40MHz |

frep=500kHz | ,=500kHz

H"h‘” “‘ H Efficiency
Dsi 0 | il ' I l Pulse External
“ Picker Modulator

i

Repetition Rate

Figure I11.12 — Scheme of the pump laser considering only the components acting on the
repetition rate.

We can see in the figure I11.12 a simplification of the pulses propagation in the laser source.
We see that starting from the oscillator, we have in order some single-mode fiber amplifier, a
Pulse-picker, the main amplifier and a second element working on the repetition rate called
External Modulator (ME). The pulse-picker reduces the oscillator amplified pulses frequency
from 40 MHz to 500 kHz in order to allow high energy amplification. The external modulator
is an acousto-optic modulator that allows two different things for the laser user. First, the
repetition rate of the pulses can be lowered from 500 kHz to its sub-multiples, preserving the
pulse energy. Second, the efficiency of the ME can be tuned modifying the energy of the out-
coming laser pulses. In practice, this is controlled by a number going from 0 to 100 % in the
laser control software. The pulse-picker and the ME will be two main elements we will work
on for the RIN characterization and improvement.
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4.1.2 Pulse-picking noises

The pulse-picking is a sampling operation. It is useful to stress what happens in terms of noise.
Consider the scheme of a pulse-picking AOM in figure I11.13.
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Figure I11.13 — Scheme of the pulse-picking AOM on pulses and noise.

Let us now, look at the working principle of the AOM in a simplified idea. A diffraction
grating is generated in the crystal thanks to the propagation of an acoustic wave. This wave
is generated by a driver. This electronic element is source of noise. This noise is transferred
to the acoustic wave and from the acoustic wave to the pulse-picked train. The transfer
from the driver to the RF wave and from the RF wave to the optical train depends on the
specifics conditions and on the driver electronics. Recalling the principle of operation of the
AOM |[Saleh et al. , 1991], in figure II1.13, the original pulse train at f,p is pulse-picked at a
lower frequency fpp. The noise contribution in the RIN PSD of the initially existing in the
bandwidth [fpp; frepl, are aliased in the pulse-picked train in the bandwidth [0; fpp|. In the
picture a continuous contribution is added in the sampled noise spectrum. For a peak noise at
a determined frequency the transfer follows the same principle we have explained in the theory
section.

At laser output, the RIN spectrum contains the aliased components of the original 40 MHz
train and can have added noise contributions from the pulse-picking electronics.

4.1.3 External modulator characterization

As a first test for the laser characterization we decide to see if the action of the ME has an
impact on the AN of the laser. This is very important for the application of the laser as seeder
of the system we will present in the next chapter. We use it at 100 kHz and with an efficiency
of 80 %. First, using the ME, we measure the RINs for different values of the efficiency. We
measure for 60, 80 and 100 % with the repetition rate fixed at 100 kHz in the 3 cases. For
the realization of the measurement we use a setup slightly different with respect to the one
presented in the section 3. We have a switchable amplified photodiode (PDA36-EC, Thorlabs)
and a filter with f.,; = 20 kHz (EF122, Thorlabs).
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Figure I11.14 — Top: PSD RIN for the ME at 100, 80 and 60% efficiency . Bottom: IRIN for
the ME at 100, 80 and 60% efficiency.

In figure I11.14, we can see the three PSDs in the top and the corresponding integrated noise

in the bottom. The bandwidth of the measurement is [0.1Hz; 50kHz|, meaning we have take
1 million points in a 10 s oscilloscope trace. For all the measurements we have used the same
setup and the same optical power on the photodiode. We have carefully chosen this power to
have a shot noise limit lower than our measurement. We have checked we are not saturating
the PD. We see basically no impact of the variation of the ME efficiency, evidencing three
identical PSDs and IRIN behaviors.
We, then, measure the RIN as a function of repetition rate. We use exactly the same system
we have adopted for the efficiency case. In this case, we measure three interesting situations,
considering our future applications: 500 kHz, 250 kHz and 100 kHz. We decide to use again the
20 kHz filter and the the same bandwidth [0.1Hz; 50kHz| in order to obtain easily comparable
measurements. The efficiency is set to 100% to get the whole energy at the laser output.
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Figure II1.15 — Top: PSD RIN for the ME at 500, 250 and 100 kHz of repetition rate. Bottom:
IRIN for the ME at 500, 250 and 100 kHz of repetition rate.
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Figure II1.15 shows the results in the three cases. Let us concentrate on the 100 kHz case

on the extreme left. There is a peak around 5.5 kHz that represents more than half of the total
IRIN. This peak disappears in the other two cases leading to IRIN values around only 0.2%.
If we compare the 500 kHz and 250 kHz behaviors, we observe the same peaks and structures.
The origin of the peak in the RIN PSD seems to be linked to the ME operation.
We believe this noise is still present in the complete (going until the Nyquist frequency) PSD
for the latter cases. The difference between the f,.,=100 kHz and the f,.,=100 kHz, 500
kHz cases lies in the fact that a high frequency noise peak is aliased below or above of the
filter cutoff frequency at 20 kHz. To back up this claim, the shot-to-shot intensity stability
is found to be the same in the three cases. As we have seen this measurement can be used
for a rough estimation of the amplitude noise. In our particular case we have made the three
measurements using the same setup of a photodiode and and oscilloscope used in exactly the
same conditions. Another confirmation is shown in figure I11.16, where we see the intermediate
situation corresponding to a ME at 125kHz.
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Figure I11.16 — Top: PSD RIN for the ME at 125 kHz of repetition rate. Bottom: IRIN for the
ME at 125 kHz of repetition rate.

We clearly see a peak contributing to more than half the total IRIN in the measurement
bandwidth but is, now, centered around 18 kHz. To be more precise the amplitude of this noise
peak is slightly lower with respect to the 100 kHz case. This can be explained by the fact that
the filter cut-off frequency is close to the peak position.

We can conclude that the ME operation changing the repetition rate has an impact on the AN
of the laser output.

4.1.4 Pulse picker characterization

After having tested the influence of the ME on the laser output, we want to analyze the role of
the pulse picker. In order to test only this component, we use the ME in alignment mode. In
this configuration it transmits all the pulses, at the frequency we set the PP. Let us take two
interesting situations: 500 kHz and 40 MHz. The second situation represent the PP alignment
mode. We use a not amplified photodiode (DET36A /M, Thorlabs) and a filter at 100 kHz
(EF502, Thorlabs) in the first and a filter at 2MHz (LPF1.94, Minicircuit) in the second case.
The results are depicted in figure I11.17.
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Figure II1.17 — RIN PSD (Top) IRIN (bottom) measurement of laser output with ME in
alignment mode and PP=500 kHz (Left), 40 MHz (right).

It has to be remarked that the bandwidths of these measurements differ. Focusing on the
case at 40 MHz we can see that the noise behavior tends to go below the measurement noise
floor around the kHz frequency. For this reason even if the filter we have used in this case goes
until 2 MHz we decide to show only the relevant bandwidth. For the case on the left, instead,
we have integrated the RIN PSD until the cut-off frequency of the filter. The comparison of
the integrated value is meaningful, considering we are neglecting only the bandwidth [0.1 Hz;
1 Hz| in the first case in respect to the second. The conclusion we can make is that the PP has
an effect of the RIN. The higher repetition rate case is less noisy than the lower one. For this
reason we will modify this component to improve the RIN performances as described in the
next paragraph. Another important point of difference emerging looking at these measurement
is that the IRIN is in general sensibly lower than the ones for the ME study done in the previous
paragraph. Let us compare, in particular, the case at Frep=>500 kHz in figure I11.15 and the
one in figure I11.17.

RIN PP Frep 1z ME Al RIN PP Frep=500 kHz ME=500 kHz
Laser noise
Measurement noise

RIN PSD (dBc/Hz)
g

RIN PSD (dBc/Hz)
g &
J:
Vi
>
W)

10° 10° 102 10° 104 10° 10! 102 103 104
Frequency (Hz) Frequency (Hz)

0.14 T T T T T 02F

0.12f

Integrated RIN (%)

o o o

o o o ©

2 8 8 =

Integrated RIN (%)
°

o
o
S

o

10° 10' 102 10° 104 10° 10! 102 10° 104
Frequency (Hz) Frequency (Hz)

Figure II1.18 — PSDs (top) and IRIN (bottom) for PP=500 kHz and ME in alignment mode
(left) and ME=500 kHz (right).
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Several structures that are present in the first case disappear in the second one. The com-
parison of these two measurements is delicate because we have used two different measurement
setups. For this reason, we make another comparative study at PP=500 kHz with ME=500
kHz and ME in alignment mode. We make the measurement using the setup of the paragraph
4.1.2. Figure II1.18 reports the obtained results. We appreciate that there is a difference in
the two situations. This certifies again that the ME has an impact on the RIN of the laser.
Comparing now figure II1.18 and figure I11.17 with PP we measure two IRIN values that are
reasonably identical (0.13% vs 0.15%). This shows coherence between the results made with
two different measurement setups.

4.2 RIN performances improvement

In this section we first explain the principle of the technique we have adopted for reducing the
amplitude noise of our system working on the PP. We then present the results obtained. Even
if we have seen that the ME has an negative impact on the IRIN, we will not act on it. This
choice is linked to the difficulty of modifying the ME implementation without changing the
whole pump laser architecture.

4.2.1 Principle: synchronized pulse-picking

De Vries et al. [de Vries et al. , 2015] demonstrated a method for reducing the AN and the PN
of the output of a pulse-picking acousto-optic modulator (AOM). The principle main idea is
to synchronize the AOM driver RF frequency, normally internally generated, to the repetition
rate of the laser we want to pulse-pick. We decide to test this idea for our PP.

| NOT Synchronized case | | Synchronized case |

Figure I11.19 — Principle of synchronized and not synchronized radiofrequency for driving the
pulse-picking AOM.

First we have to clarify how we control the AOM we have called PP until now. For the
downsampling of our pulses the driver sends a radiofrequency to the acousto-optic crystal,
modulated using a square gating function at the repetition rate we want to obtain at the AOM
output. The gating is triggered by the laser pulse train. The driver is, in a simplified depiction,
a mixer taking the gating function and a radiofrequency generated internally. The key point
of the synchronized PP is to have the RF synthesizer externally synchronized to the laser. For
understanding the effect of this, let us have a look at figure I11.19. In a qualitative way we
can imagine that the type of the signal sent to the AOM crystal has an impact on the pulse
picking quality. This means that the first diffracted order of the AOM is switched on/off with
the same rising/falling front wave depicted in figure I11.19 on the right. In the opposite way,
in the non-synchronized case, rising and falling edges are different for each gating period. This
effect is more pronounced for fast PP where only few acoustic cycles are used to diffract the
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incident beam.

The implementation is depicted in figure I11.20. The synchronized scheme clock is generated
starting from the oscillator and selecting the 5th harmonic at 200 MHz using a band-pass filter.
A 20 dB-gain amplifier is used to increase the signal for the driver entrance. The gating signal
is generated from the FPGA electronically controlling of the laser, triggered by the oscillator.

Trigger e ereloctrs
m Fron=A40MHz control FPGA
rep—

(oaovi | frep=A0MHz/N

M ™ =
]

(Y

Clock

Figure II1.20 — Scheme of the PP driver synchronization to the oscillator.

The synchronization acts only on the PP and not on the ME because the first is much more
sensitive to the rising and falling edge of the carrier acoustic wave. This is linked to the number
of acoustic wave cycles required for the pulse-picking. Let us consider, in a simple depiction, a
beam diffracted through the AOM crystal having a diameter D as sketched in figure I11.21.

Figure I1I1.21 — Sketch of the transverse beam profile, of diameter D, in an AOM.

The acoustic wavelength A,. can be defined as:

Vac
e = Jac. 1116
o (IL16)

where v, is the acoustic wave speed and f,. is the acoustic wave frequency. The beam expe-

riences a grating generated by the acoustic wave. The beam diameter can be compared to the
acoustic wavelength:

D = A\gen, (II1.17)
where n is the number of acoustic wave cycles. Let us consider, now, that we want to use the
pulse picker with a laser repetition rate fr.,. We can find that the period T;.p = f%p has to
be: D

Trep > —. (IT1.18)

Vac
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From the analysis of (II1.17) and (III.18), a maximum number of period for a certain f., and
fac can be found as:

fac
frep‘

If we consider the PP case, in the equation (III.19), the number of period is only 5. On
the other hand, the ME is driven by an acoustic wave at 80 MHz and pulse-picks a 500 kHz
repetition rate pulse train. The number of period is, then, n=160. This demonstrates the high
sensibitivity of the PP on the rising and falling edges of the carrier acoustic wave and explains
why the synchronization effect would not be comparable in the ME case.

n <

(111.19)

4.2.2 Results on PP synchronization

To compare the synchronous and non-synchronous systems we use a different measurement
system than previously described. In this case we decide to insert an electronic amplifier
between the low-pass filter and the oscilloscope. The amplifier is also a substractor in a classical
op-amp configuration [Scherz, 2006]. The advantage of having a substractor is to finely tune
an offset on the noise trace. This allows us to exploit the dynamic of the oscilloscope, reducing
the quantification noise as explained in section 3. We decide to test two situations with PP at
500 kHz. In the first case the ME is in alignment mode and a filter cut-off of 100 kHz is used.
In the second one we choose to use the ME at f,., at 167 kHz, and use a filter cut-off of 50
kHz (EF 124, Thorlabs). The results are compared in figure I11.22.

Let us consider first the 167 kHz situation on the right. We can see that in the bandwidth [0.1
Hz; 50 kHz| we achieve an improvement of about 35 % passing from 0.21 to 0.13 % IRIN. The
result is somehow confirmed in the ME alignment mode case, where the IRIN passes from 0.21
% to 0.15 %, providing about 30 % of RIN reduction.
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Figure I11.22 — PSD and IRIN for synchronized and non-synchronized PP for ME= alignment
(left), and ME=167 kHz (right).

It is interesting to compare our results to those found by De Vries et al
[de Vries et al. , 2015]. In the publication the AN improvement is shown on the basis of the
shot-to-shot measurement. 5000 subsequent pulses at 74 MHz repetition rate, are recorded
in the two cases. The standard deviation passes from 2.91% to 0.46%. The big difference
stands in the fact that they are pulse-picking at a frequency of 73.8 MHz using a RF wave at
230 MHz. This means that only three acoustic cycles are in pulse-picker driver wave for the
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equation (II1.19). In our case we have already said that we have 5 acoustic wave cycles. We
are, then, less sensitive to the synchronization with respect to their case.
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5 Conclusions

In this chapter the RIN characterization for a femtosecond laser source has been analyzed.
As we have said in the context section, we believe that this kind of characterization is bound
to become more important in commercial and industrial lasers. The comparison with the
shot-to-shot fluctuations has allowed to prove how this latter is meaningless without a proper
comparison of measurement setups. The simplicity of the setup we have presented for RIN
allows a broad utilization of this characterization.

We have finally taken, as a case study, the pump laser we will use as pump of our laser chain.
The investigation of the pulse-picking system has shown a critical point for the output RIN.
This has been the starting point for a performance improvement discussed in the last section.
An improvement of 30 % has been measured owing to the optimization of the pulse-picking
confirmation. In the next chapters we will see how the RIN measurements will have a strong
importance in the whole laser system.

To conclude this chapter it has to be said that other techniques for lowering intensity noise
can be adopted on a laser system [Cingoz et al. , 2011, Hamm et al. , 2000]. In our case, we
must keep in mind that we use a commercial laser as a "black box” where we cannot modify
freely each element. There is, anyway, a possibility of upgrade even in our case: active RIN
stabilization [Huber et al. , 2017]. This technique will be implemented in future studies.



Chapter IV

Carrier Envelope Phase stable
Front-End

Objectifs

In this chapter the first part of the laser chain, the front-end is introduced. We
firstly present the motivations and the context of operations of this source. The
carrier envelope phase (CEP) is formally defined and the stabilization in low energy
systems (oscillators class) is discussed in the second section. In the third part, the
setup is presented and characterized. In the fourth, the CEP measurement setup
and the results are discussed. In the fifth, we study the RIN properties and the
impact of the AN on CEP noise in our system. Finally, conclusions summarize the
chapter in the sixth part.
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1 Context: CEP-stable oscillators and DFG-OPAs

In the first pages of this manuscript we have modeled an ultra-short laser as an electric field
composed by a fast oscillating carrier and a slowly varying envelope. We have, indeed, imposed
that only the envelope matters for all the treatment we have done. Reducing more and more
the pulse duration has lead to an overcoming of this approximation. This means that for
pulse duration of only a few-optical cycles and the related applications, not only the envelope
but also the carrier of the electric field is important. The carrier-envelope phase (CEP) is the
parameter allowing to define the relation between the envelope and the carrier for a determined
laser. Stabilizing and controlling the CEP means controlling directly the electric field. In the
nineties, the strong field physics has seen an exponentially growing interest thanks to progress in
femtosecond laser technology [Steinmeyer et al. , 1999, Brabec & Krausz, 2000, Nisoli, 1997].
Different sources delivering pulses of only few optical cycles were presented, tracing the road
for attosecond science. In this sense, the CEP control is required. The first CEP stable system
has been proposed and measured in 1996 by Xu et al. [Xu et al. , 1996]. Since then, the
phase control of ultrashort laser pulses has interested a broad community of researchers and big
efforts to stabilize and measure more precisely have been made. Aiming attention only at CEP-
stable low energy lasers |Klenner et al. , 2013, Liicking et al. , 2012, Rausch et al. , 2009], two
main applications can be identified. First they are used as seeders for high energy systems,
for application in ultrashort strong field physics [Budriunas et al. , 2015, Jullien et al. , 2011].
The second application is frequency comb metrology where the control of the CEP allowed
unprecedented frequency precision in the optical domain [Kim & Song, 2016].

Let us focus on nowadays existing techniques for CEP stabilization in laser oscillators. We
can divide them in two groups: active and passive methods. We define as active all the cases
where electronic devices are required for the stabilization, with feedback loops and delicate
detection tools. In contrast, passive techniques rely on all-optical methods. The first group
includes a large number of detection and actuation systems. This is the historically most
adopted way to provide a CEP-seeder. Two of the most relevant techniques will be presented
in the next section of this chapter. This approach hold the record of the most stable CEP
system [Koke et al. , 2010]. The passive stabilization technique exploits nonlinear effect such
as DFG for generating phase-stable pulses. We choose this technique for the realization of
the front-end. The reasons for this choice are several and will be clarified in this chapter. In
particular, we will see that adopting an all-optical setup allows to be completely transparent
to the laser repetition rate. This point is of particular interest for the realization of a flexible
high repetition rate source. The simplicity of the realization setup and the complete absence
of feedback architectures represents a strong advantage to consider in the comparison. We will
show this seeder suits the performances requirements for a CEP-stable high repetition rate
source for strong field physics applications.
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2 Theory and background

In this section, we define the CEP in the first part. The two most used active stabilization
techniques are described in the second. The CEP stabilization via DFG is, then, introduced.

2.1 CEP definition

Let us consider the electric field description of a mode-locked femtosecond laser we have used
in section 1 of this manuscript (I1.9), it can be rewritten:

E(z,t) = A'(z,t)cos[wot — kot + p(z,t) + porp(2)]. (IV.1)

As we have already said, the electric field is described as a slowly varying envelope A’(z,t)
and a fast oscillating carrier. The Carrier-Envelope Phase (CEP) is the pcgp(z) term in the
square brackets of the equation. This term corresponds the difference between the peak of the
envelope and the closest carrier peak [Steinmeyer et al. , 2013]. Depicted in figure IV.1 we can
see a representation of this definition on a few cycle pulse.
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Figure IV.1 — Scheme of the CEP definition on a two-cycles pulse. Left: ocgp = 0. Right:
wcpp = 3/2m

We can easily understand looking at the figure that the slowly varying envelope approxima-
tion (SVEA) has to be relaxed and the carrier of the electric field has to be taken into account
for a very short pulse. Think now that the pulse has a determined pcgrp(0) at position z = 0.
Let the pulse propagate in a medium. The envelope is travelling through the material with a
group velocity v, we have introduced in the chapter II. The carrier, instead, propagates with
a phase velocity v,. These two speeds are different v, # v4. The CEP of the original pulse is
modified because of the different propagation speeds of envelope and carrier in the medium.
This produces an added Apcgp, defined as [Steinmeyer et al. , 2013]:

1 1
Apcpp(z) = woz — ) Iv.2
pcrp(z) = wo (vg(wo) Up(w())) (IV.2)
showing that the CEP shifts linearly with propagation distance. The phase velocity is

dependent on the refractive index, according to i = ") The CEP slippage is strongly
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dependent on dispersion in the medium. We can reformulate equation (IV.2) in terms of the

chromatic dispersion %, as follows:

0
Apcpp(z) = —27rz£. (IV.3)
Let us take as an example a laser source emitting at 1030 nm. The chromatic dispersion in
air and fused silica is respectively -0.0000028517 pum~! and -0.012296 wm~!. This means that

to change the electric field with a CEP shift of 7, the propagation distance in air and glass is:
AL, =35 cm (Air). (IV.4)

AL, =80 pm (Fused Silica). (IV.5)

These values give us an idea of how sensitive the CEP is to dispersion and how difficult it is to
control and stabilize the CEP. In the definition of equation (IV.1) we have considered only a
single pulse depiction. Consider, now, a mode-locked oscillator. In the time domain, we have
a pulse train equally spaced with T = fr—lep where each pulse has its own pogp. In figure IV.2
the pulse train is represented. For each round trip in the oscillator cavity, there is a phase shift
Apcpp depending of the elements of the laser cavity. Between two successive pulses of the
pulse train there exists this phase shift. In the frequency domain, this origin a frequency like
shown in the PSD of the pulse train in figure IV.2 bottom.
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Figure IV.2 — Scheme of the CEP definition on a pulse train.

This frequency referred as carrier-envelope offset fopo defined as in the scheme.

1
fepo = 5_Avcepfrep- (IV.6)

This frequency represents the offset on the frequency comb in the PSD of the mode-locked
laser. If we want to consider the frequency of an arbitrary line n in the scheme, we have:

o= nfrep + fcko- (IV-7)
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Looking again at the scheme in the bottom of the figure IV.2, we see fogo as the offset of the
extrapolated first frequency of the comb with respect to the zero frequency.

2.2 Measuring CEP in oscillators

The stabilization of the CEP has clearly progressed in parallel with the ability to precisely
measure it. We discuss the main techniques for measuring the CEP in oscillators and the
criteria used for the evaluation of the CEP stability of a determined system.

2.2.1 Cross-correlation

This is the first proposed measured technique [Xu et al. , 1996], and uses a Michelson-type
correlator. The interference fringes between two successive pulses of the pulse train are detected
using a photo-multiplier tube (PMT). Figure IV.3 shows that the position of the fringe peaks
with respect to the origin is directly related to Apcgp.

Figure IV.3 — Principle of the cross-correlation technique. Figure taken from [Xu et al. , 1996|

A point to clarify is what is interesting to measure. We have said that Apcgp is constant
in principle for each roundtrip. This phase shift is affected by small fluctuations. This means
for the cross-correlator, and for our pulse depiction in time domain, to measure a jitter. A
CEP phase stability r.m.s. can be defined as:

020 = ((pcpp(T) — popp(0))?). (IV.8)

We are measuring a relative phase CEP fluctuation with respect to a an average value ¢cgp,.
The cross-correlation technique for CEP measurement has rapidly shown its limits. First, the
accuracy has been shown to be very low, around {5. The stability of the interferometer is
strongly impacting the measurement. Moreover, it is realized in the frequency domain using
an ESA. This forces the measurement being averaged over a large number of pulses, otherwise
no frequency corresponding to the jitter can be measured.

2.2.2 Heterodyne techniques

Some years after the first CEP phase slip measurement, the heterodyne techniques for CEP
measurement have been introduced [Telle et al. , 1999, Reichert et al. , 1999]. To understand
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the is technique we have to start from the definition of fogo for the frequency comb. In figure
IV .4, is represented the most common principle for this type of measurement.
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1 2f2 = 2frep + 2fcro |
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Figure IV.4 — Principle of the f-2f heterodyne CEP detection.

This interferometer configuration is known as f-2f [Jones et al. , 2000]. The principle is
to detect a beat note between the frequency comb under test and its frequency doubled ver-
sion, that is shifted from the zero frequency by 2f..o. In this way, we can directly measuring
foeo. Requirement for using this technique is having an octave-spanning fundamental fre-
quency comb, otherwise no interaction with the doubled comb is possible. If we think about an
emission spectrum from a mode-locked fs laser, it is very difficult to find such a large spectrum.
This problem can be solved by broadening the spectrum using a WLG process. If operation
condition of the WLG are such that the SPM is the dominating process, the CEP is preserved.
Considering the low-energy available for oscillators, the WLG is realized in a photonic crys-
tal fiber (PCF) [Coen et al. , 2001]. Once the broad spectrum is generated, one arm of the
interferometer is used for frequency doubling. A polarizer cube is used to project the SHG
components and the fundamental ones on the same polarization axis. The detection is done
using a filter, that selects the spectral region where both combs overlap, and a photodiode.
The feoro is, then, detected as a beat note frequency using an ESA. This is the most used
foro detection technique nowadays and different arrangements of the interferometer have been
proposed. As for the case of the cross-correlator, the measurement setup impacts on the CEP
fluctuations measurement accuracy. Let us imagine, for instance, that there is one mount in one
arm of the interferometer vibrating. As a result, the measured f.., will be modulated. Another
critical point can be the stability of the fundamental spectrum from shot to shot. If there is
an instability of intensity at the entrance of the PCF, for example, the spectrum at the output
has fluctuating values of phase. This adds a phase shift coming from the measurement setup.
One of the most efficient scheme proposed to simplify the interferometer and reduce the setup
impact on the CEP measurement is the monolithic scheme demonstrated by Fuji et al. in 2005
[Fuji et al. , 2005]. The spectral broadening of a titanium sapphire laser oscillator is realized
in a periodically poled lithium niobate crystal (PPLN). The beat note is not generated from
the interaction of the comb line f and 2f but from one comb line f,, and the DFG generated
frequency from the lower and higher parts of the same spectrum generated in the same crystal
[Fuji et al. , 2004]. Using the beat note between the DFG and a the corresponding line from
the fundamental comb is often referred to as 0-f interferometer. We can consider the frequency
N, as N = Npigh — Niow- Remembering what we have said for the case of the f-2f, we understand
that, in this case:

foeat = fn — foFG = nfrep + fecro — (Nfrep) = feEO- (IV.9)

We understand that we can use the different nonlinear effects combination for obtaining foro.
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This can be generalized as follow [Steinmeyer et al. , 2013]:
= " =Nfego — M fego + (i = §) frep, (IV.10)

where N and M are two integers indicating the N-th and M-th harmonics realized with the
nonlinear process, and i and j are modes of each frequency combs. We choose the mode for
which the condition i=j is satisfied. We can extract the fopo choosing a combination of M
and N. The f-2f case corresponds to taking N=1 and M=2.

2.3 CEP stabilization in oscillators

We discuss two stabilization techniques for oscillators. As we have already mentioned, an
active feedback loop is required for this scope. Detection and actuation methods define the
performances in terms of stabilization. We present two different schemes considering foro
detected using one of the above described methods.

2.3.1 CEP-stabilization on the pump intensity

This stabilization method relies on a fast feedback loop acting on a element inside the cavity:
the power of the pump laser [Borchers et al. , 2011, Yu et al. , 2007, Vernaleken et al. , 2012,
Poppe et al. , 2001]. The idea is simple and is depicted in figure IV.5.

CEP-stable output

fL‘EO
detection

PID controller

IIU || -Ii.ii,l
Figure IV.5 — Scheme of the CEP stabilization using a feedback on the pump laser intensity

The fopo is measured using a heterodyne technique. The foro tends to drift upon laser
and environment conditions. To obtain CEP-stable pulses at oscillator output we need to lock
this frequency [Jones et al. , 2000, Apolonski et al. , 2000]. A reference frequency is taken as
an integer sub-multiple of f¢,. Usually it is chosen frcp/4. A feedback loop stabilizes the
error between the reference and the measured fopo. Modulating the pump power on the laser
crystal changes the intracavity CEP shift. The transfer dynamics from pump power to CEP
output of a Ti:Sa mode-locked laser are well-known [Matos et al. , 2006]. An AOM placed
between the pump and the crystal is used to modulate and then stabilize the fogpo. In this
depiction, the laser f.p, is drifting. Because the fogo is locked on a sub-multiple of the laser
frequency, this means that fopo is drifting too. For metrology applications, it is required a
completely stabilized frequency comb. In these cases, f.c, must be stabilized to the lowest
possible jitter [Cundiff, 2002]. The difficulties in these configurations are on the choice on a
feedback actuator stabilizing fre, without acting on fcpo. Particular electronics and optical
architecture have to applied to overcame the problem. The described technique adopted by
Borchers et al. [Borchers et al. , 2011] allowed to reach a CEP of less than 100 mrad in the
bandwidth [0.1 Hz; 100 kHz|. The detection and actuation electronics is the speed limiting



Partie 2 - Theory and background 61

parameter of the correction BW. Commercial CEP-stable lasers based on this technique are
available since 2004 (CEP2, Femtolasers).

2.3.2 Feed-forward stabilization technique

In 2010 Koke et al. [Koke et al. , 2010] introduced a completely different approach to CEP
stabilization. It is nowadays the most used technique for commercial CEP-stable oscillators.
The novelty of the scheme is using an Acousto-Optic Frequency Shifter (AOFS) as actuator
placed outside the cavity. The fogo is detected and, after an amplifying and filtering electronic
circuit, is directly sent to the AOFS as RF driving frequency. The pulse train diffracted on the
order -1 of the AOF'S is outcoming with fopo = 0. The CEO frequency is simply substracted
such that the output pulses have f, = nf,¢, as depicted in figure IV.6.

\ Step 2: Amplification [Step 4: W

Input spectrum: f; =n- frop + feeo Output spectrum: f; =n- fi,

A" ";g%

Figure IV.6 — Feed-forward CEP stabilization scheme. Figure taken from |Liicking, 2014]

Step 1: Measurement Step 3: Subtraction of f.,

This scheme goes under the name of feed-forward stabilization. Let us compare this approach
to the one previously presented. It has the main advantage of simpler electronics and the
absence of the feedback loop. This translates to a cheaper system and also a faster one.
Bandwidth of operation faster than 500 kHz have been demonstrated [Liicking et al. , 2012].
These advantages have allowed to push the limit of CEP noise below 50 mrad in the BW [50
mHz; 500 kHz|. In contrast, the transmission of the AOSF is less than 75% and it adds a slight
spatial chirp and dispersion.

2.4 Passive CEP stabilization

A completely different way for obtaining a CEP-stable system can be adopted. A nonlinear
effect is used after the oscillator for generating self-CEP-stabilized pulses. The first scheme
in this sense has been proposed by Baltuska et al. [Baltuska et al. , 2002] in 2002. The idea
is to use the difference frequency generation between two frequency combs sharing the same
foeo- In this way, the CEP phase of the DFG pulses is automatically set to zero. Let us
analyze deeper this phenomenon looking at the equations of three-wave mixing in the case of
a DFG/OPA we already discussed in section 1. We reformulate the coupled equation for this
case adding the term of CE phase such that B, = A,e"?". We define ¥ = 3 — g — 01 — Akz.
We can write, then, the equation for the generalized case, as follows [Cerullo et al. , 2011]:

981 = [ B;Bssin¥,
9B: = kyBjBssin¥, (IV.11)
8£3 = k3B1BysinV.

Where k; are the nonlinear coefficient defined in section 1. We consider as before signal at
w1, pump at ws, idler at ws. We assume perfect phase matching condition Ak = 0. We can
assume there is no idler at z=0 as boundary condition Ba(z = 0) = 0. We can see that the
idler is maximized for ¥ = 7 /2. The relations of angular frequency and phase for signal, pump
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and idler become simply:
Wi = Wp — W
o (IV.12)
Pi = p—ps — /2.

In order to obtain a stable CEP idler we want to have @;g., constant. The simplest way for
doing this is ¢, = ¢,. The generation of coherent and very broad spectra that are necessary
to satisfy this condition is always obtained by WLG [Brodeur & Chin, 1999|. Two main ways
exist to realize the stabilization: the intra-pulse and inter-pulse techniques.

2.4.1 Inter-pulse CEP stabilization

The idea in this case is to make the DFG between two different pulses, pump and signal, having
the same phase popp. The most used scheme considers a pump and spectrally broadened
signal via WLG. The WLG is realized in a PCF [Thai et al. , 2011], standard fiber, or more
commonly in bulk crystals of sapphire or YAG |Budriunas et al. , 2015]. Let us look at figure
IV.7. In the top, there is a depiction example of the inter-pulse stabilization. It can be seen
that there is a WLG for generating the signal. A delay line is inserted on the pump arm in
order to temporally synchronize for DFG. These two elements can be the source of an added
CEP phase shift term Apcgp. The interferometer stability acts directly on the output CEP
stability. The delay line, by definition, represents a pathlength extensions meaning a naturally
more unstable interferometer. The WLG process on the signal arm, instead, could add a CEP
term on the signal that does not exist on the pump. Since the WLG is an highly nonlinear
effect, intensity fluctuations can be transferred to the phase, thereby degrading the obtained
CEP stability [Baltuska et al. , 2002]. This is the technique we will use for our setup.
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Figure IV.7 — Top: Inter-pulse principle and setup scheme example. Bottom: Intra-pulse
principle and setup scheme example.
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2.4.2 Intra-pulse CEP stabilization

The simplest way we can think for getting a CEP stabilized beam is to make the 3SWM
between two parts of the same pulse spectrum. We can see in the graph in the bottom
figure IV.7 that in this case there is no necessity of the interferometer because pump and
signal propagate together. This technique has been often used for Mid-IR range source
[Fuji et al. , 2006, Moses et al. , 2009, Gu et al. , 2009]. The first system was realized in 2006
by Fuji et al. [Fuji et al. , 2006]. A large spectrum Ti:Sa oscillator was directly used for DFG
in a PPLN. This provide a 2.1 um seeder for an OPCPA chain. In several other cases the
spectral broadening is achieved through a filamentation cell. This allows a very large broad-
ening, accommodating the use of a narrow-spectrum laser [Moses et al. , 2009]. It has to be
stressed that, as depicted in figure IV.7, there is no added phase term in this case even if a
highly nonlinear phenomenon is involved. This is because the term due to the nonlinear effect
is canceled out being in the pump and signal components. This is really true if the phases of
pump and signal phase of the spectral broadened spectrum are the same. Although the several
advantages, intra-pulse techniques lacks of flexibility in terms of obtained wavelength and OPA
pumping regime. Pump and signal pumping the OPA /DFG stage, in the intra-pulse scheme
are fixed by the input energy for obtaining the most adapted spectral broadening. For the
OPA case, this can constitute a limitation to achieve high gain.



64 Chapter IV - CARRIER ENVELOPE PHASE STABLE FRONT-END

3 OPA setup for CEP seeder at 1030nm

3.1 OPA-CEP output description

We describe now the setup of the passive stabilized seeder of the laser chain. It consists of an
OPA pumped by the already presented and RIN characterized commercial laser Satsuma. The
pump laser emits 40 p.J, 350 fs long pulses, centered at 1030 nm. For the setup design, it is
useful to add that the beam profile is Gaussian with an M? of 1.1 and a diameter at 1/e? of
1.6 mm. We always operate it using the PP at 500 kHz and the ME at 100 kHz. The system
we present here after can be operate to upper repetition rate regime until 500 kHz, simply
changing the ME operation.

For the successive amplification we want to realize a CEP-stable seeder still centered at 1030
nm. For doing this we decide to use the scheme in figure IV.8 below.

Idler Ist-pags dump

OPA
BBO idler
type | 2060 npy,
Liw

Figure IV.8 — Scheme of principle of the OPA.

Let us analyze in details the scheme. First of all, the pump laser is frequency-doubled to
515 nm. We use a BBO crystal in type I phase matching condition for this. The thickness of
the crystal is optimized for conversion efficiency. The best result is found using a 2 mm-thick
crystal, reaching 50 % of energy conversion. This is the pump of our OPA. Only 500 nJ of the
20 pJ obtained are used for spectral broadening through WLG, to generate the signal. The
WLG is realized in a sapphire crystal of 10 mm of thickness. The 500 nJ are focused using a
lens of 75 mm. The WLG spectrum produced is shown in figure IV.9. We can observe that
the signal we want to use for the OPA, at 687 nm, is well optimized in this configuration. A
dichroic mirror filtering the 515 nm pump beam has been used to acquire the shown spectrum
avoiding saturation of the spectrometer.
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Figure IV.9 — Spectrum of the WLG from a 10 mm thick sapphire crystal pumped by 540 nJ
pulses at 515 nm. NF= Notch Filter centered at 515 nm.

As can be seen in the scheme IV.8 we need a signal centered at 687 nm in order to be
combined to the 515 nm centered pump for the idler generation at 2060 nm. We are in a
collinear OPA (COPA) configuration. This choice is required in order to avoid angular chirp
of the idler. The OPA crystal is a BBO in type II phase matching, meaning that the pump
and idler are on the same polarization axis and the signal is on the orthogonal one. We use
the same crystal for both amplification stages, spatially shifting the first and second pass. The
two stages of amplification are important to obtain an idler energy high enough at the output
of the system, exploiting all the pump laser energy.

The pump arm is reduced using a telescope to 1 mm beam diameter measured at 1/e2. In
this configuration, the first OPA pass allows to obtain an amplified signal at 687 nm of the
order 12 mW and an idler around 4 mW. The second amplification stage increases these values
respectively for signal and idler to 330 mW and 110 mW. Between the first and second pass
a delay line is used to re-synchronize temporally signal and pump. This delay line allows,
moreover, to select the amplification of the signal and generation of the new idler or the
amplification of the idler generated in the first pass. We select the amplification of the first
pass signal getting rid of the first pass idler. We can notice that the total conversion efficiency
of the system calculated as the ratio between total average power output (signal-+idler) on the
pump average power is 25.6 %. This is comparable to the efficiency found in the literature
[Waxer et al. , 2003]. The idler spectrum and autocorrelation trace are shown in figure IV.10.
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Figure IV.10 — Left: Spectrum of the idler centered at 2060 nm. Right: Autocorrelation trace
for the idler centered at 2060 nm.
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The autocorrelation trace has a FWHM of 280 fs. For a Gaussian fit, this corresponds to a
200 fs pulse width. The spectrum has a FWHM of 30 nm that translates to a TL pulse of 200
fs for a spectrum centered at 2060 nm.

3.2 OPA-CEP output characterization

The idler is frequency doubled in order to obtain the CEP-stable seeder at 1030 nm. The
SHG is realized using a 2 mm thick BBO in type I phase matching. The measured power is
43 mW, corresponding to 430 nJ at 100 kHz repetition rate. The spectrum at 1030 nm and
the autocorrelation trace are depicted in IV.11. The spectrum FWHM is 8 nm, translating
to a TL pulse duration of 195 fs. The SHG essentially preserves the BW of the idler. The
autocorrelation FWHM is 270 fs, on the measured signal at 2 um.
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Figure IV.11 — Left: Spectrum of the idler centered at 1030 nm. Right: Autocorrelation trace
for the idler centered at 1030 nm.

A crucial point to analyze is the stability of the system. The OPA is very sensitive to the
time synchronization between pump and signal as already discussed. The energy of the output
can be very fluctuating depending on the arm length and the used mechanical mounts stability.
In this sense, the system we have realized has been designed starting from an industrial based
OPA (Amplitude Laser) to improve the robustness. A picture of the system is shown in
figure IV.12 on the left. The size of the OPA described above is only 30 cm x 40 cm. The
interferometer arms are of only 40 cm for the first pass and 15 cm for the second one. The whole
system is very compact. We have realized a measurement of the long term power stability. The
results are depicted in IV.12. The measurement has been realized lowering the repetition rate
of the laser at 10 kHz. The standard deviation over 12 h is 0.15 % rms, showing the very high
stability of the system.
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Figure IV.12 — Left: Size of the OPA industrial system and pump laser (Satsuma, Amplitude
Laser). Right: Output Power stability over 12 h.
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The stability of the OPA interferometer, considering robustness and short pathlengths, is a
really important point for ensuring stability CEP high performances. In the next parts of this
chapter we will see how the choice made on the OPA design minimizes the instabilities of the
interferometer directly transferred to the CEP of the output.
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4 CEP characterization

In this section the realized CEP seeder is characterized in terms of CEP fluctuations. The
methods described for the oscillators cannot be used for our setup. The reason is that, in our
case, fopo is automatically set to zero because of the DFG phenomenon. The beat note is
therefore not detectable. For this reason we need a different way to make our measurement.
We have to look at the measurements methods used for amplified CEP-stable systems. The
f-2f scheme is maintained but there are some differences in setup and detection.

For the setup, the energy has to be high enough at the output to allow the spectral broadening
by WLG in a bulk crystal instead of using a fiber. Compared to the fiber case, the bulk medium
avoids the coupling fluctuations.

4.1 Detection techniques for high repetition rate CEP measurement
4.1.1 Spectrometer detection

For the detection method, the simplest and most used way is to use a spectrometer. The
detection of spectral fringes position at the output of an f-2f interferometer allows to directly
calculate the standard deviation on the fluctuation of wopp. We have fringes in the spec-
tral range generated from the interference from f and 2f components. Let us consider the
fundamental component electric field of a pulse in the frequency domain:

Ef(w) = Aj(w)e¥cer, (IV.13)

and the corresponding frequency doubled one:

B (W) = Agjp(w)elZpopptwr) (IV.14)

where the 2f component is delayed of a time 7 with respect to the fundamental pulse because
of the propagation in the SHG crystal. A spectrometer acquisition measure the intensity of
the sum of the two components:

I(w) = |Ef(w) + Bap(w)? = It(w) + Top(w) + 24/ I () Iaf (w)cos(wr + popp)  (IV.15)

)

where the intensity of the arm f and 2f are respectively Ir(w) = |Ef(w)|? and I f(w) =
|Eof (w)|?. The last term in the equation (IV.15) represent the fringes that can be see depicted
on the left in box 1 in figure IV.13. The fringes width is directly related to the delay 7.
The longer is the delay, the smallest is the fringes width. For a delay equal to zero, there
are no fringes to measure at all. The position of the fringes is instead linked to the CEP.
For measuring the variation of the pcopp(t) in time we acquire several fringe patterns. From
the series of fringes in time we can calculate the CEP variation using the Fourier Transform
Spectral Interferometry (FTSI) [Takeda et al. , 1982|. The scheme in figure IV.13 explains the
principle of the technique in three steps.
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Figure IV.13 — FTSI algorithm depiction for CEP fringes

The signal of the spectrometer from the f-2f allows to acquire the fringes as shown in box 1

of figure IV.13. The evolution of the fringes patterns in time is shown in the two-dimensional
plot on the right. For making an easy example, we simulate a sinusoidal modulation of the
CEP, corresponding to a sinusoidal modulation of the fringes position in time. Each acquisition
of fringes is transformed via Fast Fourier Transform (FFT). The magnitude square of the FET
function is in the box of step 2. We can see that there is a peak centered at 7, where 7 is the
delay between the two interferometer (f and 2f) arms that we have seen in equation (IV.15).
The CEP phase changing in time is retrieved in box three. This is done by selecting the peak
centered at 7 and measuring its phase variation in time.
We understand from the procedure explained that the spectrometer acquisition parameters
have to be carefully chosen. Two important points have to be considered on this subject: the
integration time and the sampling rate. The integration time is the time required for a single
fringe pattern acquisition. This means that if we want to take a single CEP value per pulse
and obtain a real estimation of the fluctuations Apcgp we need this time to be lower than
the period TR between two pulses. Commercially there exists spectrometer working for the
spectral range where we want to detect our f-2f fringes with integration times as low as 3 us.
This means that the CEP of a single pulse can be measured up to a repetition rate of 333 kHz.
The sampling rate is, instead, how fast an acquisition can be done. This time is limited to the
order of some ms by the connection spectrometer-computer. Other than the evolution of the
phase fluctuation in time we are often interested in looking at their PSD. This is particularly
useful to detect the frequency characteristics of the noise contributing to a CEP rms stability.
The PSD obtained by the spectrometer fringes measurement is limited to half the sampling
frequency. Even considering a fast sampling rate of 1 ms, the f,4, of the PSD is only 500 Hz.
For our system at 100 kHz of repetition rate this is not enough.
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4.1.2 Fringeezz

Very similar to a spectrometer, a commercial product named Fringeezz (Fastlite) is available
as a dedicated tool for CEP measurement. This instrument has an integration time low enough
to ensure single shot measurement at 100 kHz and a max sampling rate of 10 kHz. This means
having PSDs with f,,0. = 5 kHz.

For the measurement, the f-2f signal is injected in the Fringezz in the same way than for a
standard spectrometer. The processing of the fringes to obtain Apcgp values is done in real
time. The software provided by the manufacturer allows to choose the integration time from 1
to 2 pulses at 100 kHz and measure the Apcpp(t). A fast data logging system allows to have
long time scale measurements. This tool will be largely used in this manuscript for this kind
of measurement.

4.1.3 Analog detection: Beat Interferometry for Rapid Detection (BIRD)

We can consider that the limit of the spectrometer and Fringeezz sampling rate are re-
lated to the digital-to-analog conversion (DAC) speed. A completely analog method can be
adopted for high repetition rate detection. The idea is very similar to a spectrometer scheme
[Koke et al. , 2008]. The f-2f signal is diffracted trough a grating in order to spatially separate
the fringes. However, this signal is not detected using a CCD camera or linear detectors, as it
is done in spectrometers. A single fringe is selected using a slit. A prism is used to divide the
selected fringe signal and reflect it on two photomultiplier tubes (PMTs). The scheme of the
setup is shown in figure IV.14 on the right. The signal measured by the two photodetectors
is subtracted and measured with an oscilloscope. As for the spectrometer, the position of the
fringe is related to the pcpp. Assuming a perfectly sinusoidal fringe slope, the CEP phase can
be retrieved from the differential voltage using:

Ap(t) = arcsin(?//(t) ), (IV.16)

max
where: V() is the signal measured by the BIRD and V},4, is the voltage corresponding to
a phase displacement of 7.
For matter of clarity, on the right of figure IV.14 is depicted the phase function of the signal
measured by the BIRD.
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Figure IV.14 — Left: BIRD setup scheme. Right: CEP relationship with photodetectors mea-
sured signal

Let us consider the phase relation depicted in IV.14. The phase retrieved from a determined



Partie 4 - CEP characterization 71

V(t) is unambiguous only on a range of w. This means that the BIRD measurement is partic-
ularly suitable for measuring CEP rms fluctuations that are smaller that 1 rad’. In appendix
A, a new detection scheme based on BIRD is proposed detecting the CEP fluctuations over a
range of 2m.

This completely analogic technique allows to acquire an oscilloscope trace and retrieving the
phase via a post-processing. The limitation in terms of PSD BW is the photodetector response.
This can be fast enough for 100 MHz repetition rate laser. Indeed, a very similar scheme has
been used by Liehl et al. [Liehl et al. , 2017] for complete CEP characterization of a 100 MHz
laser measuring a PSD with f.,; = 50 MHz.

4.1.4 f{-2f setup description

The f-2f setup that we use for all measurements we have realized for CEP characterization of
the CEP-stable front-end is shown in figure IV.15. It consists of a YAG crystal for WLG and
a BBO, both 3 mm thick, placed in the focal region of the same lens. A half-waveplate and
a polarizer cube are used for the f and 2f components polarization re-projection. The in-line
in-focus configuration is an extremely simple, i.e. stable, version of the f-2f schemes reported
in the literature.

HWP
YAG BBO

Figure IV.15 — Scheme of the f-2f in-line in-focus setup. HWP: Half-waveplate P: polarizer

The common-path configuration we have adopted reduces the impact of the interferometer
on the measurement. The delay between the f and 2f components that is necessary for the
spectral fringes generation is linked to the optics in the focus of the lens. We remind that
the laser we test is at 1030 nm. The fringes are generated around the SHG of the spectrum
at 515nm. The component of the fundamental at 515 nm is generated somewhere in the
YAG crystal. The 2f components at 515 nm are generated in the BBO crystal. The delay is
determined by the difference between the group velocity at 1030 nm and 515 nm in the YAG.
Common-path {-2f have been used in other CEP-related works [Bal¢iunas et al. , 2014]. The
difference with respect to our case is that there is at least another optical components (e.g. lens)
between the WLG and the SHG. The available energy of 430 nJ delivered by our CEP-stable
FE is barely enough to perform stable WLG in our setup, and make the experiment difficult.
All the measurements we will show in the next parts are realized using the full energy.

4.2 CEP measurement results

The complete CEP characterization of the OPA output is discussed in this part. The previously
discussed three detection techniques are used. The system is always operated at 100 kHz. The
pump laser is used with the standard PP (as opposed to synchronously driven), with a non
optimized RIN.

4.2.1 Integration and down-sampling effects

Let us preliminarily analyze what it means to integrate pulses on the measured value of the
CEP shift. In analogy with what we have discussed for the aliasing and filtering, we can
approach the CEP case looking at the CEP PSD. If we can measure a value of oogp from each
pulse and with a sampling rate fg = fcp, this means that we are correctly reconstructing the

We have to consider in fact that the phase retrieving is linear only in a small range.
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fluctuations of CEP ¢cgp in the whole BW until f,¢,/2. Look now at the scheme in figure
1V.16.

I Integration effect I
Real CEP Measured CEP
g 1 ¥ feur feut ¥ feur
— 3 — 3
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w w w
o o o
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Figure IV.16 — Scheme of the CEP measurement via spectrometer. Top: Effect of integration
time on CEP noise measurement. Bottom: Effect of downsampling on CEP noise measurement.

On the top-left is represented the real CEP PSD spanning from 0 to / 2. Consider an

integration time such that n pulses are measured in a single acquisition. This means that the
measured CEP BW is filtered with respect to the real CEP on a BW [0, feut = frep/n]. The
measured fluctuations CEP rms ocpp are equivalent to the integral in the BW [0; feu¢]. We can
easily understand that the measured oogp is an underestimation of the real one. It is common
to say that the underestimation of the CEP noise is proportional to \/n. This assumption is
true only for a white noise. If the CEP PSD presents a peaked structure the underestimation
can be more important. Let us consider, now, the down-sampling effect depicted in the bottom
line of figure IV.16, where we are sampling with a fsgmpie lower than the f,.,. We can see that
there is no underestimation in the measured oo gp in this case. The spectral components in the
BW | fsampie, frep| are aliased in the measurement BW [0, fsampie]. The integral of the measured
CEP PSD is equal to the one of the real CEP PSD. Having several aliased components of the
CEP PSD means, in contrast, loosing the information about the real frequencies of the noise
contributions we want to measure.

These effects are generally applicable to the different detection methods depending on the
chosen parameters and properties. Considering the three measurement techniques we will
use in this work, only the BIRD allows to acquire a single shot, every shot measurement for
acquiring the complete real CEP PSD at 100 kHz.

4.2.2 Spectrometer results

As explained above, the f-2f operation is limited by the available pulse energy. This means also
that we have a low signal for the detection.
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Figure IV.17 — Left: fringe pattern over 3 s . Right: Phase retrieved via FTSI.



Partie 4 - CEP characterization 73

We use the spectrometer with 1 ms integration time (corresponding to average over 100
pulses) in order to have enough signal for an optimum SNR. The sampling rate is 330 Hz.

In figure IV.17 the fringes patterns acquisition and the relative calculated phase via FTSI
are shown.

The measured ocgp rms is 95 mrad in the interval of measurement of 3 s. It is useful to
introduce the concept of contrast or visibility of the fringes. The definition, very common in
interferometry, [Hariharan, 2010], is:

Imaa: - Imm

Imax + Imz’n, (IV17)
where I,,4. is the intensity in the top of the fringe and I,,;, the minimum intensity measured
in the fringes pattern. The value C exists between 0 and 1. Let us analyze what it means
for the CEP fringes spectrum we have measured. Taking t=0 acquisition of figure IV.17 we
obtain the figure IV.18 We can observe a very high contrast of 0.58. The contrast value changes
depending on which fringe is considered. In the case in figure IV.18, the contrast is higher for
the central fringes and goes down for the right borders one. The intensity relation between the
two arms of the interferometer determines this contrast. The SHG signal and the WLG one
in the spectral zone [500 nm; 520 nm]| are not uniform and are affecting the contrast behavior.
For our scope we consider the maximum contrast as our fringes contrast. We will use this value
only for comparative studies where we use always the same measurement criterion ensuring the
reliability. For CEP fringes of high repetition rate laser the contrast of fringes is sometimes used
to estimate the hidden CEP noise for highly integrated spectrometer measurements. The idea
is that high contrast reflects a low contribution of CEP noise hidden by the integration filtering
[Lu et al. , 2018|. In the case of the above-shown measurement, the high fringe contrast could
mean that there are no high frequency CEP noise contributions hidden in the BW [1 kHz; 100
kHz|. In the next chapter we will present a detailed study demonstrating that this criterion is
not really faithful for CEP measurements.
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Figure IV.18 — Fringe pattern for contrast of fringes calculation

As we already said we can look at the PSD of the CEP noise for identifying the noise
sources. The very low sampling rate translates to a PSD on the BW [0; 160 Hz|. The results in
terms of CEP noise PSD and relative integrated noise are depicted in figure IV.19. Similarly to
what was done for the IRIN measurement, the integration of the PSD is done from high to low
frequency. Obviously, the total integrated CEP corresponds to the 95 mrad measured as rms
fluctuation of phase points in figure IV.17. The analysis of the PSD shows that the only visible
noise contributions in the CEP noise are a peak at 50 Hz and one at 100 Hz. The one centered
at 100 Hz is not well resolved because it is close to the f,q, of the PSD. In the integrated CEP
noise, however, it seems to contribute to a third of the total noise in the bandwidth. The 50
Hz is probably not a real noise but an down-sampling resulting copy of the 100 Hz. Another
consideration that can be done is that there is no noise at low frequencies (less than 50 Hz).
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This is a confirmation of our OPA mechanical stability. This measurement is interesting as
first characterization but at the same time evidences the limits of the measurement concerning

the integration time and sampling.
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4.2.3 Fringeezz results
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The explained Fringeezz measurement allows to overcome some of the problems of the spec-
trometer detection. Because of our low signal we cannot exploit completely the instrument
features. In particular, we integrate over 2 pulses, using 20 us integration time. The sampling
rate in this case is 10 kHz. The Fringeezz is triggered by a clock coming from the laser at 100
kHz divided by 10 in frequency. The results obtained in these conditions are depicted in figure
IV.20.

The measurement is realized taking 10° pulses at 10 kHz meaning 10 s measurement interval.
The total integrated noise over 10 s is 445 mrad. If we look at figure IV.20 (b) we can compare
the PSD of the spectrometer with the one we have measured in the Fringeezz case.

At high frequencies we can see that several peaks are appeared in the kHz range. Once again,
these contributions are filtered out in the case of the spectrometer owing to the integration
over 100 pulses.

For the low frequencies, we confirm the conclusion obtained with the spectrometer, that there
is no large contribution to the noise. This measurement is a stronger validation because of the
longer measurement time. If we analyze the integrated noise in figure IV.20 (c), we observe that
90 % of the CEP noise is accumulated between 1kHz and 5 kHz. The already cited peaks have
a contribution about half of the total. Considering what we know about the aliasing effect, we
cannot state if the position of these noise peaks is real or the result of aliasing. What we can
state measuring the central frequency of each pulse, is that the peaks are at p;=1.276 kHz,
p2=1.752 kHz and p3 = 4.123 kHz. The remaining peak at 2.553 kHz is, probably a harmonic
of p1. In this range of frequency, the noise contributions are due to electronic sources.

4.2.4 BIRD results

To complete the CEP characterization of the system we realize a measurement using the
BIRD technique. The first step of this measurement is to clearly visualize the fringes spa-
tially diffracted by a grating. A picture of the spatially diffracted fringes is shown in figure
IV.21. To the naked eye they look stable in time: our eyes acts as an integrator with a cuoff fre-
quency of 25 Hz. We are sensitive only to very slow fluctuations. This qualitative consideration
is again a confirmation of the absence of mechanical contributions in the CEP fluctuations.

Figure IV.21 — Photo of the spatially separated f-2f fringes.

Only a single fringe is selected using a slit and the position variations are measured using the
scheme described before. The obtained PSD and integrated CEP noise are depicted in figure
IV.22. The acquisition is done in a measurement interval of 1s. This choice is done to simplify
the data processing and considering the fact that we are interested in the measurement of high
frequencies (above 1 kHz). Over the whole bandwidth we measure a total rms oo gpp=470 mrad.
The value is slightly higher than the one measured with the Fringeezz where we integrate over 2
pulses. The accuracy of the obtained value is related to the precision of the V},,, measurement.
This voltage is measured on the oscilloscope PMT error signal trace, while sliding a couple of
wedges placed just before the f-2f in order to change the CEP. This operation is particularly
delicate. As an example an error of 10 mV on a measured V4, = 350 mV leads to a difference
of 20 mrad in the cogp. The difference with respect to the Fringeezz case can be due to the
BIRD accuracy.

The real interest of the BIRD measurement is the complete PSD reconstruction. We can see
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that a very peaked noise structure is evidenced. We find a low intensity peak centered at 100
Hz. We can also observe this peak in the spectrometer and in the Fringeezz cases. Looking at
the relative integration plot, this peak’s contribution is quite weak. The biggest contributions
come from high frequencies, confirming what we have measured with the Fringeezz. Five peaks
can be distinguished in the BW [1 kHz; 50 kHz|. Considering their central frequencies, we find
two fundamental peaks and their harmonics, as follow:

pL=2365 kHz hy =4.730 kHz, (IV.18)

p2 =7118 kHz hlyp =14.236 kHz h2, =21.354 kHz. (IV.19)

The two peaks p; and py have probably the same origin as of the ones we have measured
with the Fringeezz even if they are not at the same central frequencies. Their frequency range
suggests again an electronic noise. To investigate the possible correlations between amplitude
noise and CEP noise, we characterize the RIN of the system in the following section.
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Figure IV.22 — Top: BIRD measured CEP PSD over 1 s measurement time. Bottom: integrated
CEP noise over 1 s measurement time.
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5 RIN characterization

In this section a characterization of the system in terms of RIN is done. In the first section
we focus on the relationship between OPA RIN and pump laser RIN. In the second one, the
transfer from the RIN of the pump laser to the CEP noise of the CEP-stable output is discussed.
Finally, in the last section the improvement on the CEP thanks to the RIN lowering via the
PP synchronization is presented.

5.1 RIN characterization

The RIN characterization is realized by measuring the RIN at 100 kHz at the output of the
pump laser and comparing it with the one measured at the OPA output both taken with
ME=80 %. This is the condition we have used for the OPA optimization giving the results
presented in this chapter. The measurement setup consists of an amplified PD (PDA36-EC,
Thorlabs) and a filter at 50 kHz (EF122, Thorlabs). The results are depicted in figure IV.23.
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Figure 1V.23 — Top: RIN PSD measurement before and after the OPA. Bottom: IRIN mea-
surement before and after OPA.

The OPA RIN output is less than the pump RIN laser one. We can observe that the peaks
are reduced and sometimes slightly shifted in frequency. This reduction is probably an effect
due to the OPA saturation [Hamm et al. , 2000, Inoue & Mukai, 2002]. In our scheme the
saturation comes not only from the OPA but also from the SHG stages. In a more general
approach, we can ask which part of the scheme acts on the input amplitude noise. In figure
IV.24 the nonlinear stages in our setup are summarized.

_Satsuma SHG pump OPA SHG idler _>OPA output

} /|7

Figure IV.24 — Scheme of the nonlinear stages in the OPA scheme as possible source of the AN
alteration.

In particular, we expect that SHGs and OPA in saturation can reduce the AN. The WLG,
instead, is the signal generator for the OPA and can add AN. Let us focus our attention only
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on the BW around 687 nm. Considering that this spectral part is at the edge of the WLG
spectrum, the intensity stability is maintained only if the generation energy is in a specific
range. For lower energies we add noise to the input signal because of the WLG instability
transferred to the signal. For higher energies the filament in the WLG process breaks up,
generating a less stable situation. To demonstrate what we have already said, let us consider a
general saturation of the whole setup measuring the power of the frequency doubled idler as a
function of the pump laser power, acting on ME efficiency. This parameter, as said before, acts
on the transmission of the AOM. It can be directly controlled via the laser software or using
an external voltage between 0 V and 5 V. In figure IV.25, it can be seen that the saturation is
reached for ME=80 %.
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Figure IV.25 — Measured power of the idler in function of the pump laser power, acting on ME
efficiency.

We choose two particular situations: ME=70 % and ME= 90 %. The results in terms of
RIN before and after the OPA are depicted in figure IV.26.
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Figure I1V.26 — Left: PSD and IRIN of the laser and after the OPA with ME efficiency at 70
%. Right: PSD and IRIN of the laser and after the OPA with ME efficiency at 90 %.

In the case on left, the system adds noise with respect to the pump laser. The OPA and
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probably the SHG stages are not saturated. The WLG input energy is very low, probably
resulting in an unstable signal for the OPA. In contrast, the case presented on the right corre-
sponds to a situation where the nonlinear stages are well saturated. The output RIN is lower
than the input one. The total reduction is around 30 %. Apart from the overall noise reduction
we have noticed that the peaks can be shifted in frequency. The effect can come from the OPA
system or because of a different source of shift in the pump laser RIN. The measurement here
presented for the RIN before and after the OPA are realized during the same day but not
simultaneously. To understand better this phenomenon, we decide to introduce a sinusoidal
modulation at a specific frequency on the pump laser intensity and we measure the RIN before
and after. We choose to have the ME=80% as operation point. We apply a sinus modulation
on the ME efficiency input equivalent to 1 % of the laser average power. The central frequency
of the modulation is 5 kHz to replicate the behavior of the peaks we have in the laser RIN. The
RIN result is plotted in figure IV.27. We can clearly appreciate that the peak is not shifted in
frequency.
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Figure IV.27 — PSD and IRIN of the laser and after the OPA with sinus modulation of 1 % on
pump laser average power at f=5 kHz.

This means that the frequency shifting of the peaks is not generated by the OPA but is a
shifting proper to the pump laser itself. Analyzing figure [V.27, we can calculated the attenu-
ation of the peak passing through the OPA. Integrating only the BW around the peak [4.995
kHz; 5.005 kHz| in both cases we find a reduction of 25 %. To complete the characterization a
noise transfer function (NTF) is realized for the system [Mulder et al. , 2008]. We want to see
how different noise frequencies are transferred through the OPA. For this reason we repeat the
measurement done for the 5 kHz case for sinus modulation at f,eq.x = 1 Hz, 5 Hz, 10 Hz, 50
Hz, 95 Hz, 500 Hz, 1 kHz, 5 kHz, 10 kHz. We define as coefficient of transfer, ¢, the following
ratio:

IRINP™P

peak

C= Tp7NOPA"
TRINQH

(IV.20)

where TRINJPA and TRI Nyar are the IRIN calculated around the peak(+/- 0.5%) for the
RIN before and after the OPA respectively.
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Figure IV.28 — Noise transfer function through the OPA.

In figure 1V.28, the results with respect to the frequency are shown. For each modulation
applied three RINs have been measured before and after the OPA. The resulting three point for
c are represented in blue, red and yellow in the plot. The dotted line is the average value of c.
We can conclude that the noise transfer function is almost constant for all the frequencies with
a reduction of the noise for the peak between 75 % and 90 %. This behavior is not astonishing
if we consider that the saturation processes involved in the OPA are instantaneous.

5.2 CEP noise pump laser condition dependency

We can now ask ourselves if the variation in the AN of the pump laser really affects the CEP
of our system. Our hypothesis is that in WLG an important amplitude-to-phase noise transfer
happens. Baltuska et al. |Baltuska et al. , 2003] have shown that the CEP phase is linearly
varying for a certain input energy range. This range is a small region between a stable filament
generation and the double-filament formation. For our scopes, we decide to have an idea of the
stability of the WLG and in particular of the generated signal measuring the pulse-to-pulse
rms fluctuations as a function of the WLG input energy.
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Figure 1V.29 — Pulse-to-pulse rms WLG signal fluctuations (blue), Pulse-to-pulse rms OPA
output fluctuations (yellow), OPA output energy (red) as a function of the input generation

energy.

This measurement is realized filtering the white light with a 10 nm large bandpass filter
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centered at 680 nm and detecting with a fast photodiode (DET10A, Thorlabs). The results
are depicted in blue in figure IV.29.

The pulse-to-pulse stability rms of the signal generated via the WLG in the OPA is used to
measure the stability of the WLG process and the relative CEP preservation. In our case,
we can see that the pulse-to-pulse rms is minimum in the input WLG energy ranging from
510 nJ to 555 nJ. In the figure we have plotted also two other series of data. In yellow we
have the pulse-to-pulse energy stability rms of the OPA output. In red the energy of the OPA
output is plotted. The energy of the idler is strictly related to the curve we have shown in
figure 1V.25 about the saturation of the OPA. The OPA output pulse-to-pulse stability rms
is minimum for WLG input energy between 525 nJ and 550 nJ. We choose, now, to measure
the CEP in the two situations (a) and (b) respectively for 520 nJ and 565 nJ. We measure the
CEP using the Fringeezz for both cases. The results are shown in figure IV.30. In the case (b)
the total integrated noise is almost twice the one of the situation (a). The ocpp rms passes,
in fact, from 475 mrad to 880 mrad. Consider the three characterizations in figure IV.29 in
the two situations. The saturation in (b) is stronger than in (a) looking at the energy of the
OPA output. The pulse-to-pulse rms measured on the OPA output is lower than 1 % in both
cases ensuring we are not differently affecting the f-2f CEP measurement because of the AN.
The WLG signal pulse-to-pulse fluctuation is higher in (b) than in (a). This is probably the
evidence of large amplitude to phase noise coupling in the WLG process for situation (b).
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Figure IV.30 — CEP fluctuation, PSD and integrated noise for the cases (a) and (b) evidenced
in figure IV.29.

We conclude that WLG optimization is crucial for the CEP performances and this step
represents the amplitude to phase transfer mechanism in our system. We choose the WLG
condition to have the lowest pulse-to-pulse fluctuations. The best operation conditions for the
OPA includes also the lowest possible pulse-to-pulse on the output in order to keep low the
AN.
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In this optimized condition we still expect a transfer of the pump laser noise to the CEP
noise. To demonstrate this, we apply a sinusoidal modulation acting on the ME efficiency as
we have already done in the last section. The relative amplitude is of 1 % on the OPA pump
laser average power, as before. We verify also that the modulation amplitude on the OPA
output is low enough to ensure the CEP preservation in the WLG in the f-2f. Modulations
are at frequency f=1 Hz, 10 Hz, 95 Hz, 500 Hz, 1 kHz, 5 kHz, 10 kHz. We realize BIRD
measurements for each case in order to obtain the CEP PSD. In figure IV.31 a scheme of the
measurement and the PSDs are shown.
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Figure IV.31 — BIRD measured CEP PSD for sinusoidal intensity modulation applied on ME
efficiency at f=1 Hz, 10 Hz, 95 Hz, 500 Hz, 1 kHz, 5 kHz, 10 kHz.

The PSD is an overlap of the obtained PSDs plotted in a certain bandwidth around each
modulation frequency. The peaks due to the modulations are clearly visible for modulation
frequencies higher than 95 Hz. For the cases 1 Hz and 10 Hz, there is still a distinguishable
contribution but it is no more the expected peak. This can be explained by the fact that
all PSDs are calculated in the same time interval and same sampling rate. This results in a
constant frequency step, that is not small enough to resolve peaks at very low frequencies. We
can also notice that the peak height is comparable for all the frequencies in the limits of the
measurement accuracy. As expected, the transfer is not dependent on the frequency.

We would now like to quantitatively measure the impact of the amplitude modulation on the
system CEP stability in our pump laser operation conditions. Because of the low accuracy of the
BIRD measurement we decide to use a spectrometer detection for this measurement. The idea
is to apply a low frequency modulation on the ME efficiency and measure the fringe patterns
with a high integration time. In this way, only the low frequency modulation of the CEP is
measured and the higher noise contributions are filtered out. We apply a sinusoidal modulation
on ME efficiency corresponding to 1.2 % on the average power at f=50 Hz. We acquire with an
integration time of 1 ms and a sampling rate of 3 ms. The resulting fringe pattern acquisitions
are depicted in figure IV.32 (a). The calculated CEP phase has a fluctuation 1.67 rad/%,
corresponding to a copp = 550 mrad rms. This measurement reveals that our pump laser
must have the lowest possible AN in order to minimize the CEP fluctuations. We have shown
the impact of the AN on CEP stability in passively stabilized WLG seeded system. To our
knowledge, no studies have reported on this impact.

We can, also, clearly observe that the phase perfectly replicates the applied sinusoidal function
to the ME efficiency looking at IV.31. The ME efficiency can be an actuator of the CEP
admitting the variation of the pump laser intensity is linearly transferred to the CEP. To verify
this we make two other measurements. First, we apply a sinus with higher amplitude. We
decide to have 4.6 % peak-to-peak on the pump laser average power. We change also the
frequency reducing it to 25 Hz. The results are shown in figure IV.32 (b). We can see that the
sinusoidal behavior is perfectly reproduced in the CEP. The oogp=2.2 rad (equivalent to 1.3
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rad/%), demonstrating the consistency with what we have measured in the lower amplitude
case in IV.29(a).
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Figure IV.32 — Left: spectrometer acquired fringe patterns over 0.15 s. Right: calculated CEP
via FTSI algorithm.

In figure 1V.32(c) we finally show the spectrometer CEP measurement when a triangle
function with the same amplitude and frequency than the sinus in (a) is applied to the ME
efficiency input. Once again the CEP reproduces the intensity variations. The measured copp
is 450 mrad. We have demonstarted the linearity of the ME efficiency input enabling the use
of this component of the pump laser as a CEP controller. It has to be stressed again that the
considerations done are true only for the specific operation conditions found for our system.

5.3 CEP noise improvement

Let us consider what we have done to improve the pump laser RIN performances in section 4.
We want to measure what impact this improvement has on the CEP noise. We therefor modify
the pump laser PP from the asynchronous to the synchronous mode described in section 4. We
know from the previous analysis that the RIN in the total BW is reduced by 30 %. We expect
a CEP noise reduction of the same order of magnitude because of the linearity of the AN-PN
transfer demonstrated in the last section. For the CEP measurements we use the Fringeezz as
detection method. We realize the measurements with synchronous PP and asynchronous PP
in the same day in order to be sure to have the same laser and environmental conditions. We
first present in figure IV.33 the results of the Fringeezz detection for the two situations. The
measurement is realized integrating over two pulses and sampling at 10 kHz. The ocgp passes
from 445 mrad to 300 mrad. This means a reduction of 32 %. We can say that the CEP noise
has been linearly reduced with respect to the pump laser RIN as expected.

Analyzing the obtained CEP PSD we can appreciate that in the synchronous case there are
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less peaks in the kHz range compared to the asynchronous one. This confirms what we have
seen for the RIN measurements and that the improvement is due to an electronic optimization

of the system.

CEP fluctuations

[ ® Asynchronous PP e Synchronous PP[ '

CEP (rad)
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6 Conclusions

In this chapter we have presented the first part of our laser chain: the CEP-stable front-end.
First, we have described theoretically the passive stabilization of the CEP and the difference
with respect to the active stabilization for oscillators. We have presented the setup delivering
up to 430 nJ at 100 kHz, 200 fs long pulses at 1030 nm. The difficulties of properly measuring
the CEP at high repetition rate are depicted. A CEP complete characterization using three
different techniques has allowed us to understand that the presented system has less than
470 mrad on short time scale on single shot measurement. This value may appear quite high
compared to the low energy laser that are actively CEP stabilized. Two points are interesting
in the evaluation of this value in the comparison. First, all the measurements we have realized
were limited by the maximum output energy of the OPA. The WLG input energy for the f-2f
measurement has to be very carefully chosen in order not to add noises in the measurement.
What we measure includes the fluctuation of our f-2f interferometer and constitutes an upper
bound of the real source CEP noise. In the future a low energy optimized f-2f with a WLG in
a PCF fiber will be realized. Second, in the actively stabilized oscillators the measurement is
integrated in a determined BW. For example Koke et al. [Koke et al. , 2010] measure 45 mrad
on a BW [0.5 Hz; 2.5 MHz| on an oscillator with f,.,=90 MHz integrating over around 30
pulses. For a larger BW in a 35 minutes measurement they find 570 mrad. These considerations
contextualize the presented front-end as suitable as seeder for an application ready source. We
have also highlighted the importance of the RIN performances of the pump laser. The AN-PN
noise transfer happening in the WLG is shown to be the crucial element for the output CEP.
We have shown, that the RIN improvement of the pump laser has lowered linearly the cogp
to 300 mrad.

The optimization of the pump laser AN performances will be one of the strategies for lowering
the CEP noise. On the other hand the mechanical stability and robustness of the industrially
designed OPA has allowed to show negligible low frequency noise.

We can conclude saying that for this passive CEP-stable system, there are three knobs to be
optimized for reaching the best performances: the WLG operation conditions, the pump laser
RIN and the mechanical stability of the interferometer. The OPA pumping condition have to
be taken into account in order to use the saturation to reduce the pump laser AN.

The described system can be operated at repetition rate ranging from 100 kHz to 500 kHz
simply changing the ME operation condition. Our choice to operate at 100 kHz is linked to
the difficulty of the CEP single shot measurement at repetition rate higher than 100 kHz.

A CEP-stable seeder at 2um emission wavelength can be obtained using the same setup we
have described. This is possible eliminating the SHG on the idler of the OPA. Such a CEP-
stable seeder can be used for example to seed Tm:based fiber amplifier|[Neuhaus et al. , 2018|.
The CEP-stability rms, before the SHG process, is two times lower than in the presented case.
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In this chapter we make use of the presented CEP-stable front-end, in an Yb-doped
fiber CPA scheme. We first introduce the application domain of an high repeti-
tion rate amplified source considering the state-of-the art sources. We discuss, in
the second section, the difficulties of CEP managing and stabilization in amplified
chains. We present in the third section, the realized setup. In the fourth section, we
characterize the CEP noise of the system detailing the active feedback loop setup on
the CEP. The transfer of the RIN of the seeder through the amplification scheme is
finally described in section five.
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1 Context: amplified CEP-stable systems at high repetition rate

In the previous chapter we have introduced CEP-stable low energy lasers saying that one
of the most important application domain is strong field physics (SFP). By definition, we
talk about of SFP for light-matter interactions involving intensities of 102 — 108 %
[Brabec & Kapteyn, 2008|. The low energy lasers are used as seeder for amplification chains
allowing to reach the high energy required. In the last 30 years ultrafast laser technology
developments have allowed to shorten the pulse duration to only few-cycles regimes. In these
conditions the phase control of the electric field acquires a crucial importance.

The most used laser technology for CEP-stable laser chains for SFP is Ti:S based amplifica-
tion [Klein & Kafka, 2010, Brabec & Krausz, 2000]. These sources exploit the CPA technique
[Strickland & Mourou, 1985| for delivering high peak power short pulses. They can deliver mJ
energies at repetition rate ranging from some Hz up to 10 kHz.

Several applications appeared in the last years, pushing this repetition rate limit
[Weger et al. , 2013, Rothhardt et al. , 2016]. In coincidence ion-electrons experiments, for
example, higher repetition rates improve the statistics and reduce dramatically the acqui-
sition time [Hadrich et al. , 2015]. For repetition rates above 10 kHz high energy Ti:S
lasers become extremely costly and complicated. The main reason is that the high aver-
age power comes with thermal problems, precluding the realization of the application re-
quired sources. The solution for driving high repetition rate SFP experiments is OPCPA
[Wolter et al. , 2015, Huang et al. , 2011, Chalus et al. , 2009]. This kind of systems has sev-
eral advantages such as the very broad emission spectrum in a wide range of central wave-
lengths [Puppin et al. , 2015, Rigaud et al. , 2016]. Several CEP-stable OPCPAs have been
reported in last years and repetition rate systems up to the MHz range have been demonstrated
[Rothhardt et al. , 2012]. Despite the advantages, because of the low conversion efficiency (less
than 30 %) these systems require very energetic pumping lasers.

Yb-doped fiber lasers are an appealing alternative answering to the applications needs.
Laser energy of the order of 1 mJ , with pulses of 260 fs and repetition rate of 1 MHz
at 1030 nm have been reported |Miiller et al. , 2016]. Post-compression techniques ap-
plied to this technology has enabled the pulse reduction towards few-cycles pulse regime
|[Lavenu et al. , 2017, Hédrich et al. , 2011, Lavenu et al. , 2019]. Nevertheless, the CEP sta-
bilization of this kind of sources is the missing feature for opening the road for competing
with OPCPAs. Only two works have shown CEP-stable high average power lasers based on
Yb technology [Balciunas et al. , 2014, Saule et al. , 2017]. In the first case, Balciunas et al.
[Bal¢iunas et al. , 2014] present a Yb-KGW oscillator amplified in a regenerative amplifier in
a CPA scheme. In the second one, an Yb-doped fiber amplifier seeded by a Ti:S oscillator
is used. In this chapter we will describe the CEP-stabilization of our CPA YDFA scheme
seeded by the front-end presented in the chapter IV. The amplifier is followed by a nonlinear
post-compression stage. The revealed CEP-stability performances trace the road for a new
generation of laser drivers for high repetition rate SFP.
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2 Background: stabilization of CEP in amplifiers

In this section we discuss the problems related to CEP-stable pulse amplification. In the first
part the CPA scheme issues to manage for a CEP-stability preservation are described. In
the second section the feedback loop principles for high repetition rate amplified chains are
discussed.

2.1 CEP-stability in CPA laser chains

The CPA, as explained in chapter II, consists of a stretcher, an amplifier and a compressor.
Each of these three elements can act on CEP-stability adding noises degrading the seeder one.
Before discussing in details each of them, it is useful to consider a CEP noise PSD similarly
to the ones we have shown in the previous chapter. We can distinguish three different noise
classes depending on the frequency. Let us have a look at table V.1.

CEP noise sources in CPA

Noise class Noise frequency Element affected by
the noise
Slow fluctuations [0 Hz; 10 Hz| Environmental changes

(temperature drifts, hu-
midity) on the beam
pointing in compressor
and stretcher pathway .

Acoustic noises [10 Hz ; 1 kHz] Vibrations on mechani-
cal mounts in compres-
sor and stretcher.

Electronic noises [0 Hz; MHz| Pump laser drivers and
electronics elements

Table V.1 — CEP noise sources and affected elements in CPA.

The CEP noise PSD measured after the amplifier provides a fingerprint of the noises sources

introduced in the CPA chain. For each noise class, a different element in the CPA is involved.
Different solutions can be adopted for noise reduction depending not only on the frequency
range but also on the component causing it.
In a simplified analysis, the slow fluctuations come from the environment generating a beam
pointing instability inside stretcher and compressor. The acoustic noises are affecting the large
elements managing the dispersion in stretcher and compressor. Finally, the electronic noises
can come from the pump laser of the amplifier. Moreover, electronic noise can be already
present in the seeding signal as we have seen in the previous chapter. This class of noise can
be present at any noise spectrum frequency. Something on the structure of the different noises
has to be pointed out as well. The electronic noises and the acoustic ones appear as peaks in
the PSD corresponding to a specific frequency as we have seen in the RIN PSD in chapters I1I
and IV. The slow fluctuations normally appear, instead, as a continuous 1/f noise behavior.
As we have already mentioned elsewhere, the CEP is sensitive to any change of dispersion.
We have to consider that even a slight beam pointing displacement in a long propagation path
means a different pathlength in air and in optical elements. For a laser at 1030 nm, only 80
pm of fused silica added in the optical pathway produce a CEP shift of 7, as we have seen in
the last chapter.
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2.1.1 CEP noise in stretchers and compressors

The CEP noise in stretchers and compressors depends on the type of the configuration chosen.
These two steps in the CPA scheme are clearly the ones that influence the most the CEP
because they introduce large amounts of geometrically dispersion. Let us focus on the most
common case configuration: the grating pair. In particular, a double pass configuration is
considered. In figure V.1 we can see respectively in (a), (b) and (c) the fluctuations of the
entrance beam pointing, the fluctuation of the grating angle and the fluctuation of distance
between gratings.

(a) Beam pointing fluctuations | (b) Grating angle fluctuations (c) Gratings distance fluctuations

Apcep
-

Figure V.1 — Scheme of the CEP impact elements on the grating pair: (a) beam pointing
fluctuations; (b) grating angle fluctuations; (c) gratings distance fluctuation.

For each situation depicted in figure V.1 we can see that the output pulse would have expe-
rienced a CEP shift Apcgp per passage. For the case in figure V.1(a) [Kakehata et al. , 2002]:

Apcpp = 27‘(%%[1 + tanz(ﬁd(wo))]Afy, (V.1)

where L, is the grating distance, a is the grating period, 6; is the incidence angle on the
grating, 64(wp) is the diffraction angle for an angular frequency wp and A~ is the fluctuation
of the beam pointing. Let us consider a situation that will be meaningful for the setup we will
present in the next section of this chapter. We consider a grating with a=1750 lines/mm, ;=66
degree for a central wavelength of 1030 nm, and a distance of 30 cm between the gratings. The
Apcgp is about 100 rad for a beam pointing displacement of only 50 prad. The CEP noise
added is enormous. This is true for a single pass configuration. In the double pass grating
pair, the added CEP noise by the displacement of the first pass is corrected by the second one
|[Kakehata et al. , 2002|, as can be seen in figure V.2(a) where the added CEP for each pass
is shown respectively in blue and red for the first and second pass. Only a very low residual
phase shift of 190 mrad to the beam pointing remains at the compressor output for 50 urad
of entrance beam depointing as can be seen in yellow in the same figure. The input beam
displacement, results in a change in the incidence angle and consequently of the diffraction
one. The case of grating fluctuation depicted in V.1 (b) is, for this reason, easily comparable
to the one of the single pass grating pair with a beam displacement. The added CEP is given
by:

Apcpp =4 * 271'&005(92-)[1 + tan®(04(wo))] Aa, (V.2)
a

where Aa is the fluctuation of grating G'1 as shown in figure V.1(b). The CEP noise degradation
is higher with respect to the above discussed case. The obtained CEP shift per pass are depicted
in V.2(b). It can be seen that the CEP shift compensates between first and second pass in the
same way it was for the case (a). The order of magnitude of fluctuation is about ten times larger
than in the first case. This means that the low residual phase shift is larger proportionally too.
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Figure V.2 — Effect of the single pass and double pass grating pair compressor on the CEP
noise.

The CEP shift per pass due to a variation of the distance between the gratings is finally
calculated as |Chang, 2006]:

Aporp = 21 (tan(fa(wn). (v.3)

where AL is the fluctuation between the gratings G1 and G2 as shown in figure V.1(c). The
double pass case is depicted in V.2(c) where the CEP shift of equation (V.3) is multiplied by
2. The change in distance between the gratings is the dominant effect because it is the only
one that it is not corrected by the second passage. In particular, if we consider a displacement
of one of the grating with respect to the other of the order of the wavelength, a CEP shift of
20 rad occurs. For this reason, we need to reduce as much as possible the impact of vibrations
on the gratings. In the next section we will present the CPA setup. We will use a Chirped
Fiber Bragg Grating (CFBG) as a stretcher and a grating pair free space compressor. We can
neglect the impact of the CFBG considering it as a stretcher where the beam displacement
due to the environmental conditions is negligible. The compressor, instead, adds noise in the
CPA chain as we have presented in this section. We will cover in the following the strategies
we have chosen in our setup to reduce and correct the compressor impact on the output CEP
noise.

2.1.2 Pump intensity noise transfer

Pump intensity noises are transferred to the amplified signal. The situation is strictly linked to
what we have discussed in the case of the RIN to CEP noise transfer in the last chapter. Let us
assume that our pump laser for the amplifier has a RIN PSD, for example, evidencing a peak at
some kHz due to an electronic component. This peak is transferred to the CEP noise if an high
AN-PN coupling effect is involved in the amplification. In the previous treatment we have said
that in the FE the transfer occurs in the WLG because of the SPM. A nonlinear effect depending
on the intensity is involved in the AN-PN coupling. In the case of the amplifier medium we can
recall that the B integral accumulated through the medium of length L is B = )\2—:() fOL naldz.
In amplifiers, the B integral is usually kept of the order of some radians for fiber amplifier. The
propagation length for a CEP shift of 27 is defined as Lox kerr = ﬁ = -1 For simplicity

dX ax
we consider the intensity I constant along the amplifier medium length L. We can write
|[Kakehata et al. , 2002]:
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Ang dn
Apcep = T;T;B' (V.4)

As an example we can take fused silica as material where the refractive index change happens
and the ng and %\2 calculated for the case with A=800 nm [Kakehata et al. , 2002]. We expect
that the values are meaningful also for a rough estimation at A=1030 nm. The resulting
Apcpp = —0.49 rad is for a A = 1030 nm and a B=1. Taking, as an example, a pump laser
fluctuation of 1 % rms, we obtain that the induced fluctuation of the CEP is less than 5 mrad.
If the amplifier is not in a highly non-linear regime, the pump noise added through SPM in the
amplifier is negligible with respect to the contributions we have analyzed for the stretcher and
compressor. In a more general view, we will see that our setup relies on several amplification
stages. KFach step can have an impact on the output amplified CEP noise. Moreover we
have to stress that the seeder intensity noise can also be transferred to the CEP if a highly
nonlinear effect is involved. In the last section of the chapter the RIN to CEP transfer along
the amplification chain will be studied for these reasons.

2.2 Amplifier CEP-noise feedback loop techniques

We need to correct the CEP noise accumulated in the CPA scheme. In particular we expect
to have acoustic and environmental noise to be corrected. This requires the implementation
of a feedback loop acting until frequency of around few kHz. In order to do this, we need a
sufficiently fast detection and actuator. The different detection techniques for the CEP have
been discussed in the last chapter evidencing the pros and cons of each of them. For the
actuators in the case of amplified systems, several possibilities can be found in the literature.

2.2.1 CEP actuators for CPA chains

As we have already found in the oscillator feedback cases, the first approach is to correct
the CEP drifts acting on the elements introducing the CEP noise. In this sense, Li et al.
[Li et al. , 2008] use a piezoelectric motor on one grating in a compressor to actively change
the grating distance. They obtain 230 mrad in-loop measured closed loop CEP noise. The
limit of this approach is that the cutoff frequency of the feedback is only 60 Hz. Wang et al.
[Wang et al. , 2010|, instead, make use of a spatial light modulator (SLM) in a 4-f stretcher
for directly acting on the phase. They shows 173 mrad of measured CEP noise over some
minutes in closed-loop. Also in this case, the feedback actuation frequency is very low. For
fast correction of the CEP drift, a dedicated actuator have to be introduced. An excellent
example is to use an Acousto-optic programmable dispersive filter (AOPDF) [Tournois, 1997].
This element acts directly on the phase CEP using a feedback dependent RF wave. With this
technique feedback loops acting on kHz range have been shown [Liicking, 2014], measuring
lower than 100 mrad rms fluctuations over 50 s.

2.2.2  Electro-optic modulator (EOM) as CEP actuator

We decide to use a different tool to act on the CEP for the feedback loop: an EOM
[Feng et al. , 2013]. It is interesting to analyze how the CEP is changed passing through this
actively driven component. In the simplest description, an EOM is a crystal experiencing a
change of the refractive index when we apply a voltage V on it. Considering the EOM we
will use we can focus on LiNbO3 crystals and study the Pockels effect for the phase and CEP
modulations [Saleh et al. , 1991]. Let us consider the transverse case, where a plane wave is
transmitted through a crystal of length L and thickness d. A voltage V is applied along d.
The refractive index of the material is modified by the applied electric field E' = VT'/d, where
T" is a term taking into account the real voltage passing through the crystal with respect to the
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applied one. We can write that the refractive index is modified as follows:

n(E) ~n— %rnSE, (V.5)

where r is a generic coefficient indicating the change due to the Pockels effect in the crystal
permeability tensor. In particular, for each polarization axes, we have:

1

no(F) ~ nye — ErlgngE, (V.6)
1 3

ne(E) X Ne — §T33neE. (V?)

It is common to refer to a voltage value V. such that the phase at the output of the EOM
is defined as:

Vit
o= -2, vs)
where g = 2L and:
d A
T Lrnd (V-9)

The phase shift of 7 does not correspond to a CEP shift of 7. We need to introduce a Vr cpp
that indicate the voltage required for a CEP shift of m. The effect is due to the difference
between the propagation of the group and phase velocities through the crystal and it has been
studied by Gobert et al. [Gobert et al. , 2011]:

One n2(\) Orss
1)) ) 2 0\

Agcnp = 2o (Vrss() W] LE, (V.10)

where A is the laser central wavelength. To find V; cpp, we can put Apcgp = 7 in equation
(V.10) and considering (V.9), we find:

NeT33 1
VW’CEP - A on or.
<T3ST)\8()\) + ne 53 (A))
It is interesting to make a numerical estimation of the ratio Vi /V; cgp in order to have
an idea of the difference between the two effects in a quantitative way. We consider a laser

centered at 1030 nm. For r33 = 32.2 pm/V, %’i\e = —0.0565 pm™1, agf\3 = —2 pm/V/pum,
ne = 2.1574, we have:

Vi (V.11)

Vi
Ve cEP

= 0.145. (V.12)

We have to point out that this is only a rough estimation of the V; cgp, because % is
known with an high incertitude degree depending on specific measurement conditions. Even
though, this result is particularly useful considering our scopes. The V; is indicated in com-

mercial EOM data-sheets. In the following, we will see in detail our setup case where we use
a fiber LiNbO3 EOM.
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3 Setup of the amplification chain

In this section we discuss the setup of our CPA scheme. The setup is composed of three main
parts: the amplifier front-end, the YDFA, and the post-compression multi-pass cell (MPC).

Figure V.3 — Scheme of the elements in the laser chain.

In the next sections, each element of the setup is extensively discussed.

3.1 Amplifier Front-End

We define as the amplifier front-end the optical setup just after the CEP-stable seeder. This
setup is used for providing the seeder necessary for the YDFA. The setup is depicted in figure
V4.

A3mW. 3mw 0.830 mW 15 mwW
\ Nl —O)— | EOM | YDFA

@ SMFA SMFA
0.160 mwW
20cm

Passive fiber

Stretcher
CFBG

Figure V.4 — Setup of the amplifier front end. CFBG: Chirped Fiber Bragg Grating; SMFA:
Single-mode fiber amplifier; EOM: Electro-optic modulator.

A small fraction of the OPA output is injected in the fiber FE to be amplified. The reason
is that, as we have seen, the pulses at the OPA output are 200 fs long, with an energy of
400 nJ. The nonlinear effects generated in the fiber are dramatic because of the high intensity
corresponding to these parameters. We use only 3 mW average power, at 100 kHz repetition
rate. It is important to stress that even in this case, the first part of the front-end before
the CFBG can be critically nonlinear because of the high peak power. This means that the
CEP-seeder RIN is transferred to the CEP in this part of the FE, as we will see in section 5.
The CFBG stretches the original pulse of around 200 fs to 300 ps. The CFBG is designed to
match the second and third order dispersion of the compressor. After the fiber stretcher, the
pulse is amplified using two step of single mode fiber amplifiers (SMFA) providing about 15
mW of amplified signal. Between the two amplifiers an integrated LiNbO3 EOM is placed. It
is used as CEP actuator as we already mentioned, and will be described in more details later
on.

3.2 YDFA

The 15 mW stretched pulses are amplified using a rod-type fiber amplifier. This particular
type of fiber has been introduced in chapter II. The signal is amplified to 4.6 W, altough this
amplifier can be used for higher output power. The choice we have made here is to have a proof-
of-principle system for the analysis of the CEP impact. A free space compressor is used for the
compression. A 1750 lines/mm transmission grating is used in a four pass configuration.

As we have seen in the last section, the compressor setup must be designed very carefully
to reduce the added CEP noise. We need to avoid mounts vibrations in the acoustic range
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Figure V.5 — Left: spectrum of the compressor output. Right: autocorrelation trace of the
compressor output.

and slow fluctuations. The slow frequency vibrations come from the optical table where the
compressor stands. To avoid the transfer to the compressor mounts, we place our mounts on
a heavy aluminum plate connected to the optical table by Sorbothane feets (AV/, Thorlabs)
dumping vibrations. To reduce the impact of the acoustic range vibrations on the compressor
elements, a double enclosure system is set up.
At the compressor output 3.3 W of average power is available. The spectrum and the auto-
correlation trace are shown figure V.5 .

The spectrum is 16 nm-wide at 10 dB width. It is cut on the long wavelength side. This is
due to clipping on one of the compressor mount. The corresponding pulse width is measured
to be 350 fs at FWHM considering a Gaussian fit as shown in figure V.5

3.3 Multi-pass cell (MPC)

We have said that post-compression is a key element for reaching very short pulse durations.
Essentially this stage consists in broadening the spectrum at the compressor output via SPM.
The problem is that strong SPM effects in free space inevitably leads to beam profile distortion.
Several techniques have been proposed to realize this broadening in the last decades. The most
used is a gas-filled hollow core fiber [Chen et al. , 2011]. The CEP fluctuations induced by this
type of post-compression stage have been studied by Lucking et al. [Liicking et al. , 2014a,
Liicking et al. , 2014b].

FS plate = 2.3 mm

Distance = 240 mm

Figure V.6 — Left: scheme of the MPC setup. Right: beam profile at the MPC output.

We decide to use a different post-compression approach:  the multi-pass cell
[Weitenberg et al. , 2017a, Weitenberg et al. , 2017b, Schulte et al. , 2016]. This choice is due
to the relatively low energies of our system. The idea is to make SPM broadening in a bulk
transparent medium. If we directly focus the beam in a thick bulk material, SPM comes with
the spatial deformation of the beam profile. To avoid this, the beam pass several times in a
thin piece of nonlinear responding material (typically fused silica) to make small amounts of
B-integral per pass. In this way at the output of the cell, the spectrum is broadened and the
beam profile is preserved. The cell has to be designed considering the entrance energy and
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the desired spectral broadening at the output. The setup we have used to broaden the about
30 pJ energy pulse is depicted in figure V.6 on the left. We use two concave mirrors with
radius of curvature of 200 mm arranged in a Herriott cell configuration. A 2.4 mm thick fused
silica plate is placed in the middle of the cell. With this configuration we realize 30 passes in
the fused silica plate accumulating a total B-integral of about 4 rad. The beam size of the
compressor output is matched to have the stationary beam inside the cell. The beam profile
measured using a CCD camera is shown on the right in figure V.6, showing a Gaussian profile
without distortion due to the nonlinearity.
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Figure V.7 — Left: spectrum measured at MPC output. Right: autocorrelation trace measured
at MPC output.

The broadened spectrum is shown in figure V.7. In comparison with the compressor output,

the spectrum width has increased from 16 nm to 45 nm measured at -10 dB width. We use
two chirped mirrors to compress the pulse after the MPC spectral broadening. We realize
four bounces on -1200 fs? dispersive mirrors. The obtained autocorrelation trace is shown
in figure V.7 on the right. The pulse duration at FWHM considering a Gaussian fit is 95 fs.
The transmission of the MPC plus chirped mirrors is 90 %, giving 2.95 W of average power
available at the output.
The pulse duration shortening we have realized using the MPC has two main motivations. The
first, as already anticipated, is to test the CEP-stable compatibility of such a post-compression
system. The second one is linked to the CEP measurement. The WLG coherence is very
sensitive to the pulse duration [Calendron et al. , 2015] especially in bulk media. For this
reason we cannot realize a CEP f-2f measurement directly at the compressed YDFA output.
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4 CEP characterization and feedback

In this section we present the CEP characterization of the amplified and post-compressed
system. We discuss the feedback choices and the CEP characterization made using the three
detection techniques. Finally a comparison between two detection techniques on the feedback
is analyzed.

4.1 Free-running and feedback setup

The CEP measurement and detection techniques are the same as the ones presented in chapter
IV. The difference in this case is that we are not limited by the energy we can use for the
WLG in the {-2f interferometer. We use about 1 pJ for the WLG in a 3 mm thick YAG and we
make the SHG in a 2 mm thick BBO crystal in type I phase matching configuration. As first
measurement, we detect the CEP drift in free running using a highly integrating spectrometer
in order to see only the very slow fluctuations. For this reason we detect using an integration
time of 1 ms. The resulting measured CEP over 3 s is depicted in figure V.8.
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Figure V.8 — Left: Free-running CEP measurement fringe patterns over 3 s. Right: retrieved
CEP.

The ocpp is 1.25 rad over the 3 s. Analyzing figure V.8, two tendencies in the CEP be-

havior have to be pointed out. In the first about 2.5 s of acquisition time, a slow drift can
clearly be seen. In the last 0.5 s of acquisition time, two phase jumps occur. These phase
jumps are the more problematic for the CEP stability. It is something that we have not seen
in the CEP-seeder analysis. This means that it is coming from the amplification chain.
We want to set up a feedback loop able to correct the slow drift and the phase jumps, main-
taining the CEP at a constant value. As a first step, we want to verify our actuator. We
have calculated in the first section the relation between the manufacturer specified V; and the
Vrcep. We use an integrated LiNbO3 with a specified Vi = 2 V. This means considering
what we have said a V; cgp of 14.3 V.
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Figure V.9 — Left: Free-running CEP measurement fringe patterns over 3 s with an applied
sinus modulated function at f=15 Hz and amplitude of 10V for the first 2 s. Right: retrieved
CEP.
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To experimentally measure this value, we realize a spectrometer measurement integrating
over 100 pulses, and applying to the EOM a sinusoidal modulated voltage at 15 Hz frequency
and 10 V peak-peak of amplitude. In figure V.9 the results are depicted. The sinus function
is applied to the EOM only for the first 2 s of acquisition. In this way we can observe the
difference between the modulated and the free running situation for the measured CEP. The
measured peak-peak CEP in the modulated part is 3.64 rad. This means that the measured
Vecep = 9 V. The estimated and measured values therefore roughly match. It is interesting
to see that the sinusoidal behavior is clearly visible in the fringe pattern and in the retrieved
phase. This confirms the linear response of the EOM and its suitability as actuator.

For the feedback, we decide to detect the CEP using the Fringeezz. The spectrometer sampling
rate is too low considering also the data processing required for the CEP measurement via
computer. The Fringeezz, instead, has a dedicated output allowing to have a CEP dependent
voltage signal without passing through the computer data processing.

To implement the feedback, we need a proper detection and actuation, as well an electronic
support. We use a commercial digital PID (Laselock, TEM Messtechnik). Apart for the
standard PID functionality, this tool has a particular function for correcting our phase jumps
faster than the simple PID does. A "search and relock" functionality allows to automatically
relock the error signal of the feedback at the error target when one of the error bounds is
reached. In terms of CEP value, this means that each time a phase jump occurs, bringing
the CEP value (and the Fringeezz measured error signal) outside the bounds, the search and
relock automatically relocks the CEP to the original value. This commercial PID is specified for
working at speed higher than our laser repetition rate. The feedback frequency limit will depend
on the detection and on the optimization of the PID parameters [Astrém & Hagglund, 1995].

4.2 Fringeezz feedback action

In figure V.10 the complete scheme of the setup, starting from the CEP-stable seeder to the
MPC output and f-2f CEP measuring setup is shown.

CEP-seeder YDFA CPA

CEP feedback

EOM

[ YDFA ROD-type

Grating Compressor [—

MPC CEP measurement

CMm
L
™M {

Figure V.10 — General scheme of the laser setup. CM: chirped mirrors; M: mirror; L: lens; BS:
beam-splitter; P: polarizer cube.
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Let us focus on the detection part. We can see that the in-line in-focus f-2f is used at the
MPC output. A series of two beam-splitters allows to use the three detection instruments we
have described in chapter IV at the same time. We measure the CEP noise signal for the
feedback loop using the Fringeezz. The Fringeezz gives an output we can use as error signal
for the feedback loop and at the same time, a measured CEP using the software. We optimize
the PID parameters to reduce the rms CEP noise measured. After the optimization, we obtain
the result in figure V.11. The CEP noise PSDs of the measurement realized with the Fringeezz
in single-shot pulse integration and with 10 kHz repetition rate are shown over 10 s, in open
and closed loop operations.
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Figure V.11 — Top: Fringeezz measured CEP noise PSD in open (red) and closed loop (blue).
Bottom: Fringeezz measured integrated CEP noise in open (red) and closed loop (blue).

The integrated CEP noise passes from 1.5 rad in open loop to 325 mrad in closed loop.
Analyzing the open loop PSD and the related integrated behavior, we can refer to the spec-
trometer measurement shown in figure V.8 showing the CEP drift and the phase jumps. In
the bandwidth [0.1 Hz; 1 Hz| we can see the impact of slow fluctuations. These contribute
to about 0.4 rad of the total CEP noise. The remaining noise comes from the BW [1 KHz;
5 kHz|. In this frequency area we see a peak contributing to only 0.2 rad and a white noise.
It is interesting to compare this result with the closed loop case. In the BW concerning the
slow fluctuations, the PSD and the corresponding integrated noise are flat. The fluctuations
are corrected by the feedback loop action. In the BW [1 kHz; 5 kHz|, the peak is sensibly
reduced passing from -5.3 dB to -15.99 dB of amplitude. The white noise is also attenuated.
The feedback is acting on the whole detection BW. This is not astonishing if we think that the
PID electronics is much faster than 10 kHz and the actuator has a 150 MHz bandwidth. The
action of the feedback loop relies only on the parameters chosen for the PID. We can conclude
that the feedback is well optimized and limited to the detection speed. In the remaining of
this chapter, we will test another feedback loop using the BIRD instead of the Fringeezz as
detection method.

It is interesting to evaluate the long-term stability of the feedback loop. For this, we use the
Fringeezz on a single-shot integration at 10 kHz acquisition rate. We can save a large number
of samples. The measured CEP noise in closed loop, corresponding to cogpp = 375 mrad over
66 minutes, is depicted in figure V.12. On the left, a density plot indicates the density of the
CEP value calculated for each 1 s. This means that the false colors scale going from blue to
red represents respectively from the less to the more recurrent value. On the right of figure
V.12 an histogram considering all the counts is depicted. We can conclude that the feedback
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loop and the whole system are stable in the long term time scale.

CEP fluctuations (rad)
CEP fluctuations (rad)

10 20 30 40 50 60 3 2 1 0
Time(min) Counts %10°

Figure V.12 — Long term CEP noise measurement using Fringeezz.

Let us have a look again at the general scheme depicted in figure V.10. In the feedback
loop idea, the spectrometer and BIRD measurements can be considered as two out-of-loop
measurements. As already said the BIRD allows to realize single-shot, every shot measurement
at 100 kHz. The PSD and the integrated CEP noise over 1s are shown in figure V.13. The
measured CEP noise in the BW [1 Hz; 50 kHz| closed loop is 325 mrad. This measurement
confirms what we have obtained in the in-loop measurement.

Every shot CEP measurement at 100kHz
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Figure V.13 — Top: PSD CEP measured by BIRD over 1 s. Bottom: integrated CEP noise.
We now use the spectrometer detection to validate further the Fringeezz and BIRD results.

4.3 Integration time in high repetition rate CEP measurements

We have discussed in the previous chapter the spectrometer detection issues linked to the
sampling and integration time. Considering the stability of our system, it is relevant to sys-
tematically analyze the impact of this on the CEP noise measured and on the visibility of the
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spectral fringes. We realize three measurements over 3 s using three different integration times:
30 ps, 100 ps and 1 ms. In figure V.14 the results are plotted. From the top to the bottom,
each line refers to the integration of 100, 10 and 3 pulses. For each case, from left to right
a fringe spectrum acquisition, the fringe pattern over 3 s, the retrieved phase and histogram
distribution are shown.
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Figure V.14 — Out-of-loop f-2f spectral fringes measurement with a spectrometer. (al-a3)
Single acquisition of spectral fringes with integration times corresponding to 100, 10 and 3
pulses respectively. (b1-b3) Corresponding fringe pattern evolution as a function of time over
3 s. (cl-c3) Corresponding CEP drift as a function of time. (d1-d3) Histograms of CEP
fluctuations.

The CEP noise rms is 56 mrad in the BW [0.3 Hz; 1 kHz|. It passes respectively to 115 mrad
and 214 mrad in the BW [0.3 Hz; 10 kHz| and in 0.3 Hz; 33.3 kHz|. The noise degradation is
clearly visible comparing the plots in (b1), (c1) and (d1) with (b2), (¢2), (d2) and (b3), (c3),
(d3) in figure V.14. Let us now consider the spectrometer acquisition at t=0 in (al), (a2) and
(a3). We can calculate the contrast in the three cases as we have explained in section 4.2. We
obtain 0.68 for all three spectra. The contrast is not changing even though the CEP noise rms
is sensibly degraded. This indicates that using the contrast change as analysis of the hidden
CEP noise is not a valid method. In the previous section we have shown in figure V.13 the
measured complete CEP noise PSD in closed loop using the BIRD. We can see which noise
contribution is added passing from the case 1 to 2 and 3. Focusing on the difference between
the BW [0.3 Hz; 1 kHz| to [0.3 Hz; 10 kHz| between 1 and 2 cases, we can observe that the
added noise is white. The CEP rms ratio between the two situations is 2. We have said that
if the hidden noise by integration is white the underestimation of the CEP rms is proportional
to the y/n, where n is 10 in our case. Even in the white noise case, the estimation is not really
accurate.

We can conclude that for high repetition rate lasers, integrated CEP spectral measurement are
an underestimation of the total noise and contrast cannot be used as indication of the hidden
noise.

4.4 BIRD feedback loop

We want to validate the result of the feedback loop changing the detection method. We have
seen in the case of the feedback loop with the Fringeezz that our action works until 5 kHz.
Using the BIRD allows to detect all the shots, meaning a fsumpe= 100 kHz. To test the
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feedback we have done with the Fringeezz, we use an electronic filter before the PID controller
to have the same conditions. We use the same PID coefficient and we measure the out-of-loop
CEP noise using the Fringeezz as it is shown in the scheme in figure V.15(a).

CEP measurement
=10 kHz
N — ———
< oo - \} - I eow |

Laser chain

BS

Fringeezz out-of-loop measurement

Phase PSD (dB rad?/Hz)
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Figure V.15 — scheme of the detection and measurement

We show the results in closed loop for the PSD and integrated CEP noise in figure V.15(b).
The Fringeezz measurement is realized over 10 s. The integrated noise obtained is the same we
have found for the Fringeezz detection. The CEP PSD presents the same structure in figure
V.11. The peak in the high frequency range is contributing to about half of the total CEP
noise. It is the same we can see in the Fringeezz feedback loop. The BIRD feedback loop in
these conditions has the same effects. This is a confirmation of the fact that the feedback is
limited only by the detection speed. As a perspective, the PID parameters re-optimization can
be used to obtain an higher bandwith feedback loop, without using the low-pass filter at the
PID input.
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5 RIN characterization

In this section we discuss the RIN characterization of the amplification chain. In the first part
the propagation of the RIN from the CEP-seeder to the MPC output is analyzed. In the second
part the impact on the CEP is studied.

5.1 RIN in the amplification chain

Let us analyze the scheme we have seen in figure V.4 and the general scheme in figure V.10.
The RIN of the CEP-seeder is affected from several elements through the laser chain. In the
SMFA as well as in the main YDFA the RIN of the signal is transferred to the output following
a certain NTF. In our case we show that the signal noise is transferred to the output. One point
is interesting in this sense: gain saturation. The RIN saturation effect is different with respect
to the OPA case we have studied in section 5 of the chapter IV. The OPA is an instantaneous
process meaning that the RIN saturation effect is not frequency dependent. In the case of the
amplification in fiber, instead, we will see that this is not true. High power extraction of the
amplifier satisfies this condition. In our FE, both SMFAs are well saturated satisfying this
requirement. The YDFA operation, instead, not fully satisfies this condition. We measure the
RIN of the CEP-seeder (at OPA output) and at the output of the YDFA. In order to really
test the transfer of the noise we modulate the CEP-seeder applying a modulation on the ME
efficiency corresponding to 1% of the Satsuma average power as we have already done in the
section 5 of chapter IV. We study two different cases: an applied sinusoidal modulation centered
at =200 Hz and one centered at f=1 kHz. Moreover, the OPA is operated not in the saturation
condition in order to really see the effect of the fiber amplifiers. The measurements are realized
during the same day in order to have the same operations conditions. The measurement setup
consists of a PD (DET36A /2, Thorlabs) and a low-pass filter at {=50 kHz (EF124, Thorlabs).
The results are shown in figure V.16.

RIN with added modulation at =200 Hz RIN with added modulation at f=1 kHz
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Figure V.16 — Left: RIN PSD and IRIN at the FE output (red) compared to the FE input
(blue) with an added sinusoidal modulation on the ME efficiency of the Satsuma centered at
f=200 Hz. Right: RIN PSD and IRIN at the FE output (red) compared to the FE input (blue)
with an added sinusoidal modulation on the ME efficiency of the Satsuma centered at f=1 kHz.

Let us start analyzing the case of the modulation at f=200 Hz. In blue is the measurement
at the OPA output. The IRIN on the BW [0.1 Hz; 50 kHz| is 1.3 % rms. This very high
value is due to the low frequency noise and is probably due to the OPA not favorable operation
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conditions. The peak at {=200 Hz is clearly visible looking at the PSD and at the corresponding
IRIN. If we look, now, at the output of the YDFA, the IRIN in the same BW is of 0.24 %
rms. The measured PSD is completely different showing only a peak centered at 100 Hz. The
added modulation is not visible at all. Repeating the experiment in the case of the modulation
centered at f=1 kHz, we find essentially the same results: the IRIN in the BW [0.1 Hz; 50 kHz|
passes from 1.1 % rms to 0.27 % rms, and the peak at 1 kHz (clearly visible before the YDFA)
disappears in the output PSD. Analyzing the results we understand that the phenomenon is
quite different from the case of the OPA. In that case we observed that the RIN structure of the
amplified signal was the same of the one of the signal. The peaks were reduced in amplitude
because of the saturation. In this case, we cannot find any of the peaks present in the signal
RIN.

The amplitude noise transfers in fiber amplifier has been broadly studied |[Giirel et al. , 2014,
Guiraud et al. , 2016|. In particular, a transfer frequency can be estimated to predict how the
pump or signal RIN are transferred to the output, as shown in figure V.17.

RIN output

RIN pump RIN signal

fr Frequency

Figure V.17 — Definition of the RIN transfer frequency in amplifier

As a first approximation, we consider our laser in CW operation and follow the calculation
made by Guiraud et al. [Guiraud et al. , 2016]:
Oq + o*e)

1
fr = 3= PD) (1.7

where P;(L) is the number of photons per second at the output (z=L) of the fiber amplifier,
I" is the signal overlap with the fiber doped area, o, and o. are respectively the absorption
and emission cross section for the signal, A is fiber mode area. We can see that for the same
fiber amplifier, the fr depends linearly to the output power. Considering our three stages
amplification scheme, it is interesting to estimate the transfer frequency for the first stage. We
can calculate fr considering that at the output of this amplifier we have 10 mW of average
power. We find fr ~ 4 kHz. This means that all the AN noise of the signal lower than 4
kHz is not transferred to the output. Clearly this is just a rough estimation and we can see
if we have a deeper look at the PSDs in the two cases in figure V.16, that the peaks of the
YDFA output replicate the ones of the signal for f > 10kHz. The amplitude of the peaks at
the output is reduced with respect to the input ones. Considering what has been predicted
by Gurel et al.|Giirel et al. , 2014, this is not astonishing. In their more accurate model they
show that the transfer for pump and signal in the amplifier are respectively a low-pass and
high-pass filter following a Lorentzian shaped behavior.

For our application, it is now important to evaluate what is the impact of the MPC on the
RIN. We have seen how non linear effects can be source of a strong degradation of the RIN
if not correctly handled. We measure the RIN before and after the MPC in the operation
conditions of the CEP characterization shown in this chapter. In order to compare with the
results discussed for the fiber amplifier, we consider again the case of a small modulation at
f=1 kHz applied to the ME of the Satsuma. The results are depicted in figure V.18.

(V.13)
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RIN with modulation at f= 1 kHz
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Figure V.18 — RIN PSD and IRIN at the MPC output (red) compared to the MPC input
(blue) with an added sinusoidal modulation on the ME efficiency of the Satsuma (pumping the
CEP-seeder) centered at f=1 kHz.

We can see that the noise at the output of the MPC is the same of the input except for the
low frequencies (less than 10 Hz). This added noise at low frequency can be due to mechanical
and environmental instabilities coupled with the MPC geometry. It has to be noticed that
this kind of coupling effect is enhanced because of the long beam propagation occurring in the
MPC.

5.2 RIN transfer to YDFA and feedback action

We have seen in the section 5 of the chapter IV, how an intensity modulation on the pump
laser is transferred to the CEP noise and how important is the evaluation of the coupling
phenomena in our setup. In the case of the amplification chain, we find, as was observed for
the CEP seeder, that the nonlinear stages are responsible for this transfer. The B integral is the
parameter measuring the degree of nonlinearity. If we consider the FE scheme in figure V.4, the
AN-PN coupling occurs in the very first part of the FE. In the 20 cm of passive fiber, in fact, the
pulse has a very high peak power because it has not yet be stretched. The SPM is dominant in
this case, producing a spectrum broader than the original one. The broadening process allows
to cover the 30 nm width of the CFBG. The B-integral accumulated can be estimated to 14
rad. We have already commented about the relatively small B-integral accumulated in the main
YDFA: in our operation conditions we accumulate only 1.5 rad in the main amplifier. The sum
of the B-integrals of both SMFAs is about 0.7 rad. We can say that the total accumulated
B-integral in the amplification chain is 16 rad. Considering what we have said in section 3,
a 1% rms pulse-to-pulse fluctuation produces a CEP noise due to the AN-PN coupling of 80
mrad rms. We understand that even if the front-end is highly nonlinear the dominant part of
the CEP noise PSD at the output of the MPC originates in the CEP-seeder and from the noise
due to the compressor instabilities.

It is interesting to analyze the measured CEP PSD in the cases of the modulation applied on
the ME of the Satsuma presented for the RIN transfer analysis in the previous section. In
this way we can see the impact of an intensity modulation on the pump laser of the CEP-
seeder on the whole laser chain. In figure V.19 the Fringeezz measurement for a modulation
corresponding to 1% peak-to-peak of the pump laser average power centered at f=70 Hz is
shown. The measurement are realized in closed loop and compared at the same conditions
without the applied modulation.
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Fringeezz in-loop closed-loop CEP measurement with an added modulation at =70 Hz
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Figure V.19 — CEP PSD and integrated CEP noise Frineezz measurement at the MPC output
with a sinusoidal modulation at =70 Hz applied to the ME efficiency.

Looking at the PSD we can clearly see the peak at 70 Hz. This means that the intensity
modulation on the CEP-seeder pump laser is transferred to the amplifier output even in closed
loop. The contribution of the modulation looking at the integrated CEP noise is negligible.
In order to better understand the occurring phenomena, we repeat the measurement applying to
the ME efficiency a white noise contribution of the same amplitude of the sinusoidal modulation
applied before. We repeat the Fringeezz measurement measuring in the same conditions than
before. The results are shown in figure V.20. The total CEP noise in the BW [0.1; 5 kHz| passes
from 257 mrad to 306 mrad rms in the case of the white noise applied to the ME efficiency of
the Satsuma. It can be seen as the relative CEP contribution added is white as well.
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Figure V.20 — CEP PSD and integrated CEP noise Fringeezz measurement at the MPC output
with (blue) and without (red) a white noise applied to the ME efficiency.

We can conclude that a transfer of noise is of around 50 mrad for 1 % of noise amplitude
applied on the CEP-seeder pump.

We can now, ask what is the action of the feedback loop on noise contributions accumulated
in the amplification chain. We have said that the compressor is the most sensitive element for
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the CEP noise. We make an experiment adding a vibration on the optical table where the
compressor is standing. This vibration is produced by the flowing water through two tubes fed
by a chiller. We can see the Fringeezz measurement in this case, in figure V.21.

Fringeezz in-loop CEP measurement
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Figure V.21 — CEP PSD and integrated CEP noise Fringeezz measurement at the MPC output
with (blue) and without (red) mechanical vibration added to the compressor.

It can be seen, looking at the integrated CEP noises that the total noise is essentially the
same with and without vibration. To be more precise, the case with vibration added, is slightly
(less than 10 mrad) lower than the one without the vibration. This difference is in the limit of
the accuracy of the measurement.

We can conclude that the feedback action corrects the CEP noise generated in the compressor.
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6 Conclusions

In this chapter we have discussed the seeder CEP stability preservation in the amplification
chain. The CEP noise sources are discussed. The compressor has been indicated as the most
critical element. We have presented the setup of our proof-of principle system where the
already presented CEP-seeder is the starting point for an amplification in a YDFA and the
post-compression in a MPC. The strategies for CEP-stabilization along the CPA chain are of
two types. First the environmental noises are reduced to the minimum by a solid mechanics and
isolation of the compressor setup. Second, a feedback loop is realized to correct the accumulated
CEP noise. The feedback relies on a Fringeezz CEP detection, a commercial PID and a fiber
EOM as actuator, assuring a fast feedback limited only by the detection at 10 kHz. It has been
shown that the feedback correct the CEP noise added in the laser chain. The measured CEP
at the output of the system is comparable to the CEP-seeder measured one in the chapter IV.
In particular, a long-term single shot CEP measurement has shown 370 mrad over one hour.
RIN transfer analysis from the CEP-seeder to the MPC output has allowed to point out that a
careful design for the amplification stages allows to obtain a very low RIN amplified system. In
the case of our system, the RIN at the output of the YDFA is lower than the CEP-seeder one.
The system delivers at the MPC output 30 pJ pulses, at 100 kHz, with 100 fs duration. It has
to be mentioned, considering what have been said about rod-type YDFAs in chapter II, that
the system is able to produce pulses with much higher energies. We decide to operate it in low
gain conditions in order to make a characterization and validate the CEP-compatibility of the
whole system. The system will be upgraded in the future to produce more than 100 pJ pulses.
Considering what we have seen in section 5, the contribution of the higher pump regime is still
negligible with respect to the CEP noise degradation occurring in the compressor.

As a general conclusion we can say that our system CEP-stability after optimization of the
compressor and of the feedback loop, depends completely on the seeder. In this sense, the
seeder pump fluctuations impact on the CEP measured at the MPC in closed loop operations
has been highlighted.



Chapter VI

High repetition rate optimized High
Harmonics Generation (HHG) source

Objectifs

In this chapter the design of a setup for high harmonics generation is presented. The
setup is optimized for obtaining the highest performances in terms of cutoff energy
and photon flux using a fiber source. First, the context of the setup realization is
discussed considering the fiber few-cycle source used as reference. The state-of-the
art for high repetition rate HHG sources is described. In the second section, the
theory of HHG in gas, including phase matching considerations is explained. In the
third part, the technical choices done for the setup are presented.
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1 Context: High repetition rate HHG sources

We have discussed the importance of a phase controlled high repetition rate source for SFP
experiments in the previous chapter. One of the most important phenomenon in this area is
HHG. We have said in the general introduction that along this thesis, we have pursued two
main goals: first, the realization of a CEP-stable fiber ultrafast laser and second, the design of
a dedicated HHG line. This second objective is the core of this last chapter. The HHG source
will be used for coherent diffraction imaging (CDI) experiments in the future, as explained
in the general introduction. The HHG interaction setup is designed and optimized for the
parameters of the fiber source and on the requirements of the CDI experiments.

The source we consider for the design of the experiment is not the one presented in the first
four chapters of this thesis. As we have said, the presented CEP-stable amplified source is
a proof-of-principle scheme demonstrating the compatibility of the fiber laser setup with low
noise CEP stabilization. For the HHG design, we use the system described in the article by
Lavenu et al. [Lavenu et al. , 2019]. The laser delivers 150 pJ at 150 kHz repetition rate, for
a pulse time duration of two optical cycles (6.8 fs). In the future, the CEP-stability will be
provided on this system.

For the CDI application, instead, the requirements boil down to maximizing the flux of spatially
coherent photons at 13 nm. The low wavelength provides high resolution for the imagining
|Gardner et al. , 2017, Seaberg et al. , 2011]. The high repetition rate is a big advantage for
this application because it translates to reducing the acquisition time. The CEP control in this
case will allow to have a stable and repeatable spectrum for each shot.
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Figure VI.1 — Left: plot indicating the different published HHG sources driven by
high repetition rate (> 100 kHz) IR laser respect to the driver laser pulse energy.
Ref.1=[Heyl et al. , 2012]; Ref.2=[Gonzalez et al. , 2018|; Ref.3=[Rothhardt et al. , 2014];
Ref.4=|Comby et al. , 2018]; Ref.5=|Rudawski et al. , 2015|; Ref.6=|Hadrich et al. , 2014];
Ref.7=[Krebs et al. , 2013]; Ref.8= [Boullet et al. , 2009]; Ref.9=[Héadrich et al. , 2015];
Ref.10=[Pupeza et al. , 2013|; Ref.11=[Cingdz et al. , 2012]. Right: table summarizing the
pulse duration, the focused spot diameter and the central wavelength, for each case in the plot
on the left. The shaded area represents the work using an enhancement cavity for the HHG.

Before discussing the details of the source we have realized for this work, it is interesting
to analyze the state of the art of HHG sources driven by high repetition rate lasers. The
range of intensity required for HHG is 10'3 — 10'° cm% In the literature, mJ-class Ti:S lasers
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have been used for HHG experiments up to 10 kHz repetition rate [Hiive et al. , 2006]. Let us
focus on higher repetition rate cases, where f.., > 100 kHz, in the IR range. For achieving
these high repetition rates, the HHG driver lasers are typically OPCPA systems or fiber based
schemes. In figure VI.1(left) we have summarized the driving laser parameters with respect
to the repetition rate and pulse energy. In figure VI.1(right), we report the driver laser pulse
duration, the diameter of the focused laser spot on the gas interaction medium and the central
wavelength.

We can see that the energies used in the shown cases in figure VI.1 are lower with respect
to the Ti:S case, with pulse energies ranging from 0.5 uJ to 343 pJ. To obtain the required
intensities for an efficient HHG process, the driver laser has to be strongly focused in the gas
interaction medium. In the right column in the table in figure VI.1, it can be noticed that
the diameter of the spot in the gas is lower than 100 pgm. It is common to refer to this HHG
method as tight-focusing configuration. The interaction gas method used for all the sources
cited in figure VI.1 is a gas jet delivered through a nozzle. The grey-shaded area underlines
that a enhancement cavity is used for the HHG [Moll et al. , 2006]. This tool allows to obtain
efficient HHG even with very low input energy driver laser. The price to pay is the complexity
of the system with respect to the single pass HHG found in all the other cited cases.
Considering the driver laser we will use in terms of pulse duration, energy and repetition
rate we can conclude that, from the analysis of the high repetition rate sources in figure
VI.1, we need to focus in a very small spot diameter in order to reach the high intensities
required. Additionally we need to optimize the interaction length in the medium. In the case
of the above-mentioned tight-focusing geometries, the interaction length can be limited by the
Rayleigh range. Considering that we need to focus a low energy system using a short focal
length lens to obtain the HHG intensity range, the resulting short depth of focus will limit the
interaction length.

il
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21 51 81 111
Harmonic Number

FIG. 4. Harmonic spectrum at 1.3x10"> W/em?, for 13 Torr
of Ne in a 2.5-mm tube. The features running through the low
harmonics are high harmonics appearing in second order of the
monochromator grating. The spectral width of individual har-
monics is instrument limited.

Figure VI.2 — HHG spectrum in Ne. Image taken from [Macklin et al. , 1993].

In one of the first demonstration of HHG a different configuration was used, focusing the
driver laser in a gas filled tube [Macklin et al. , 1993|. Macklin et al. measure HHG in Ne
extending up to the 109th harmonic of a 15 mJ, 125 fs Ti:S laser at 5 Hz repetition rate, as
shown in figure VI.2.

This result is interesting for our scopes because of the wavelength range reached by the
HHG process. Although the big difference in terms of repetition rate, pulse duration and
energy with respect to our driver laser, it can be seen that the intensities involved are com-
parable to the tight focusing cases. In the case of figure VI.2 a loose focusing is used to
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obtain a long interaction length in a gas-filled tube where the intensity is high enough for
HHG process. In this reference the glass tube is used for the purpose of localizing the gas
at the interaction point, but it does not provide guiding to the laser beam: the length of the
tube is smaller than the Rayleigh range. Another approach that can be helpful for our tight
focusing geometry is to use the guiding phenomenon inside a capillary. This helps maintain-
ing a high intensity on a small spot size for lengths longer than the Rayeigh range. This
idea has been used in several works involving low repetition rate (fr, < 10 kHz) sources
in the last two decades [Durfee III et al. , 1999, Rundquist et al. , 1998, Pfeifer et al. , 2005].
A particular optimization is required for the best utilization of this configuration. Par-
ticular care have to be taken on the method of gas injection and on gas pressure distri-
bution for an efficient HHG process. Goh et al. use large diameter capillary (500 pm)
with a particular capillary gas injection for HHG using an high energy (several mJ) laser
[Goh et al. , 2016, Goh et al. , 2015, Goh, 2015]. In Kapteyn-Mournane group smaller diame-
ter capillary are structurally modified, modulating the internal profile, for enhancing the HHG
process|Bartels et al. , 2002, Gibson et al. , 2003, Chen et al. , 2010].

We decided to apply the capillary for our high repetition rate system. In this chapter we
present extensively the advantages of this geometry for our case and the specific implications
involved in the efficient HHG process.
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2 Theory of HHG in gas

In this section we quickly present some key elements of theory for the understanding of the HHG
phenomenon. We start discussing the three steps model considering a single-atom response and
continue with the presentation of macroscopic phase matching condition. The phase matching
conditions are first discussed in a gas jet case, then for of a guiding interaction medium.

2.1 Single atom response: the three step model

This semi-classical model gives a good explanation of the experimental results
[Krause et al. , 1992|. Let us consider one atom irradiated by the high intensity electric field.
The mechanism leading to HHG is described by three steps: an electron is ionized from the
atom !, the electron is accelerated by the laser field, the electron recombines with the parent
ion emitting an XUV photon. The model relies on two main approximations:

e Single active electron (SAE): for the model, we consider the relation between a single
electron and the electric field.

e Strong field approximation (SFA): the ionized electron is influenced only by the laser
electric field, neglecting the interaction with the parent ion potential.

The scheme in figure VI.3 shows a depiction of the three steps, we explain in the next three
subsections.
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Figure VI.3 — Scheme depicting the three step model. V(x) is the atom potential; I, is the
ionization potential; e~ is the ionized electron; FEy;, is the kinetic energy accumulated by the
electron; hbarwxyy is the energy of the emitted photon.

2.1.1 Step 1: Ionization

Before the laser interaction, avalanche electron has a Coulomb potential V(x). The ionization
of the gas atoms for the HHG process occurs in particular conditions, where the laser field is
such that the photon energy is lower the ionization potential I,,. Two cases are considered: the
multi-photon ionization and the tunneling. We introduce the Keldysh parameter as:

\/2mlI,

=w—, VI.1
gl o (VL1)
where E is electric field, w is the laser frequency, m is the electron mass, e is the electron
charge. The value of this parameter allows to discriminate which process dominates.

e For v > 1, multi-photon ionization dominates, meaning that the Coulomb potential
is unperturbed and the ionization occurs for the absorption of several photons. This
phenomenon is not the prevalent one in the HHG process.

lvia tunneling ionization effect.
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e For v < 1, V(X) is deformed as shown on the case in figure VI.3 on the left, forming a
finite barrier. The electron can cross the potential barrier through the tunneling effect.

In our case we can calculate, as an example, the Keldysh parameter for a 1030 nm laser

with an intensity of 10'* 5 jonizing an Ar atom having 1,=15.76 eV, we obtain v = 0.28.

CmQ 9
We confirm that for our scopes, the ionization process is dominated by tunneling effect.

2.1.2 Step 2: Acceleration of the electron

The electron in the continuum is accelerated by the electric field. Let us consider the classical
motion equation for the electron. For an electric field given by, E = Escos(wt), we can write:

md = —ekE, (VL.2)
where @ is the acceleration vector. We can write:
dv
m-—- = —eEcos(wt). (VIL.3)

This equation can be solved for finding the equation for the speed v(t):

v(t) t
/ dv = B cos(wt)dt, (VI4)
0

m t/

where we have used for the integration boundaries a generic speed function v(t) and ¢’ is the
ionization time. We can integrate once more to obtain the following electron motion equation:

x(t) = 7252 [cos(wt) — cos(wt') + w(t — t')sin(wt’)], (VL5)

It is interesting to have a sketch for understanding the physical meaning of this equation. In
figure V1.4, we show the trajectories x(t) of the accelerated electron position for values of wt’
ranging from —Z to Z. The position x=0 is the position of the parent ion. Let us make a
qualitative analysis of the trajectories. Looking at steps two and three depicted in figure VI.3,
we can see that the electron must come back to the parent ion to trigger the emission of an
XUV photon. This means that the electron trajectories have to come back to the x=0 position

in order to recombine with the parent ion.

Position (a.u.)

_8 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (optical cycies)

Figure VI.4 — Scheme depicting different electron trajectories in time for different cases of wt’
from —% to %.

We can observe that not all the electron trajectories satisfy the w(t') conditions for having
an intersection with the position 0 other than the origin. Considering an electric field oscillating



Partie 2 - Theory of HHG in gas 115

at frequency w, this means that only for some t’ the electron can recombine with the parent
ion. It can be shown that only for t’ such that wt’ € [0;7/2] U [r; 2F] an XUV photon can be
generated.

When the recombination conditions are satisfied, the electron can spend more or less time
before of coming back to the parent ion depending on the trajectories. In general, we can write
the kinetic energy as:

1 e2F?

s lsin(wt) — sin(wt')]2. (VL)

1
Ekin = §m72 =

The average value of the kinetic energy acquired, (Egi,):

_ 1 €2E2'
4 m2w?’

U, (VL7)

where U, stands for ponderomotive potential.

2.1.3 Step 3: recombination

We have seen in the previous paragraph that the electron is recombined with the parent ion
only for determined trajectories and the electron is acquiring more or less kinetic energy in the
acceleration step depending on the trajectories. The emitted photon energy is, then:

hw = I, + Ep. (VL8)

There is a maximum value of kinetic energy acquired at acceleration step, that can be calculated
to be E}°" = 3.17U,, so that:

kin

hwmaz = Ip + (3.17)Up. (VL9)

Equation (VI.9) is known as the cutoff law and has been experimentally verified for the first time
by Krause et al. in 1992 [Krause et al. , 1992|. The physical meaning of this equation is that
the HHG spectrum is spanning until a maximum energy equivalent to Awmq,. In particular, it
can be seen that this cutoff scales proportionally to the U,, meaning:

hwmaz o< )\02[L7 (VI.lO)

where \g is the laser wavelength and I is the laser intensity. The described model is very
useful for a first rough estimation of the theoretically maximum photon energy that can be
reached for a certain laser intensity, central wavelength and gas characteristics. In figure V1.5, a
schematic representation of the HHG spectrum obtained from the three step model implications
is shown [Salieres & Lewenstein, 2001]. Only odd order harmonics are generated, due to the
centro-symmetric nature of the generation medium. Three different emission regions can be
evidenced having different conversion efficiency.
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Figure VI.5 — Scheme of the HHG spectrum.
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2.2 Phase matching

The HHG phenomenon is an highly non linear effect considering the generation of high energy
photons due to the interaction of a laser with a gas medium. A macroscopic analysis is also
required to understand the emitted XUV spectrum. In particular, like the nonlinear effects
we have seen for crystals, it is required to satisfy a phase matching condition such that the
XUV photons generated by each single atom interaction along propagation are constructively
summed giving rise to the output. Let us consider, as an example, a one-dimension model
using the scheme in figure VI.6 where a gas jet of atoms interacts with the waist of a focused
laser beam.

Gas jet
_—_— L y
g 0
o .
L] L)
Laser field FYAVYAVAVAVAVA Constructive interference XUV Laser field Q‘\ N\ /N /N Destructive interference XUV
YN ANVAVAVANA _— —_— o 78 X X —_—
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Ak =0 Ak +0

Figure VI.6 — Scheme of the phase matched (left) and not phase matched (right) HHG process
in one dimension.

In perfect analogy with what we have discussed in chapter II, there exists a phase term Ak
to be matched in order to obtain the constructive summing of the XUV photons. The phase
matching conditions depend on several parameters of the laser field, the interaction medium
geometry and the gas pressure |Constant et al. , 1999]. We consider the case of a gas jet and
the one of a guiding capillary underlining the differences between these two cases.
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2.2.1 HHG phase matching: gas jet case

We need to consider a mismatch between the fundamental IR laser beam and harmonic order
q as follow: o . N
Ak =qkys+ kg, (VL.11)

- -
where: ¢ is the harmonic order, k ; is the fundamental wavevector and k 4 is the harmonic ¢
wavevector. The mismatch can be decomposed in four terms as follows [Kazamias et al. , 2011]:

— — — — —
Ak =Ak geom +Ak ele T Ak atom + k dipole (V112)

— —
where Ak 4eom is a phase term depending on the laser focusing geometry, A k ¢ is the dis-
persion term due to the free electron induced through ionization, A k 4¢om is the mis;r)natch

generated by the dispersion difference between the fundamental and the ¢"" harmonic, k dipole
is the phase shift due to the emitting dipole. Let us analyze in details each term.

%
® A K yeom is the phase term due to the laser focusing conditions. A Gaussian beam expe-
riences a phase shift with respect to a plane wave denoted as the Gouy phase ¢pgouy and
calculated as:

PGouy = —arctcm<i), (VI.13)
ZR
where zp is the Rayleigh distance. In the case of the mismatch in equation (VI.12), we
have:
— 1
Ak geom = ——(q—1). (VI.14)
%R

_)
o Ak is the phase term due to the free electrons in the interaction gas. We have said
in the three steps model section that not all ionized electrons recombine. To define the
dispersion due to the free electrons, it is useful to introduce the plasma frequency wy:

[e2N,
= VI.15
Wp 6507 ( )

where: e is the electron charge, N, is the free electrons density, m. is the electron mass.
the phase mismatch on the fundamental laser frequency case is:

— 1 wp2
Akele,f ~ _iﬁ’ (VIlG)
meaning that the phase mismatch in equation (VI.12) is given by:
— 2N,
AF o~ —q—o e (VL17)
2meeqwe

where c is the speed of light in vacuum.

%
o Ak 4iom is the phase shift due to the difference between the refractive index of the neutral
gas atoms for fundamental and harmonic wavelength, calculated as follow:

AT wrom = Q;ﬂ(n(w) ), (VL18)

where w, is the harmonic frequency and A and w are the fundamental wavelength and
frequency.
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_>
® £k gipole is the phase mismatch due to the atomic dipole phase. This term depends linearly
on the intensity gradient:

%
K dipote = aV I, (VL.19)

where « is a coefficient depending on the electron trajectory and laser parameters.

— —
We can comment the obtained relation, observing that the terms A k .. and A k 440 depend

%
only on the gas structure. The Ak 4eor, depends only on the harmonic order considered and
on the laser focusing geometry. The last term depends both on laser and interaction medium
conditions.

2.2.2 HHG phase matching in a capillary

We consider now what we have to change in the phase matching criteria we have presented above
if the interaction medium is a capillary instead of a gas jet. We can say that the terms depending
on the gas characteristics such as A k ¢ and A k 4¢om do not change. The geometrical mismatch
term is clearly different and can be shown [Rundquist et al. , 1998, Durfee 11T et al. , 1999] to
become:

A%:/eom =—q (VIQO)
where a is the capillary radius and wu;; (u11 & 2.405) is the first zero of the Bessel function Jol.
Another difference can be found in the dipole term. We can see that in the case of the capillary,
we can consider the intensity gradient as constant along the propagation axis by definition. For
our one dimension model we can neglect this term. The model presented for the gas jet and for
the guided case allows to introduce a new parameter indicating the interaction length through
which the harmonics are phase matched, called coherence length Ly, [Constant et al. , 1999]:

Leoh = —=. (VL.21)

Ak
We can see that in the perfect phase matching case this length tends to infinity. The number
of generated photons is linked to the coherence length. This simple model, indeed, we have not
considered the upper limit for the HHG length: the generated harmonics re-absorption in the
gas medium. We can introduce an absorption length L, that indicates the maximum medium
interaction length before HHG re-absorption, defined as:

Laps = —, (V1.22)
op
where ¢ is the ionization cross section and p is the density for the interaction gas. A more
accurate model with respect to the one we have presented has been established by Constant
et al. [Constant et al. , 1999] in 1999. The resulting optimum condition for phase matching
generation considering absorption length are reached for:

Lined > 5Laps; Leon > 5Laps, (V123)

where Lpeq is the length of the interaction medium?. We can conclude that both phase

matching condition and cutoff law have to be carefully considered for an optimized design of a
dedicated HHG line.

We consider that the laser is guided in the capillary in the beam mode EH11[Agrawal, 2000].
2In the case of the capillary we will consider this length equivalent to the capillary one.
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3 HHG line design

In this section we discuss the design of the HHG line optimized for the fiber laser and the CDI
requirements as we have already mentioned in the context section. In the first section, we apply
the conclusion for optimizing the HHG XUV photons flux we have presented in the theoretical
part. In the second section, we present the complete setup explaining the technological choices
we have made.

3.1 HHG line design at 13 nm: design and simulations

We have anticipated in the context section that we want to use a capillary. We therefor need
to estimate the inner diameter and length of the capillary for our laser intensity and to the 13
nm wavelength.

3.1.1 Preliminary considerations

We have seen in equation (VI.9) that the maximum energy of the emitted photons can be
estimated using the cutoff law. Our goal is to have HHG XUV photons at A = 13 nm.
Considering our driver laser emits at 1030 nm, we need harmonic 79.

The most common used gases for HHG are Ar, Ne and He. We can calculate as an indication
the laser intensities required to obtain a theoretical cutoff at 13 nm for these three cases are
respectively 2.85 x 104 W/cm?2, 2.65 x 101 W/em?, 2.55 x 10 W/em?. Looking at these
results, one can conclude that all the gases, with a sufficient high intensity can produce an
XUV contribution at 13 nm. This is not true because the saturation ionization intensity limits
the HHG generation effect. This intensity depends on several factors concerning the laser
and the gas characteristics. It is very difficult to estimate precisely this intensity. We can
have an idea of what we expect in our case looking at the calculations done by Shiner et al.
[Shiner et al. , 2013] for different laser central wavelengths and pulse durations as reported in
figure VI.7.

Table 1. Calculated saturation intensities for the moble gases using the Yudin-Ivanov nonadiabatic ionization model [24]. At the
saturation intensity (/g,), 43% of the sample on axis is ionized by the end of the pulse.

F104 W em—2

4 (nm) Cycles T (fs) feu(107 W cm™)

Xe Kr Ar Ne He
800 2 5 1.60 285 451 14.4 230
800 10 27 1.01 1.81 2.86 9.10 145
B0 20 53 0.86 1.54 244 1.75 123
1400 2 9 1.52 2.62 4.06 12.5 198
1400 10 47 1.03 1.77 2.72 8.28 13.0
1400 20 93 0.89 1.53 2.3 7.13 1.2
1800 2 12 145 247 381 116 184
1800 10 60 1.01 1.71 2.62 7.90 124
1800 20 120 0.88 1.49 227 6.82 10.7

Figure VI.7 — Table reporting the saturation intensity for noble gases, taken from

[Shiner et al. , 2013].

Analyzing the results in figure VI.7 we can see that the saturation intensity increases with
shorter laser pulses. At the same time, it decreases drastically when going from the heavier
to the lighter noble gas considered. To have a clearer idea of what it means for our laser
parameters, we fit the results in figure VI.7 in order to obtain an indication of the saturation
intensity useful for our case. In figure V1.8 on the left, we show the resulting fit for Ar, Ne and
He as a function of the laser pulse duration (in terms of optical cycles). Let us consider the
pulse duration range between 2 and 4 optical cycles, we can see that the lighter is the gas, the
more important is the saturation intensity difference. Looking at the curves shown in figure
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V1.8 on the right, we can see that the difference between the calculated Is,: for 800 nm and
1030 nm is negligible for Ar. It becomes more important for Ne and He case.

ity for Ar, Ne, He at 800nm for different pulse duration

ity saturation for Ar, Ne, He for 2 cycle pulse duration
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Figure VI.8 — Saturation intensity estimation. Left: Ig,: calculated at 800 nm depending on
driver laser optical cycles. Right: Ig,; calculated at 2 optical cycle duration for different laser
central wavelengths.

The saturation intensity for Ar, Ne and He for a 2 optical cycles pulse centered at 1030
nm are respectively 4.33 x 104 W/em?, 13.59 x 10 W/em?, 21.66 x 10 W/cm?2. From
this rough estimation, we can see that in the Ar case the saturation intensity is close to the
estimated required minimum intensity for having the cutoff at 13 nm. From this discussion
and considering what can be found in literature for comparable intensity sources we decide to
use Ne gas for our setup.

The advantage of using a capillary is having a IR laser intensity constant along the capillary
length. To reach a cutoff lower than 13 nm in Ne, we need to have an intensity of 5 x 104
W/em? in the capillary core. Considering the laser energy and pulse duration we decide to
use for our design twp different capillary diameters respectively of 60 pym, 80 pm. In an ideal
case!, we get respectively I = 2.1 x 1015 W/em?2, I = 1.2 x 10'> W/em?. In all three cases we
ensure a high enough intensity.

In the above discussed conclusions we have completely neglected phase matching and absorption
problems for HHG. It has to be stressed that the gas pressure is the knob we can turn to obtain
phase matching. In the case of Ne, we expect that phase matching is achieved for pressures
of some hundreds of mbar considering what can be found for waveguides of comparable inner
diameter and laser intensities [Paul et al. , 2003, Popmintchev et al. , 2009].

3.1.2 Capillary design: flowing gas simulations

We use commercially available fused silica capillaries ( Vitrocom?). The geometry of this capil-
lary is such that we have a small inner diameter (as previously mentioned: 60 pm, 80 pym) and
an outer diameter of 5.5 mm. For our setup we choose a capillary length of 2 cm.

One question to answer is how to inject the gas inside the inner diameter of the capillary. The
simplest way we can think about it is to make holes along the capillary diameter for injecting
the gas. We have to be careful about two issues considering this approach: optical guiding
losses of the laser beam and uniformity of the pressure profile along the capillary length. To
reduce the impact of the first problem, we qualitatively can understand that the best solution
is to use the lowest possible number of holes with the smallest diameter. To have the most
uniform pressure profile along the capillary length, we expect the simplest solution is the exact
opposite one: the largest number of largest diameter of holes. We need therefore to reach a
trade-off between these two extreme situations. We have realized a simulation in collaboration
with O. Sublemontier (NIMBE group, CEA Saclay), to simulate two cases. We focus only on
the gas pressure profile along the capillary. The schemes for the two studied situations are

"Without considering the coupling losses.
2www.vitrocom.com
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sketched in figure VI.9(a) and VI.9(b). In the first case we have three holes having a diameter
comparable with the capillary inner diameter of 100 um. In the second one, only two 1 mm
large holes are drilled. The guiding losses are very important in the second case and negligible
in the first one. The length of the capillary is also slightly different.
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Figure VI.9 — Simulation of gas flowing pressure through the capillary inner diameter in two
different case. (a) Scheme of the simulated situation with three holes with hole diameter of 100
pm and capillary diameter of 100 ym. (b) Scheme of the simulated situation with two holes
with hole diameter of 1 mm and capillary diameter of 100 pm. (c) Pressure profile in the case
(a). (d) Pressure profile in the case (b).

The pressure profile is simulated considering a static pressure accessing to the capillary

transverse holes. The simulation is realized by increasing the input static pressure until we
reach in the middle of the capillary a pressure of 400 mbar. In figure VI.9(c) we can see the
resulting pressure profile. In this case the input pressure reservoir is at 500 mbar. The pressure
profile corresponding to the second case is shown in VI.9(d). In this case 1 bar is used as input
to reach a comparable pressure in the middle of the capillary length. Moreover, comparing
the two cases concerning the pressure uniformity, we can clearly see that design (a) is more
favorable with respect to (b). In both cases we can see that the pressure clearly drops off
between the outer holes and the capillary edges. The real HHG zone is the one between the
two outer holes.
We can conclude from the simulation analysis that a good solution for injecting the gas through
the capillary requires that the holes diameter is of the same size as the capillary inner diameter.
Three equally distant holes are enough to have a sufficiently uniform pressure for more than
1.5 cm as seen in figure VI.9(c). Considering the very small size of the capillary inner diameter
we need to drill holes 2.5 mm long and 100 pym large. The challenging fabrication of these
channels is discussed in the next section.

3.1.3 Capillary design: drilling technique

The realization of the holes for the gas injection is realized using the Femtosecond laser irradi-
ation followed by chemical etching (FLICE) technique [Osellame et al. , 2012|. This technique
allows to realize three-dimensional channels in fused silica substrates. The method mainly
consists of two steps: laser irradiation and chemical etching.

e First the zone we want to drill is irradiated using a femtosecond laser. The sample
is moved in x, y, z direction using a automated nm-precision stage. The laser is fo-



122 Chapter VI - HIGH REPETITION RATE OPTIMIZED HIGH HARMONICS GENERATION (HHG) SOURCE

cused using a microscope objective on the substrate in order to have an intensity such
that the fused silica is modified. The intensity is lower than the ablation threshold
[Hnatovsky et al. , 2006]. The substrate is modified and particular structures, called
nano-cracks, are generated. These nano-cracks are of size comparable to %, where n is
the fused silica refractive index and A is the laser wavelength. Moreover, these struc-
tures are very sensitive to the irradiation laser polarization. Examples scanning-electron
microscope images, taken from [Hnatovsky et al. , 2006] of the nano-cracks are shown in
figure VI.10. In figure VI.10(a) there is the case of structures generated with the laser
linear polarization parallel to the movement of the sample stage. In figure VI.10(b), the
opposite case considering a polarization perpendicular to the writing direction.

Figure VI.10 — Polarization-selective etching enabled by nanograting formation. E is the laser
polarization vector and S is the writing direction. SEM images of xy-sections of modifica-
tion produced in the transverse writing geometry with linear polarization (a) parallel and (b)
perpendicular to the writing direction. Adapted from [Hnatovsky et al. , 2006].

e In the second step, the substrate is immersed in an acid solution of HF!. The acid has
an etching rate several orders of magnitude greater in the irradiated zone with respect to
the non-modified fused silica. The case considering a linear polarization perpendicular
to the writing direction (like in VI.10(b)) is the most favorable for a fast etching rate.
Careful management of the etching times, considering the different etching rate, allows
to fabricate channels corresponding to the irradiated zones.

In our case the capillary holes are realized in collaboration with the FemtoFab group at
Istituto Italiano di Tecnologia (IIT) 2. I have spent my master internship in this group working
on this technique applications.

For the capillary design we start from what we have used for the simulation in VI.9(a). The
holes diameter is the same as the capillary internal diameter. The capillary length is exactly
20 mm. In order to have the longest possible zone where the pressure profile is constant, one
hole is placed at the center of the capillary length. The two extreme ones, instead, are at a
distance of 2 mm from the edges. In this way, we can expect a constant pressure profile for 1.6
mm.

The FLICE technique is commonly used for plane substrate modification. This is because
in the irradiation step, the laser is focused on the sample substrate through an objective. A
non-plane substrate results in changing the properties of the irradiation because it changes the
focusing geometry. The realization of the 2.5 mm deep and 100 pm large hole is particularly
tricky because of this issue. The curved capillary surface is acting as an added cylindrical lens
after the laser focusing objective. To solve this problem, one side of the capillary is polished
in order to obtain a plane surface for the laser irradiation. The other element to manage is the
internal surface quality of the capillary. During the etching step, we must prevent the HF acid

'Hydrofluoric acid
2https://www.iit.it /centers /cnst-polimi
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to access the inner diameter of the capillary. The HF acid can, in fact, generate a degradation
of the internal surface roughness of the capillary. Moreover, if the interaction acid-capillary
inner diameter is long, the diameter itself of the capillary can be affected being enlarged by
the acid action. The obtained results on a 60 pm inner diameter capillary are shown in figure

VI.11.

(2) Length 54.18 um

[—
200 pym

Figure VI.11 — Optical microscope images for a drilled hole though the 60 pym inner diameter
capillary. (a) Image of the hole distance to the capillary edge. (b) Image of the hole, showing
that at the inner diameter intersection, the hole diameter is around 60 pm. (c) Image of the
inner diameter of the capillary after the hole fabrication.

We can see in figure VI.11(a) that the hole is perfectly at 2 mm from the edge as we have
specified. In figure VI.11(b) we can see that the hole diameter is the same of the capillary inner
diameter at the intersection. The injection part of the hole, instead, measures around 93 pm.
The hole has a smoothly conical structure. Finally, in VI.11(c), the inner capillary section is
shown. We can observe that the internal surface roughness is not degraded.

3.2 HHG line at 13 nm: technical choices

We now discuss the technical choices and the resulting setup realization for the HHG line. The
scheme of the complete setup of the HHG line is shown in figure VI.12. It is composed of 3
main parts: HHG interaction chamber, an IR filtering part and the detection part. We discuss
in details the three parts considering the issues and the solutions we have adopted for each of
them.
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Detection chamber

Laser

Figure VI.12 — Design of the complete HHG 13 nm line composed by the HHG chamber, the
IR filtering part and the detection chamber.

3.2.1 HHG chamber

We have discussed how the capillary is designed and how the holes for the gas injection are
realized. The capillary is mounted in the HHG chamber we have evidenced in blue in figure
VI.12. The transverse section of this chamber is shown in figure VI.13. We can see that
the capillary is mounted in a chamber where the gas in injected through the top. The HHG
chamber is placed on linear translation stages in the (x,y) directions for the capillary laser
coupling alignment. The alignment procedure can be done even when the whole system is
under vacuum, considering the translations are external to the chamber.

Figure VI.13 — Transverse section of the HHG chamber where the capillary is mounted.

3.2.2 IR filtering

For the high repetition rate HHG sources, one of the main problem to manage is the high
IR residual beam average power. In our case, we use the system evidenced in green in figure
VI.12 to handle this problem. Most of the residual IR beam is reflected out by using a highly
reflecting mirror hole at 1030 nm. The mirror is drilled with a 1 mm diameter traversing hole
at 45 degree. The idea is to exploit the fact that the XUV beam and the IR one have very
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different divergences at the output of the capillary. In particular, the NA scales linearly with
the wavelength. This means that the 13 nm beam is diverging about 80 times less than the
1030 nm centered one. The biggest fraction of the IR residual beam is reflected outside by the
mirror and the XUV is passing through the hole. A depiction of this part of the system is in
figure VI.14.

Figure VI.14 — Transverse section of the HHG chamber and the filtering chamber.

Analyzing figure VI1.14, we can see that the filtering chamber, inside which the holed mirror
is placed is mounted on the same translation system as the HHG chamber. In between flexible
connections are used to guarantee a separate adjustment of each chamber. The reflected IR
beam passes through a fused silica window and can be used as a diagnostic. This beam can
be used, for example, to optimize the alignment of the HHG chamber. A fraction of the IR
beam is transmitted through the holed mirror together with the XUV beam. We can estimate
the transmitted fraction for the three capillaries diameter case. We want to minimize the
residual transmitted IR without loosing the XUV part. For this reason, the distance between
the capillary end and the hole of the mirror is changed for the different capillary diameters. In
table VI.1, the resulting optimized cases for the capillaries of internal diameter of 60 um, 80 pm
are shown. In all considered case the XUV beam is completely transmitted through the mirror
hole. As can be seen looking at the general scheme in VI.12, before the detection chamber the
XUV and the remaining IR fraction passes through a filter. This filter is used for selected part
of the harmonics spectrum we want. For the case of the HHG at 13 nm, we will use a Zr 200
nm thick filter. Considering the very small thickness, this filter is very fragile. The impinging
average power density must be kept as low as possible. The filter damage threshold is not
specified by the manufacturer and it is very difficult to estimate because it can depend on the
size of the filter, on the way the filter is mounted in addition to the laser operation conditions.
To have an idea of reported case situations, where the filter is not damaged we can refer to
the works of Gonzalez et al. [Gonzalez et al. , 2018] and Comby et al. [Comby et al. , 2018].
In these cases, the driver laser is very similar to the one we consider for the HHG line design.
In our case the transmitted IR is low, as we have shown. We can estimate a power density
on the filter surface in the two inner diameters capillaries cases. The results are tabulated in
the table VI.1, where we have considered 12 W of average input power in the IR and an ideal
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transmission of the capillary of 90 %. The power density is calculated considering the beam
size on the filter comparable to the filtering hole diameter. The power density is especially
low for the 60 um capillary case, because of the high divergence of the beam at the capillary
output.

IR filtering residual percentage

Capillary ID [um] 60 80
Transmitted % IR 4.3 4.9
power [a.u.]

Distance capillary 200 250
end - filtering hole

[mm]

Power density on 59.5 67.47
Zr filter [%;]

Table VI.1 — Results on IR filtering.

3.2.3 Detection/imaging chamber

The last part of our HHG line, evidenced in red in figure VI.12, has a double function: HHG
detection and chamber for the Coherent Diffraction Imaging (CDI) experiment. Let us analyze
the two different setups in the next paragraphs.

HHG detection: XUV spectrometer In this part, the HHG spectrum is detected. For
this scope, we need a diffraction grating and an XUV detector. In our case, we have chosen a
commercial customized XUV transmission grating (TG) (Eulitha') and an XUV camera (i-kon
M, Andor?) for the XUV spectrometer. The transmission grating is realized on a substrate
of 100 nm SiN using a lithographic technique and is coated with a 60 nm thick Cr film. The
SiN is engraved to obtain the grating structure. The transmission of the grating is measured
by the manufacture to be between 3 % and 4 % around the 13 nm wavalength. Two different
groove densities of 5500 lines/mm and 2750 lines/mm are realized in order to offer a certain
flexibility. The groove density chosen and the distance between TG and detector is determining
the spatial resolution of the detected harmonics. The more harmonic orders we detect on the
camera sensor, the less spatially resolved they are.

The XUV camera has a square CCD sensor of 1024 pixels with 13 pum side. It is mounted on
one of the side of the detection chamber. The distance between the grating and the camera
sensor and the groove density chosen determines the number of detected harmonics in the
bandwidth around 13 nm and the spatial detection resolution. It can be understood by looking
at the scheme in figure VI.15(a), a top view of the detection chamber configuration. The XUV
camera is plugged slightly off-centered with respect to the HHG axis. In this way, the 1st
order of the grating is illuminating the camera. As we have said the bandwidth of harmonics
detected by the camera depends on the distance of the transmission grating, the groove density
chosen and the range of harmonics we want to detect. The circular chamber has a diameter of
400 mm. This means that several different positions of the TG can be adopted for different HH
detection. As an example we can detect the wavelength range 8-20 nm using the 5500 grove
density with a distance of 200 mm between the CCD and the grating.

L www.eulitha.com
2andor.oxinst.com
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e o CDI s o v

Figure VI.15 — (a) Detection chamber scheme. TG: Transmission Grating. (b) CDI chamber
experiment.

CDI chamber configuration The detection chamber can be used to perform CDI exper-
iments. The corresponding configuration can be seen in VI.15(b). For the CDI experiment
we use the XUV camera as detector. The HHG light in the range around 13 nm is focused
on the sample we want to image using an off-axis parabola with an angle of incidence of 20
degree. The parabola is realized via a multi-layered coating allowing to select the wavelength
bandwidth we want to use for the imaging experiment. A reflective mirror allows to obtain
this grazing angle reflecting the XUV beam. The focal length of the parabola is 100 mm.
Considering we need to collect the whole diffracted beam after the focus, we need the sample
to be located very close to the XUV camera. To allow this, mechanical mounts are realized
allowing to install the sample inside the access where the camera is plugged. The CDI setup
is particularly compact as can be seen in figure VI.15(b) in the blue square.

An interesting technical point is that the relative position of the XUV beam axis with respect
to the camera has to be different between the detection and CDI experiment chamber config-
uration. In particular a position difference of about 10 mm is required for passing from one to
the other configuration. The whole chamber, where the camera is plugged, is placed, for this
reason, on a translation stage.
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4 Conclusions

In this chapter we have presented the design of an HHG line for CDI experiment at 13 nm.
The setup has been optimized on the parameters of the 2-optical cycle fiber source realized in
the context of the HELLIX project [Lavenu et al. , 2019].

We have recalled some theoretical principles of HHG, in particular the phase matching for a
capillary interaction configuration. We have, then, presented the designed setup highlighting
the particular features we have studied for the setup. The presented setup is realized with a
high degree of versatility in mind. Although we have considered the system only for the wave-
length range around the 13 nm, different HHG XUV ranges can be obtained with minimal setup
modifications. The complete line is conceived as composed by three blocks: HHG chamber, IR
filtering and XUV spectrometer/CDI experiment part. Let us consider as a different example
an experiment using HHG around 40 nm instead of 13 nm. To efficiently generate these har-
monics we use the same HHG interaction chamber. We can use either Ar or Ne lowering the
pressure with respect to the 13 nm case for phase matching the interaction. The IR filtering
through the holed mirror is optimized changing the distance between the capillary end and
the holed mirror adding or shortening the length of the tubes connecting the two chambers.
The spectrometer chamber configuration is changed modifying the distance between the trans-
mission grating and the XUV camera. Finally, for the CDI experiment, only the multi-layer
coating of the parabola has to be changed for matching the modified wavelength range. We
can conclude that the system is easily adaptable to a large range of XUV wavelengths.

The whole setup measures only (125 cm x 70 cm)!. This small size, along with the compactness
of the driver laser [Lavenu et al. , 2019]|, will constitute a demonstration of a really table-top
XUV experiment.

In the next months the designed source will be tested and optimized for the HHG CDI exper-
iment. In a second time, the CEP-stability of the driver laser will be added as an upgrade for
the source. For the CDI experiment, this last improvement will allow to use a stable wavelenth
range near the XUV cut-off, improving the image reconstruction quality.

We are working, in collaboration with T. Auguste (LIDYL, CEA-Saclay) to simulate the cap-
illary phase matching specific conditions for HHG for our laser and gas parameters.

!Considering the 13 nm optimized configuration.
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Conclusions and perspectives

This thesis has been realized around two main research axes: the demonstration of the CEP-
stabilization of a high repetition rate all-Yb fiber laser source and the design of a laser
parameters-optimized CDI application ready sub-20 nm HHG beamline.

CEP-stabilization of an Yb-based high repetition rate source The complete CEP-
stability compatibility with a full Yb-doped CPA based source has been shown. In particular
the CEP-stable chain has been realized in two main parts: the CEP-stable seeder and the
Yb-doped CEP-stable amplifier.

In the first block, the CEP is passively stabilized pumping an OPA setup using a commercial
Yb-doped amplifier laser. The CEP-stable seeder delivers 400 nJ, 150 fs long pulses with a
repetition rate of 100 kHz. The system can be operated at repetition rate from 100 kHz to
500 kHz changing the operation mode of the pump laser. An unprecedented detailed CEP
characterization at this high repetition rate has been realized using three different detection
methods. A single shot measured CEP-stability lower than 300 mrad rms over 10 seconds
has been shown. The robustness and compactness of the system has proven the negligible
impact of slow environmental effects on the CEP. This measurement is probably limited by
the measurement setup low input energy. In the future, a dedicated fiber based f-2f will be
developed to realize a proper CEP measurement at low energy level of some tens of nJ.

The RIN has been introduced as a key parameter in the characterization of femtosecond
laser sources. In particular, it has been shown the strong impact of the pump laser RIN in
a passively stabilized setup as the one we have presented. We have shown as implementing
an oscillator synchronous pulse-picking scheme in the pump laser, the RIN is reduced of 25 %
with respect to the standard, asynchronous case. The improvement is linearly reported to the
CEP noise. The lowest measured CEP noise case is for the one where the synchronous PP is
implemented.

The CEP-seeder represents a good comparison point with the oscillator class lasers, showing
similar performances in terms of CEP-stability.

The Yb-doped fiber CEP amplifier is presented as the combination of a CPA amplification
scheme and a nonlinear step of post-compression by a MPC. We have shown that the system
delivers pulses at 100 kHz with 100 fs pulse duration and 30 wpJ of energy. The configuration
represents a test setup including all the CEP-stability critical elements for the few-cycle Yb-
doped fiber sources. The compressor has been shown to be the most sensitive element, coupling
environmental instabilities to the CEP noise. The highly nonlinear steps where high B-integrals
are accumulated are critical as well because the AN is efficiently coupled to the CEP noise.
We have implemented a feedback loop to correct the CEP drift accumulated because of these
elements. The CEP in-loop and out-of-loop detection has shown that the feedback corrects this
added noises contributions. The CEP noise is detected using a Fringeezz, and corrected acting
on an integrated EOM. The feedback has been shown to be limited to the Fringeezz detection
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speed of 10 kHz. An integrated CEP noise of 325 mrad have been measured in the BW [1 Hz;
50 kHz|. The measurement realized using the BIRD technique measuring every laser shot at
100 kHz is the most complete measurement realized using an f-2f CEP measurement scheme
on an amplified system at this repetition rate. The robustness of the system and the slow
CEP drift efficient correction has been demonstrated measuring a CEP noise of 375 mrad rms
over one hour. In the future, the whole laser system will be upscaled at higher repetition rates
complicating even more the precise CEP characterization. For these reasons new detection
methods have to be implemented.

We have discussed also the impact of the RIN in the amplified source. As a first result we
have shown that the saturation effects, in the OPA and in fiber amplifier, allows a reduction
of the RIN of the output of the amplified source with respect to the commercial pump laser.
However, we have also shown that the RIN of the pump laser remains critical for the CEP noise
of the amplified system. In particular, we have shown that an added white noise corresponding
to 1 % peak-to-peak of the pump laser average power produced an added CEP-noise of 50
mrad rms in the output.

Design of CDI HHG sub-20 nm line In the last chapter we have presented the design of
the sub-20 nm HHG line for the CDI experiment.

To reach efficiently extreme UV part of the spectrum with a high average power system, we
have design a HHG system based on a gas-filled capillary. The system is composed by three
modules: HHG generation, IR filtering, and detection/CDI chamber. We have simulated the
gas injection system, pointing out its importance for the gas pressure uniformity along the
capillary length. It has been shown that for a two centimeter long medium, three holes with
a diameter size comparable to the inner diameter of the capillary, ensure the requirements of
gas pressure. The technical challenging point of drilling 2.5 mm deep and 100 pum large holes
is presented. The FLICE technique is used to overcome this point and realizing the gas injec-
tion for the capillary. We have studied the problem of managing and filtering the remaining
high average power of the HHG driving IR beam. The high average power proper to the high
repetition rate can be the first source of damage for XUV optics. In our configuration this is
true for the ultra-thin XUV metallic filters and for the XUV camera detector.

The last part of the designed setup has the double function of XUV spectrometer and CDI
experiment. The spectrometer is composed of an XUV commercial transmission grating and
an XUV camera. It is set for detection in the range 8-20 nm. A larger analysis detection
wavelength range can be reached using the same components with slight modifications in their
arrangement. The same experiment chamber, using the same XUV camera, can be used for
CDI experiments.

In the next months the designed setup will be used for the first tests of HHG using a fiber high
energy, high repetition rate, two optical cycle source [Lavenu et al. , 2019].

To conclude, this thesis work opens the way for the a new generation of HHG-based high
repetition rate sources in the XUV. In the future the two main axes of this work will be gath-
ered toghether. This will be possible applying the demonstrated CEP-stabilization techniques
on the laser setup we have used for the HHG line setup. The industry ready robustness and
reduced size of the system will allow real table-top CDI experiments.

In a more general vision, the developed high repetition rate HHG beamline can be used for
other application than CDI. As already mentioned in the introduction COLTRIMS requires high
repetition rate sources. The source is also suitable for photoemission spectroscopy purposes
such as angle resolved photoemission spectroscopy (ARPES). These applications are nowadays
moslty realized using sinchrothrones or free-electron laser facilities. The new generation of
high repetition rate HHG sources will represent a turn-key, low cost alternative for these
experiments.
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Résumé :

Depuis une vingtaine d’années, la physique atto-
seconde, via le phénoméne de génération d’har-
moniques d’ordres élevés (HHG), a permis de
nombreuses avancées dans la compréhension des
phénomenes de dynamique ultra-rapide. Les lasers
femtoseconde émettant des impulsions de fortes
énergies et de durées de quelques cycles optiques
sont les outils indispensables a cette physique. De
plus, la phase entre la porteuse et I'enveloppe
(CEP) des impulsions doit étre contr6lée. Récemment
les lasers basés sur les fibres dopées ytterbium
ont permis de transposer les expériences d’HHG a
haute cadence. La stabilisation de la CEP pour ce
type de systemes constitue la brique manquante au
développement de sources a haute cadence pleine-
ment compatibles avec ces applications. Cette thése
a été consacrée a la stabilisation CEP d'un laser
a fibre dopée ytterbium pour une application a la

génération de rayonnement cohérent dans I'XUV a
fort flux de photon.

Dans la premiére partie nous présentons I'architec-
ture d’une source a un taux de répétition de 100 kHz
stable en CEP émettant des impulsions de 30 uJ et 96
fs. Ce systeme constitue une preuve de principe pour
les futures sources haute énergie. La stabilisation de
CEP est assurée par une architecture hybride com-
posée d’'un injecteur stabilisé passivement suivi d’un
amplificateur de puissance stabilisé activement. Un
bruit résiduel de CEP inférieur a 400 mrad est obtenu
dans différentes configurations, de la mesure courte
durée (1 s) tir a tir jusqu’a la mesure sur une heure de
fonctionnement.

Dans la seconde partie nous présentons la mise au
point d’'une ligne HHG XUV optimisée a 13 nm sur les
parametres d’'un laser a fibre, pour des applications a
I'imagerie par diffraction cohérente.

Title : High-repetition rate CEP-stable Yb-doped fiber amplifier for high harmonic generation

Keywords : Ultrafast lasers, CEP stabilization, high repetition rate, few-cycle pulse duration, HHG.

Abstract : In the last two decades, attosecond phy-
sics, based on the high harmonic generation (HHG)
phenomenon, has allowed a better understanding
of ultrafast dynamics in the microcosm. High-energy
few-cycles carrier-envelope phase (CEP) stabilized
sources are the main enabling tools for this physics.
Recently, temporally compressed Ytterbium-doped fi-
ber amplifiers have been successfully used as high
XUV photon flux HHG drivers. CEP stabilization of
these sources would ensure their full compatibility
with attoscience. The thesis is devoted to the CEP
stabilization of a high repetition rate Yb-doped fiber
femtosecond source, for high XUV photon flux beam-
line applications.

In the first part, we present the architecture of such a
source at 100 kHz repetition rate delivering 30 uJ 96
fs CEP-stable pulses. It constitutes a test bench for
future energy-scaled few-cycle sources. The CEP sta-
bilization is ensured in a hybrid architecture including
a passively stabilized frontend followed by an actively
stabilized power amplifier. A residual CEP noise lower
than 400 mrad is measured using various setups, in-
cluding a shot-to-shot measurement over 1 s and a
long-term stability over 1 h.

In the second part, we discuss the design of a high
flux HHG beamline optimized for a future generation
of fiber-based driver at 13 nm for applications to co-
herent diffraction imaging.
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