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Title: Improvement of the spatial quality of high energy lasers at high-repetition rate:development of stimulated Brillouin scattering phase conjugate mirrors for the correction ofwavefront aberrations
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Abstract: High-energy lasers are importanttools in a large variety of scientific andindustrial domains such as plasma physics,machining or energy sources for secondarylasers. Currently, the main drawback of suchsystems is their low repetition rate, limitingthe number of shots provided. This limitrises from thermal energy accumulation shotafter shot inside the amplifiers of the laserssystems during operation, generating laserbeam wavefront distortion up to completelaser dysfunction. In this thesis, a collaborationbetween Amplitude laser, an industriallaser manufacturer, Laboratoire CharlesFabry, and Laboratoire pour l’Utilisationdes Lasers Intenses (LULI), aim to developa component capable of correcting thosewavefront distortions. This component, calledphase conjugated mirrors, uses a nonlineareffect called stimulated Brillouin scatteringto invert the wavefront and allow self-correction of the laser wavefront aberrationin a double pass amplifying scheme. In thiswork, the existing theoretical framework of thenonlinear effect is used for the development

of numerical models simulating the reflection.Those models are applied to the design ofexperimental phase conjugate mirrors whoseproperties are investigated. The thesis placesan emphasis on the fidelity of the mirror,that is to say, its capacity to conserve thespatial and temporal pulse properties whileproperly inverting the wavefront. In particular,the optical configuration used, and the inputlaser parameters are shown to have a largeinfluence on the reflection quality. The capacityto be applied to arbitrary temporal shapesis demonstrated for the first time and pavesthe way to the usage of phase conjugatemirrors for broader applications requiringunusual temporal shapes. The phase conjugatemirror stability and reliability are consideredfor the usage in industrial commercial lasersystems and no particular erratic behaviouris identified. The limits of the components areinvestigated up to unprecedented input energyand wavefront aberrations levels making thiscomponent compatible for laser sources up tothe kilojoule energy level.



Titre: Amélioration de la qualité spatiale des lasersmulti-joules à haute cadence: développementde miroirs à conjugaison de phase par diffusion Brillouin stimulée pour la correction de frontd’onde
Mots clés: Lasers, Haute énergie, Haute cadence, Phase spatiale, Diffusion Brillouin Stimulée,conjugaison de phase
Résumé: Les lasers de forte énergie sontdes outils d’importance croissante dansde nombreux domaines scientifiques etindustriels tel que la physique des plasma,l’usinage ou encore en tant que sourced’énergie pour d’autres types de lasers. Al’heure actuelle, une des problématique liéesà ces lasers est leur cadence de tir, limitantle nombre total de tir pouvant être réaliséspar les utilisateurs. Cette limite provientde l’accumulation de chaleur tirs après tirsau sein des amplificateurs et dégradant lefront d’onde des impulsions lasers jusqu’àle rendre inutilisable. Cette thèse, issue dela collaboration entre un industriel du laser:Amplitude laser, le Laboratoire Charles Fabryet le Laboratoire pour l’Utilisation des LasersIntenses (LULI), cherche à développer uncomposant optique permettant de corrigerces aberrations de front d’onde. Cecomposant, appelé miroir à conjugaison dephase, permet la réflexion d’une impulsionlaser en utilisant un effet non linéaire: ladiffusion Brillouin stimulée. Lors de cetteréflexion, le front d’onde et les aberrationsoptiques sont inversée et il est alors possibled’autocompenser tous les défauts introduitlors de l’amplification en réalisant un aller-retour dans les amplificateurs, avec inversiondu front d’onde au milieu de cet aller-retour.Ce travail reprend la description physique de ladiffusion Brillouin stimulée pour développer

des modèles numériques permettant lasimulation de la réflexion. Ces modèlesnumériques sont utilisés pour le design demiroirs à conjugaison de phase expérimentauxdont les propriétés sont caractérisées. Cettethèse cherche en particulier à optimiserla fidélité de la réflexion, c’est à dire lacapacité à conserver les propriétés spatialeset temporelles de l’impulsion incidente touten inversant le front d’onde. Les étudesnumériques montrent que la configurationoptique et les paramètres du laser ont uneforte influence sur la qualité de la réflexion.Nous démontrons pour la première fois lacapacité à conserver une forme temporellearbitraire lors de la conjugaison de phase etrend possible l’utilisation du composant pourune nouvelle gamme d’application exigeantdes formes temporelles diverses. La stabilitéet fiabilité du miroir à conjugaison de phaseest étudiée dans le but de l’introduire àterme dans des systèmes commerciaux, aucuncomportement erratique n’est identifié lors deson utilisation sous les conditions d’utilisationnominales. Les limites d’utilisations ducomposant sont recherchées et son bonfonctionnement est démontré jusqu’à desniveaux d’énergie et d’aberration incidenterecord, rendant pour la première fois sonutilisation possible sur des chaînes lasers declasse kilojoule.
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Acronyms and Symbols

We present here a list of the acronyms and symbols used in the following
work grouped by type and ordered alphabetically. Every entry is associated
with the page reference where it was first introduced. A single letter or
symbol can in some cases be associated to multiple meaning. In this case,
the interpretation should be based on the context. Such occurrences are
supposed to be sparse enough so that the reader should not be troubled.

In the following developments, Vectorial quantities are notedusing arrows−→
E and their corresponding magnitude is denoted without it E = ||−→E ||. A
physical quantity can either bewritten as a function of continuous parameters
(that might sometime be implicit for the sake of readability) E(z, t) = E or as
sampled variables during the development of simulations, in which case the
samples are noted as indices Ei,j .
Latin Letters
−→
B Magnetic field, page 27
−→
D Electronic displacement, page 27
−→
E Electromagnetic field, page 26
−→
F Force, page 29
−→
H Auxiliaty magnetic field, page 27
−→
j Current density, page 27
−→
k Wave vector, page 25
−−→
PNL Nonlinear part of the medium polarisation, page 27
−→
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A Cross-section/Area, page 33
A Envelope amplitude of the electromagnetic field, page 26
C Integration constant, page 37
C Medium compressibility, page 30
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Introduction

Soon after the experimental demonstration of lasers in 1960, the
international community realised that intense lasers were an outstanding
tool for a wide range of physical science experiments and industrial
processes. Producing concentrated light pulses, they allow for high energy
deposition on small surfaces (few hundreds of micro-meter squared) during
short amount of time (nanosecond and below). This exceptional spatial and
temporal concentration of energy enables the generation of extreme
conditions of pressure and temperature and opens the door to otherwise
unreachable physical effects. Nowadays, intense lasers are used to recreate
on earth the matters of stars and study a wide range of astrophysical
processes. They were also identified as one of the few ways to recreate in
laboratory the process of nuclear fusion that might someday lead to
unlimited clean energy production. More recently, intense lasers were used
to accelerate charged particles in a more compact way than classical
synchrotron accelerators. Laser-based particle accelerators may thus soon
represent an interesting alternative extending the potential range of
accelerators exploitation, such as in protontherapy, and therefore
contribute to solve many cancer-related social issues. Intense lasers are also
used in industrial manufacturing for precise micro-machining or for laser
shock peening where the pressure of a laser-generated plasma induces
mechanical stress in metal which improves its resistance to corrosion and
overall hardness. High-energy lasers have also recently been used as a
promising replacement of excimer lasers for annealing, improving the
performances and efficiency of LCDs screens.

While the study of intense lasers is already a specialized subject in the
field, the range of performances available in the literature and the market is
significant. The typical pulse duration accessible varies from the attosecond
duration and goes up to the nanosecond timescale spreading over 8 orders
of magnitude. The same way, lasers defined as intense can present energy
varying from few micro-joules up to the mega-joule level. In this work, we
focus on the high-energy lasers, with relatively long pulses of typically few
nanoseconds and high energy, from joule level and above. Those kinds of
lasers are either used directly for plasma physics, nuclear fusion generation,
industrial processes such as laser shock peening and are the main energy
pumping energy source for shorter intense femtosecond laser chains.

In this field, the main drawback of the lasers is their repetition rate. A
high-energy laser usually consists of a low-energy oscillator followed by a
chain of amplifiers of increasing size with diameters larger and larger to
avoid laser-induced damages due to high fluence. Moreover, during
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amplification, the amplifiers accumulate heat which starts to impact the
laser beam and distorts it. This deleterious process eventually makes the
laser inoperable and the entire system deficient by introducing quantifiable
spatial defects known as thermal aberrations. In the worst case, those can
even lead to laser-induced damages in the amplifiers due to the apparition
of hot spots in the propagating beam. In order to reduce optical aberrations,
most of the high energy lasers are limited in repetition rate below few shots
per second and down to few shots a day. For the laser users, this means
fewer experimental results, fewer patients cured, or compromises on the
energy production. This is currently one of the technical challenges
preventing proliferation of lasers in all the aforementioned applications
domains.

To solve this issue, four main work axes are currently being tackled by
the international community. Firstly, more efficient energy sources are being
developed. Classical flashlamps are being replaced by more efficient laser
diodes to target specific absorption bands, improving pump absorption,
quantum efficiency and quantum defect. Therefore, the laser amplifiers
accumulate less thermal energy and higher repetition rates are
subsequently accessible. Another work axis is the heat management
architecture. Many mechanical designs aim at the optimisation of the
sinking of thermal loads off the amplifiers by flowing a fluid next to the gain
medium. The geometry, flow speed, and type of coolant define the heat
drain efficiency of the system. In this context, several new cooling
architectures are being developed to sink the heat in a more efficient
manner. This can include replacing the first stages of the amplification by
fibers amplifiers, with high surface to volume ratio and thus easily cooled
down, or choosing different cooling geometries to sink the heat more
efficiently. Third, different gain medium are being investigated. Crystalline
lattices are known to present good thermomechanical properties compared
to the usual doped glasses of high energy laser chains. On the other hand,
large aperture crystals are often hard to manufacture which make their use
difficult in very high energy laser chains. A compromise has been found in
the form of large aperture crystalline ceramics that present good
thermomechanical properties. Recent systems using those solutions
conjointly have been demonstrated in cryogenics thin disc ceramics, at the
expense of energy consumption to reach operating temperatures.

At last, it is also possible to compensate for thermal aberrations on the
beam by introducing an optical correcting apparatus. This is usually done by
measuring the beam distortion with a wavefront sensor and subsequently
apply an opposite phase mask using a deformable mirror. While this
solution is efficient up to a certain extent, it is limited to a low level of
aberration, has limited spatial resolution and reaction speed. For instance,
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such devices are at the moment not able to compensate for airflow
perturbations. Those apparatus are overall complex and expensive
solutions to put in place. Significant efforts have been made to improve the
simplicity and the capability of those systems and excellent results are now
accessible using these kinds of components.

In this work, an alternative to deformable mirrors is studied. This
method, called phase-conjugation, is based on a passive component: a
liquid in a cell. When a high energy laser pulse is focused inside the liquid, it
triggers a nonlinear effect: Stimulated Brillouin Scattering which reflects the
beam, inverting the wavefront in the process. Thus, all the phase aberrations
are passively and automatically reversed during the reflection. It is then
possible to design laser amplifiers in such a way that the beam performs a
round trip in the amplifiers with aberration inversion occurring at the middle
of the round trip. In this case, the amplifiers self-correct their defects during
the second pass, no matter the distribution of thermal distortion. The
on-shot self-correction makes this component compatible outside of a
slow-varying steady state, e.g. before thermalisation, with laser operating in
unusual, transient pulse train regime. It is then particularly adapted to reach
maximal theoretical repetition rate, typically up to the kilohertz and beyond.
While the component was already partially documented in the literature,
very few scientific or industrial systems do make use of it due to its allegedly
lack of reliability. The framework of the thesis then consisted in the
demonstration of the capacity (or lack thereof) of those devices to be reliably
used in a high energy laser system. This includes the study of its aberration
compensation capacities, its stability, its reliability and the absence of
degradation of spatial and temporal properties of the laser beam during the
nonlinear reflection. A particular emphasis was placed on the conservation
of the temporal profile of the input pulse to make accessible unusual energy
distribution in time required for some of the applications described above.

This work takes place in a partnership between two laboratories, Charles
Fabry Laboratory (LCF) and Laboratoire pour l’Utilisation des Lasers Intenses
(LULI) as well as the Amplitude laser group company. The Ph.D. grant is
provided by Amplitude laser group, a world leader for the development of
femtosecond laser systems. Amplitude is looking, through this work, to
develop a high energy laser product line operating at high repetition rate
above the kilowatt regime. At amplitude, the development was supervised
by Dr. Stéphane Branly, manager of the Nanosecond Advanced Lasers of the
R&D department of Amplitude. The Charles Fabry laboratory (LCF), located
in Institut d’Optique, is a long-time partner of Amplitude laser, hosting a
common laboratory with Amplitude. In particular, Dr. Frédéric Druon, the
supervisor of this thesis, is an experienced researcher in laser design. His
former work included development of wavefront correction systems and
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publications on thermal effects and their impacts on laser beams. The
Laboratoire pour l’Utilisation des Lasers Intenses (LULI), located in École
Polytechnique, being dedicated to the conception and use by the scientific
community of high-intensity and high energy lasers was also interested in
the prospects offered by such a technology. This laboratory is hosting
several high energy laser beamlines including HERA (200 J, 1 shot/20min),
LULI2000 (1 kJ, 1 shot/h) and APOLLON (10 PW) lasers facilities. Dr. Patrick
Audebert and Dr. Loïc Meignien, co-supervisor of the thesis, allowed us to
access the HERA laser chain to perform the high-energy experiments
described in this thesis. This multi-laboratory partnership made possible
experimental studies on the behaviour of SBS cells up to unprecedented
energy level.

The current work and the manuscript is divided in five parts:
• Firstly, the formalism of the nonlinear effects is summarised. The
Stimulated Brillouin scattering equations are derived and some
important properties of the phase conjugation are presented under
this formalism. This part aims to provide the reader all the theoretical
tools needed to properly understand the physical process, the limits
encountered and the key experimental design choices.

• In the second chapter, the aforementioned equations are solved using
increasingly complex numerical simulations models. The numerical
methods and their respective limits are detailed and the results they
provide are then used to design the experimental test-bed of the
phase conjugate mirror used afterwards.

• Subsequently, a state of the art of experimental Brillouin cells in the
literature are presented. We also justify all the technical choices made
to acquire a usable Brillouin cell and the experimental setups used
during the thesis.

• We then present the experimental results regarding a first Brillouin
cell and look to demonstrate the usability of the component for a laser
system compatible with energy levels of 10 J, at 5 Hz repetition rate. In
this chapter, we experimentally explore the temporal and spatial
fidelity, the cell behaviour at the Joule energy level and the long term
stability of such a component.

• In a fifth chapter, we use a high energy laser chain from LULI to study
the behaviour of a phase conjugate mirror under extremely high level
of input energy. In this chapter, we aim to investigate the usability, or
lack thereof, of an SBS mirror in kilojoule class lasers development
perspective. The main goals are the demonstration of a good
reflectivity, stability and spatial and temporal fidelity.
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One highlight of this work concerns the record of energy reflected in a
Brillouin cell, operating at energy level > 100 J, then compatible with
multi-kilojoule round-trip architectures. The component is able to reflect
input beams with extremely high efficiency (> 99%) while properly inverting
the wavefront. More than twenty waves of spherical aberration were
properly compensated for with near perfect accuracy. If properly designed,
the apparatus is capable of doing so while conserving the temporal profile
(power level along time) and the spatial profile (transverse distribution of
energy) of the input beam. The innovative design choices allowing those
results were the usage of a, relatively counter intuitive, very short focal
length to limit at maximum the propagation of the acoustic wave, creating
spatio-temporal coupling and disturbing the reflected pulse temporal
profile. Another innovation was the usage of high contrast temporal shaping
capabilities of the laser chain to generate initiation of the SBS effect with a
tailored pedestal placed before the main pulse impulsion. This pedestal
initiated the mirror effect before the main arrival of the energy and
prevented ionization caused by the short focal length, as well as reducing
compression effects to a maximum. Because of those two innovations, no
fundamental limit on the input energy level is found. The two main
drawbacks identified during this work are a limit on the maximal input
aberration inside the cell to keep the spatial profile intact, and a slight
degradation of the energy and wavefront stability during the reflection.
Overall, thanks to our innovative approach, the component can be used in a
wider range of systems: high energy and high repetition rate lasers, up to
few tens of joules at hundreds of hertz and for extremely high energy lasers,
up to the kilojoule and beyond with outstanding simplicity and adaptability.
We show that SBS mirrors are compatible with temporal shaping, for
generation of arbitrary energy deposition through time on target and thus
make whole new applications accessible to SBS-mirror based systems.
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1 - Phase conjugationbybackward Stimulated
Brillouin Scattering

1.1 . Introduction

While this work is mainly experimental, the formalism related to the
Brillouin cell has to be studied to explain and understand most of the design
choices since they are firstly derived based on either direct calculation or
numerical simulations. In this first chapter, we aim to present a
comprehensive study of the non-linear effect, allowing the reader to
understand the origin of the process as well as several characteristics of
Stimulated Brillouin Scattering (SBS) reflection. Firstly, a quick derivation of
the fundamental equations of backward SBS is made based on non-linear
optics formalism. While this derivation is largely based on several theoretical
works [1, 2], this work focuses only on high-energy reflection in the backward
direction. The orientation of this chapter is therefore adapted to integrate
only the backward component, neglecting the other scattering directions.
On the contrary, while SBS equations are generally derived assuming a
steady-state regime and plane waves (or confined mode in fibres), we keep
the spatial and temporal dependence in the derivation in order to simulate
the spatio-temporal 4D (x, y, z, t) evolution in the following chapters.

Following the derivation of the fundamental equations, we largely
simplify the problem to present to the reader simple yet quantitative
process explanations. We exhibit the physical meaning of some key
parameters such as the Brillouin gain and the phonon lifetime and put in
evidence the intensity threshold behaviour of an SBS mirror. While this part
cannot be used on its own to design a high-energy laser Brillouin cell, those
behaviours will be met again in the simulation and experimental chapters.

At last, we use all the aforementioned approach to make an overview of
different ways the SBS phenomenon can be used in the several fields in the
literature. This last part completes the understanding of the phenomenon by
broadening the view of the reader on the different conditions the process can
appear and places the scope of this particular work inside the literature.

1.2 . Stimulated Brillouin Scattering

Scattering of light is a physical phenomenon defined as the deviation of
electromagnetic waves away from their straight trajectory due to
inhomogeneities encountered in the medium they propagate through. While
scattering can have many different origins and effects, we separate in this
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chapter Spontaneous scattering, that occurs from inhomogeneities naturally
present in the medium at rest, from Stimulated scattering in which the
inhomogeneities are created by an interaction between a radiation and the
medium. In our case spontaneous scattering occurs on density
inhomogeneities caused by thermal noise in the medium and the
spontaneously scattered wave gives, in turn, birth to stimulated scattering.
The theoretical spontaneous interaction between light and acoustic waves
was originally described by Leon Brillouin in 1922 [3], whose name was given
to the process.

Stimulated Brillouin Scattering (SBS) is a non-linear process
experimentally demonstrated in 1964 [4]. It can occur in all the states of
matter (solid, liquid, gas, plasma) and is characterized by a strong scattering
in one direction with a shift of the initial wavelength. While spontaneous
Brillouin scattering can be observed for many different input spectra, SBS is
mostly present for narrow linewidth radiations (belowGHz) of high intensity.
Those two characteristics obviously make lasers the light source most
adapted to SBS observation.

SBS originates from the interaction between two optical fields and an
acoustic field. An initial electromagnetic radiation (in our case, a focused
laser beam called pump beam) of frequency ωP initially gets scattered
spontaneously by the matter. This initial scattering occurs on
thermal-noise-induced index inhomogeneity in the medium. At the quantum
level, this inhomogeneity is described by an acoustic phonon of frequency Ω.
The scattered light (Stokes beam) gets Doppler shifted and thus oscillates at
the frequency ωS = ωP − Ω. Interferences between pump and Stokes beam
subsequently create a beating at frequency Ω. Stimulated scattering occurs
when, under proper circumstances, this beating acts as a source term for
the original acoustic wave and thus creates positive feedback for the
scattering. In those conditions, an exponential feedback loop occurs and
most of the input light can be scattered into the Stokes beam.

While different physical phenomena can trigger the positive feedback, the
stronger term is usually electrostriction. This defines the inclination of matter
to get attracted and displaced toward themaxima of an electromagnetic field.
During SBS, the interference pattern between the pumpand Stokes beamacts
as a quasi-standing wave of frequency Ω. The particles of the medium thus
gets pulled by the average maxima of this resultant standing wave and create
in turn a density wave of frequencyΩ. This density wave being formally equal
to the original phonon wave that produced the initial scattering, a positive
feedback loop is triggered and Stimulated emission starts. This whole effect
is summarized in Fig.1.1.

SBS can also be initiated not by a standing wave but by an initial
contra-propagative wave of frequency ωs = ωp − ΩB . In this case, the
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Figure 1.1: Representation of Stimulated Brillouin Scattering effect.

acoustic wave is generated by the beating and the process does not start
from noise. Under those conditions, the sound wave frequency is imposed
by the electromagnetic waves. This configuration is called Amplifier
configuration in opposition to the Generator configuration described above.
While the amplifier configuration is generally more efficient, all the
experimental part of this work is experimentally achieved using the
generator configuration. This approach allowed us to neglect, in the
following, a possible mismatch between the Stokes frequency and the
preferential acoustic wave frequency. We will now formally describe the
geometry of SBS process:

Since the interaction has to respect momentum conservation, the
respective wave vectors −→

kP , −→kS and −→
kB of the pump, stokes and acoustic

waves follow the equation
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−→
kS =

−→
kP −−→

kB (1.1)
As the acoustic wave frequency is well below optical frequencies, we have

kP ≈ kS (1.2)
and thus

kB ≈ 2 · kP sin(θ/2) (1.3)
with θ the angle between the pump and stokes beam.
This is the Bragg condition diffraction of light by an acoustic wave. SBS

can then theoretically happen in all directions. Yet SBS usually happens for
backward-propagating stokes wave as this direction presents the highest
gain and can be stimulated over long distances [5]. For this particular kind of
interaction, we have θ = π the conservation of momentum thus simply
writes:

−→
kB = 2

−→
kP (1.4)

At this point we have already simplified the formalism of SBS by restricting
the geometry of the system to 3 collinear waves travelling along the z axis of
the coordinate system (x, y, z):

• The pump wave, EP , forward travelling electromagnetic field of
frequency ωP and wave vector −→k P .

EP (
−→r , t) = AP (

−→r , t) expi(kP z−ωP t)+c.c. (1.5)
• The Stokes wave, ES backward travelling electromagnetic field of
frequency ωS and wave vector −→kS .

ES(
−→r , t) = AS(

−→r , t) expi(−kSz−ωSt)+c.c. (1.6)
• The Acoustic wave, ρ(−→r , t) forward travelling sound wave of frequency
Ω and wave vector −→kB . Physically, ρ(−→r , t) represents the local densityof the nonlinear medium, and ρ0 its average value.

ρ̃(−→r , t) = ρ0 +
(
ρ(−→r , t) expi(kBz−Ωt)+c.c.) (1.7)

In the following, we write the equations describing both electromagnetic
waves and the acoustic wave evolution in space and time as well as the
coupling terms, and derive the fundamental equations of Stimulated
Brillouin Scattering.
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1.2.1 . Nonlinear optics
To derive the electromagnetic part of the fundamental formulas, we start

from the classical Maxwell equations describing the propagation of
electromagnetic waves in matter. They are given by Eq.1.8-1.11.

∇−→
D = ρ (1.8)

−→∇ ×−→
H =

−→
j +

∂
−→
D

∂t
(1.9)

∇−→
B = 0 (1.10)

−→∇ ×−→
E = −∂

−→
B

∂t
(1.11)

With −→
E the electric field, −→D the electronic displacement, −→B the magnetic

field and −→
H the auxiliary magnetic field.

We place ourselves in a non-magnetic medium, with no current, and no
free charges. The constitutive equations can then be reduced to:

−→
B = µ0

−→
H (1.12)

−→
D = ϵ0

−→
E +

−→
P (1.13)

with−→
P the polarisation of the medium. This polarisation is, in the general

case, dependent on the input field and is described by the relation:
−→
P = ϵ0χ(

−→
E )

−→
E (1.14)

In most media, χ, the nonlinear susceptibility, is only weakly dependent
on the electric field and can thus be expanded in several terms, linear and
nonlinear.

−→
P = ϵ0

(
χ(1) + χ(2)−→E + χ(3)−→E 2

)−→
E = ϵ0χ

(1)−→E +
−−→
PNL (1.15)

While the terms relative influences usually decrease with their order, the
χ(2) term only exists for centrosymmetric systems. In our case, since the
media used are fluids, no symmetry exists and only the χ(3) term is
considered. However, even in centrosymmetric systems, the SBS process
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can reach considerable magnitude since phase matching is automatically
reached.

This χ(3) is in itself composed of 3 main terms each describing a different
non-linear effect:

• The Stimulated Brillouin Scattering.
• The Stimulated Raman Scattering effect, similar to SBS but involving
optical phonons.

• The Kerr effect, or self phase modulation.
While all of those effects are known and observable, SBS has a larger

linear gain and is therefore dominant for narrow-linewidth, high intensity
laser radiations [1]. In the following, both Kerr effect and Raman scattering
will be neglected and the nonlinear polarisation term will be reduced to its
SBS contribution.

To get the propagation equations of an electromagnetic radiation inside
the medium, we combine Eq.1.9, Eq.1.10 and Eq.1.11 to find the classical
propagation equation:

∆
−→
E − n2

c2
∂2

−→
E

∂t2
= µ0

∂2
−−→
PNL
∂t2

(1.16)
with c the speed of light in vacuum and n the linear optical index of the

medium. In this case, the term representing absorption of light by the
medium has been removed. While this term can in some cases be of
significant importance, we will see later in this chapter that the characteristic
propagation distance of the light in the medium is too small for the
absorption to represent a large amount of losses. For Brillouin mirrors with
long length (for example in fibres) or for unconventional high-absorption
media, this term should be added for accurate description of the effect.

It is clear that the final equations will describe the evolutions in time (∂−→E∂t )and space (∆−→
E ) of both the pump and stokes wave. The feedback loop on

matter is described by the −−→
PNL term and should include both the amplitude

of the acoustic wave and the electromagnetic feedback. In the following, we
derive the electrostrictive term, component of −−→

PNL by equating the
electromagnetic energy stored locally by the particles in the standing wave
field and to the work of a force introducing a pressure gradient in the
medium.

1.2.2 . Electrostriction
To derive the feedback of the electromagnetic waves on the medium, we

first consider the influence of a standing field−→
E on a particle. In the presence
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of the field, the molecule develops a moment −→p = ϵ0α
−→
E . The total energy U

stored in the polarisation is then

U =

∫ −→
E

0

−→p d−→E =
1

2
ϵ0αE

2 (1.17)
and the electrostrictive force−→Fes associated to this potential energy is thus

−→
Fes = ∇U =

1

2
αϵ0∇(E2) (1.18)

The particle is therefore pulled toward the field maxima.
We now place ourselves at the macroscopic scale. The overall energy

contained per unit volume is:
u =

1

2
ϵϵ0E

2 (1.19)

If we consider an ensemble of particles (i.e. a material medium), we can
describe the macroscopic displacement of the particles by studying the local
density ρ of the medium. The local variation of the density due to the
electromagnetic field∆ρ induces a change∆ϵ in the susceptibility given by:

∆ϵ =

(
∂ϵ

∂ρ

)
∆ρ (1.20)

This, in itself, changes the stored electromagnetic potential energy by a
value

∆u =
1

2
ϵ0E

2∆ϵ =
1

2
ϵ0E

2

(
∂ϵ

∂ρ

)
∆ρ (1.21)

and this energy is equal to the work per unit volume ∆w performed to
compress the medium

∆w = −pes
∆V

V
= −pes

∆ρ

ρ
(1.22)

With pes the contribution to the pressure due to electrostriction. By
equating the work ∆w and the variation of the stored potential energy ∆ρ,
we can write

pes = −1

2
ϵ0γeE

2 (1.23)
where we introduced the electrostrictive constant γe = ρ(∂ϵ/∂ρ). Eq.1.23

describes the pressure as being negatively proportional to the field: even
macroscopically, the particles tend to get pulled toward field maxima.
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While this is an interesting result on its own, we still need to describe the
actual susceptibility change. For that, we calculate the density change:

∆ρ = −ρ
(
1

ρ

∂ρ

∂p

)
pes =

1

2
ϵ0γeρCE

2 (1.24)
With C the material compressibility.

This derivation implied the presence of a static electric field. For actual
electromagnetic waves, the static field term is replaced by the dynamic field
averaged over a certain time. In this case, the value of γe and C depends on
the integration time. They represent the capacity of themedium to respond to
specific frequency components. In particular, the macroscopic displacement
of molecules requires a certain amount of time usually in the nanosecond
range and acts as a low-pass filter on the integration time.

In the case of SBS, two waves of slightly different frequencies interact
which leads to the apparition of slowly varying field as well as optical
frequencies. The medium response is in this case, only for the
slowly-oscillating field at Ω frequency.

∆ρ =
1

2
ϵ0γeρ⟨

−→
E ·−→E ⟩1/Ω (1.25)

Finally, this electrostriction phenomenon can be related to the standard
susceptibility formalism by writing:

∆χ = ∆ϵ =

(
∂ϵ

∂ρ

)
∆ρ =

1

2
ϵ0Cγ

2
e ⟨
−→
E ·−→E ⟩1/Ω (1.26)

by identifying the terms in 1.15, and by considering theΩ frequency as very
low compared to the other frequencies Ω ≈ 0, we find:

−−→
PNL = ∆χ

−→
E = 3ϵ0χ

(3)|−→E |2−→E (1.27)
using Eq.1.26 and Eq.1.27 subsequently gives

χ(3) =
1

3
Cγ2e (1.28)

The electrostriction is thus a third-order nonlinearity. While numerical
evaluation of χ(3) does not lead to a high amplitude, it can lead to extremely
strong process through propagation and with the influence of the feedback
mechanism.

1.2.3 . Coupled equations
We previously calculated the nonlinear polarisation source term. We can

now introduce it in the nonlinear equation propagation for the
electromagnetic waves to derive the fundamental equations of the SBS
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phenomenon coupling pump, stokes and acoustic waves. In this part, we
aim to reach the 3 coupled differential equations needed for further
investigation of the phenomenon.
Slowly varying envelope approximation While we have currently
derived the electromagnetic equations in the general case, the scope of this
work targets high energy lasers of wavelength in the near-infrared, with
limited frequency bandwidth and timescale above nanosecond. To derive
the fundamentals equations of SBS further, we use a classical approximation
called Slowly Varying Envelope Approximation or SVEA. This reduces the study
to laser pulses whose temporal amplitude varies slowly compared to an
oscillation period.

∂A

∂t
≪ ωA (1.29)

and spatial variation are small over a distance of one wavelength
∂A

∂z
≪ kA (1.30)

Those two conditions are almost always valid for temporal variation of
the nanosecond timescale and for optical frequencies, as well as reasonable
focusing conditions. In our case, the validity can be checked by considering a
monochromatic beam of wavelength λ = 1 µm, with a FWHM temporal width
of τ = 10 ns.

∂A

∂t
/A ≈ 1/τ = 108 s−1 ≪ 2.1015 s−1 = 2πc/λ

The same way, if the characteristic damping length of the pump beam in
the medium is above the micrometre, the second order derivative of the
spatial part of the propagation equation can be neglected. Quantitative
characterisation of this damping length will be given later in this chapter and
usually are on the millimetre range.
Sound-wave equation The acoustic wave propagation is written as [6]:

∂2ρ̃

∂t2
− Γ′∇2∂ρ̃

∂t
− v2∇2ρ̃ =

−→∇ ·−→f (1.31)
with Γ′ the damping parameter of the sound wave, v the velocity of sound

in the medium and −→
f the driving force per unit volume being −→

f =
−→∇pes.Calculating this force using Eq.1.23 gives

−→∇ ·−→f = ϵ0γek
2
B

(
APA

∗
S exp

i(kBz−Ωt)+c.c.) (1.32)
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Where only the cross terms corresponding to slow oscillations were kept
to take into account the frequency dependence of γe mentioned in Sec.1.2.2.

Comparing the phonon damping time (≈ 1 ns) to its velocity (≈ 500 m/s),
the soundwave is almost static during the duration of the SBS interaction. The
spatial propagation factor can therefore be neglected. SVEA further reduces
Eq.4.10 to: (

∂

∂t
+ ΓB/2

)
ρ =

iϵ0γek
2
B

Ω
APA

∗
S (1.33)

With ΓB = k2BΓ
′ the decay parameter. This characterises the damping

time of the stimulated sound wave and will prove in the following to be one
of the most important parameters.
Electromagnetic waves equations We previously derived the
nonlinear propagation equations for electromagnetic waves (Eq.1.16). When
injecting the value for the nonlinear polarisation given Eq.1.27, and using the
SVEA, the equation becomes:

(
n

c

∂

∂t
AP − ikP

∂AP
∂z

+
1

2
∇2

⊥AP

)
expi(kP z−ωP t)+c.c.

=− µ0
∂2

∂t2
(
1

2
ϵ0Cγ

2
e ⟨E ·E∗⟩E)

=− µ0
∂2

∂t2

(
ϵ0γe
ρ0

ρ̃E

) (1.34)

Where we have separated the spatial dependence of the longitudinal axis
and the transverse direction (∆ = ∇2

⊥+∂
2/∂z2). The polarisation dependence

of the electromagnetic equations can be removed by simply projecting on the
transverse axis for non-birefringentmedia [7]. By considering only the phased
matched terms (meaning, only the components of PNL oscillating at ωP for
the pump wave and at ωS for the stokes wave) the coupled equations for theoptical waves become:(

n

c

∂

∂t
+

∂

∂z
+

i

2k
∇2

⊥

)
AP =

iωγe
2ncρ0

ρAS (1.35)
(
n

c

∂

∂t
− ∂

∂z
+

i

2k
∇2

⊥

)
AS =

iωγe
2ncρ0

ρ∗AP (1.36)
With the approximations ωP ≈ ωS = ω and kP = kS = k

With equations 1.33, 1.35 and 1.36, one can see that if we start with only
the pump wave, both Stokes and sound wave stay at zero amplitude. As
stated before, the initiation of the effect starts on thermal noise which is not
represented in the previous equations. To introduce this noise term, we add
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a Langevin noise source of amplitude f(t) in the phonon equation. This
noise term is a Gaussian random variable, with zero mean [8], and of
strength Q:

Q =
2kBoltzmannTρ0ΓB

v2A
(1.37)

With A the area of the considered section, kBoltzmann the Boltzmann
constant and T the temperature of the medium. This source term acts as
the initial sound wave the pump beam will scatter on. The fundamental
equation for the sound wave is then(

∂

∂t
+ ΓB/2

)
ρ =

iϵ0γek
2
B

Ω
APA

∗
S + f (1.38)

The triplet of coupled equations 1.38, 1.35 and 1.36 represents the
fundamental equations of the SBS interaction and will be used as a basis for
the numerical simulations. In the following, we simplify those equations in
order to explain the physical meaning of some of the parameters. We will
place ourselves in the cw regime to describe the threshold effect of the SBS
interaction as well as explicitly calculate the reflectivity and the damping
length for simplified configurations.

1.3 . CW regime

Because the fundamental equations cannot be solved formally in the
general case, most of the design choices will be made using numerical
simulations. The results and phenomena observed by using the simulations
being sometime hard to understand, we start by presenting some of the
effects characteristic of SBS reflection. In this section, we first define the
meaning of the Brillouin gain, characteristic of the efficiency of the
interaction. Then, we explicitly calculate the reflectivity of a Brillouin cell and
identify the threshold effect of the interaction. At last, we study the influence
of the propagation depth of the laser in a cell. The relative importance of the
parameters of the cell can also be intuited even if the description is
simplified

1.3.1 . Brillouin gain
To find the expression of the Brillouin gain, we assume a steady state of

the interaction for plane waves. Under those approximations, all the
derivatives beside the one along z vanish. Using Eq.1.38, the expression of ρ
is then

ρ =
2iϵ0γek

2
B

ΩΓB
APA

∗
S +

2f

ΓB
(1.39)
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In the case where no SBS interaction exists, the first term of the right-hand
side vanishes since the Stokes wave amplitude is 0. On the other hand, if the
stimulated process exists, this first termusually dominates and the noise term
can be neglected.

By directly injecting this value in the pump and stokes amplitude,
assuming SBS interaction, we find:

dAP
dz

= − ϵ0ωk
2
Bγ

2
e

2ncρ0ΓBΩ
|AS |2AP (1.40)

and
dAS
dz

= − ϵ0ωk
2
Bγ

2
e

2ncρ0ΓBΩ
|AP |2AS (1.41)

which are the equations of perfect energy transfer between stokes and
pump waves. In particular, the interaction is perfectly phased matched.
Assuming no depletion of the pump, the intensity of the Stokes wave grows
exponentially with linear gain

gIP =
γ2eω

2

nvc3ρ0ΓB
IP (1.42)

In this equation, g is the medium Brillouin gain, tabulated for usual
materials, which describes the strength of the coupling. Usually, this value is
given in centimetre per gigawatt and is on the order of unity for dense
matter (for gas, it is highly dependent on the pressure and can range from
1 · 10−3 cm/GW to few tens of cm/GW). Experimental values taken from
the literature are given in Tab.1.1. The liquids selected in this table are CFCs
liquid, widely used as SBS nonlinear medium for their low absorption in the
infrared, maximizing reflection, and their high ionization potential, reducing
plasma generation and SBS breakdown.

Medium State Brillouin gain ( cm/GW)

HT-70 Liquid 5.7FC770 Liquid 3.5FC3283 Liquid 4.2
SF6 Gas (22 atm) 35CH4 Gas (100 atm) 65
Silica Solid 2.9

Table 1.1: Tabulated values of medium Brillouin gain taken from [9, 10](Values for laser radiation at 1064 nm).
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A gain of 1 cm/GW means that, for a pump beam with 1 GW/cm2

intensity, the Stokes beam intensity gets multiplied by a factor of e over
1 cm. We already see that the SBS threshold (i.e. the input power at which
the Stokes output intensity becomes comparable to the Pump input),
depends on both the input intensity and the length of interaction. Fibers are
obviously candidates of choice for SBS generation at low energy due to the
high concentration of light in their core as well as long propagation
distances. For typical phase conjugation mirrors in high energy lasers, the
interaction length is on the order of few tens of centimetres up to the meter.
In this case, we can already estimate the value of the intensity required to
trigger the process to be on the order of GW/cm2. For a pulsed input beam
of 10 ns duration, focused down to 10 µm at waist, this corresponds to an
input energy of the millijoule level.

While exponential gain is valid under the approximation of the
non-depleted pump, we can’t use this to estimate the characteristic insertion
depth of the beam inside the medium since this parameter characterises the
distance at which all the pump energy will be transferred into the Stokes
wave. As stated in Eq.1.42 during its propagation over a distance L, for small
Stokes amplification, the Stokes beam is amplified by a magnitude of:

expgIp ·L = expG (1.43)

Where G, the linear SBS gain, includes the Brillouin gain, input intensity
and interaction length. Because a low medium Brillouin gain can be
compensated by higher propagation distance and, more importantly, higher
input power, it is not a critical parameter for high-energy SBS conjugation.

1.3.2 . SBS initiation
In Eq.1.41, no mention of the initiation process was made. As stated

before if no Stokes wave is injected in the system, no feedback loop is
generated. In order to produce the initial Stokes wave, a noise term is
introduced in the acoustic wave in Eq.1.38. This noise term is not localised in
the medium and can in principle generate backward Stokes wave anywhere
in the medium. Yet Stokes waves generated at long propagation depth will
travel though longer distances and experience more total gain, in the case of
a collimated beam. High energy Brillouin cells for phase conjugation yet
present a slightly different geometry: since the input pump beam is
expanded to avoid nonlinear effects, or optical damages in the amplifying
chain, it has to be focused inside the cell to reach SBS threshold intensities.
In this particular case, only the spatial region around focus point reaches the
required intensities and the Stokes wave always originates from near focus
areas. For this reason in the following, the origin of the z axis is placed at the
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focus point and we define:
• The Insertion Depth is the distanceD between cell entrance (at position
z = −D) and focus.

• The Interaction DepthLd is the characteristic attenuation distance of thepump beam in steady state regime. It depends on the geometry of the
system as well as on the physical parameters.

The configuration is presented in Fig.1.2.

SBS Cell

Lens
z = −D z = 0 z = L−D

Sound wave
Stokes beam Pump beam

Figure 1.2: SBS cell geometry for high-energy phase conjugate mirrors.
By introducing a focusing geometry, we have implicitly added a

dependence of the propagation axis on the intensity. While this dependence
does exist in practice and will be extensively discussed in the simulation
part, we, for now, assume the beam cross section to be constant in the
insertion depth region. This approximation allows for direct solving of the
cell reflectivity, and interaction depth for a configuration albeit a lack of
accuracy.

Under this configuration, the initial Stokes source term due to thermal
noise is written as:

IS(0) = f · IP (0) (1.44)
Where f is a constant of proportionality describing the relative amplitude

of the scattered part of a wave on noise in the backward direction.
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In the following development, IP (−D) will be written as IPin for
readability. Using Eq.1.43, the Stokes intensity at the cell output is then

IS(−D) = f · IPin expgIPD (1.45)
And in the small-signal-gain regime, the gain is exponential.
We remind the reader that this small-signal-gain regime assumes low

pump depletion (without which the exponential gain is invalid) and also
allows to replace IP (0) the pump intensity at the waist by IPin, the pump
intensity at the cell entrance. Experimental values of f are demonstrated to
be around 10−11 in the literature [11]. We can now estimate the initial power
needed to initiate the effect and introduce a quantitative SBS initiation
threshold defined as the minimal pump intensity to reach Rth = 0.01

reflectivity. In this case, the pump is almost completely transmitted and the
non-depletion approximation is valid. For typical values g = 6 cm/GW and
an input pulse of 10 ns duration focused to a 200 µm radius with an insertion
depth of 20 cm, SBS initiation is reached for a total pump energy of≈ 2.7 mJ.
Experimental values are slightly higher due to the divergence of the laser
beams between focus and entrance and are usually on the order of ≈ 5 mJ

even for smaller spots at focus.
1.3.3 . Reflectivity

We now estimate the reflectivity of the system in steady state in the
general case. Using Eq.1.40 and Eq.1.41, the evolution of the pump and
Stokes intensities can be written

dIP
dz

=
dIS
dz

= −gIP IS (1.46)
Leading to:

IP (z) = IS(z) + C (1.47)
Where C = IPin − IS(−D) is a constant that represents the energy not

reflected by the cell.
Introducing this relation in Eq.1.46 gives the equation for Stokes intensity

along the z axis:
dIS

IS(IS + C)
= −gdz (1.48)

That can be integrated between cell entrance (z = −D) and any point
before focus (z = 0) to give:

ln

(
IS(z)(IS(−D) + C)

IS(−D)(IS(z) + C)

)
= −gC(z +D) (1.49)
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Solving this equation for C = IPin − IS(−D) gives the value of the
amplitude of the Stokes wave anywhere in the medium as a function of the
input intensity and the reflectivity R = IS(−D)/IPin:

IS(z) =
IPinR(1−R)

expgIPin(z+D)(1−R)−R (1.50)
This description is what we call in the following the general case of SBS

reflectivity. The second term of the denominator is always almost negligible,
even for high reflectivity. The validity of this approximation is studied in
Fig.1.3-1.4.

To retrieve all the parameters as a function of only the input intensity, we
use once again Eq.1.47

IP (0)− IS(0) = IPin − IS(−D) (1.51)
Where we express IP (0) as a function of IS(0) using the threshold

condition given by Eq.1.44
1

f
IS(0) = IPin − IS(−D) (1.52)

by multiplying both side of the equation by a factor of f/IPin, this givesthe result:
IS(0)

IPin
= f(1−R) (1.53)

and thus, using Eq.1.50
f(1−R) =

R(1−R)

exp[gIPinD(1−R)]−R
(1.54)

Solving the equation gives the relation between the small signal SBS gain
G = gIPinD and the small signal gain at threshold Gth = ln(Rth/f) ≈ 25:

G

Gth
=
G−1
th ln(R/Rth)

1−R
+

1

1−R
(1.55)

This model is presented in Fig.1.3 and Fig.1.4 as Model 1 and is completely
indistinguishable from the general case (where the −R term of the
denominator of Eq.1.50 isn’t neglected) over the whole reflectivity range.
Subsequently, all the calculations in the following will be made with this
model.

Eq.1.55 present two terms, each corresponding to an operation regime:
• the first term is dominant for |ln(R/Rth)| ≫ Gth that is to say very
low reflectivity value. In this case the denominator is close to 1 and the
reflectivity grows exponentially with G (and thus with IPin). We find
once again the formula for reflectivity with no pump depletion.
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• The second term becomes significant at high reflectivity and describes
the actual energy exchange between pump and stokes wavewith pump
depletion taken into account. For SBS reflection well above threshold
and reflectivity above few percent, the termG−1

th lnR can be neglected.
The reflectivity is then simply written as

R = 1− 1−G−1
th ln(Rth)

G/Gth
(1.56)

and the steady state reflectivity tends to 1 for high G.
The plot of the reflectivity as a function of input energy for a typical pump

pulse of duration 10 ns, beam radius of 400 µm and propagation length of
20 cm in liquid HT70 is shown in Fig.1.3
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Figure 1.3: Reflectivity as a function of input energy near SBS thresholdfor a typical pulse from of a Q-switched system with duration 10 ns,interaction distance 20 cm and beam radius 200 µm, assumed constant overthe propagation distance.
Theoretically, almost all the pump energy can be transferred into the

Stokes wave if sufficient input power is sent into the medium. Since the
scope of this work is the use of Brillouin mirrors for high energy lasers, we
can expect extremely high reflectivity. This is a very important result: While
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Figure 1.4: Reflectivity as a function of input energy near SBS thresholdfor a typical pulse from of a Q-switched system with duration 10 ns,interaction distance 20 cm and beam radius 200 µm, assumed constant overthe propagation distance.

the phase conjugate mirror corrects aberrations, almost no energy is
lost in the process.
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1.3.4 . Interaction length
Using Eq.1.56, we can also estimate the insertion depth by calculating the

reflectivity of the interaction if the medium had a reduced length L < D. In
this case, the SBS process does not start from z = 0 but from z = L−D. The
reflectivity is thus:

Is(−D)

IPin
= 1− 1−G−1

th ln(Rth)

GIPinL/Gth
(1.57)

by using the energy conservation during the interaction:
IS(−D) = IPin − Ip(L−D) (1.58)

The output intensity is:
IP (L−D) = IPin

Gth − ln(Rth)

gLIPin
=
Ld
L

(1.59)
The residual pump power is inversely proportional to the propagation

distance in the medium. The characteristic attenuation length called
interaction length is LD = Gth−ln(Rth)

gIPin
and depends on the threshold

parameters as well as the input power. Examples of typical attenuation in
HT70 are shown in Fig.1.5

The calculation for a high-energy beam of 1 J input energy gives a typical
interaction length below 0.7 mm. This is an important result of SBS phase
conjugation at high energy: In steady state, almost all the energy is
reflected at the cell entrance. This experimentally demonstrated fact [12]
justifies the removal of the absorption in the propagation equation.
Furthermore, since almost no propagation is allowed in the medium, all the
other nonlinear effects can be neglected.
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Figure 1.5: Transmission of characteristic input beams of durations 10 ns, withradius 200 µm propagating in HT70. Dashed lines indicate the results given byEq.1.59, in the strong interaction approximation.

1.3.5 . Limits of the model
Albeit interesting insights on the behaviour of an SBS cell, all the obtained

results present significant discrepancieswith experimental results. This is due
to two invalid hypotheses for phase conjugation in high energy lasers: steady
state regime and plane wave approximation.

• By assuming a steady state regime, we removed the losses caused by
the response time of the system. Before the acoustic wave creation,
the medium is transparent, and the pump wave is not reflected. We
thus have to take into account the response time of the system that can
be limited by either the acoustic lifetime τmedium = 1/Γ or the typical
propagation time of the optical wavesD/c.

• By removing the transverse dependence evolution, we simplified the
problem. In particular the focusing of the wave is not described in the
simplified equations which lead to an overall overestimation of the
pump intensity in the medium. To compensate this, we chose to
consider a collimated flat-top beam of intermediate size as a
compromise between the area near focal spot and the large beam
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diameter near the entrance.
• Furthermore, since we assumed a flat-top beam, the spatial profile
(local intensity pattern I(−→r )) is not described. Subsequently, the
spatial defects introduced during SBS reflection are not described. To
quickly describe the limitations of the model brought about by this
hypothesis, we can imagine the effect on a Gaussian beam. Since the
intensity at the edge of the beam is lower than at the centre, the total
reflectivity is decreased around the beam edge: we observe a beam
narrowing. For the case of an aberrated input beam, the spatial phase
is not flat. Therefore, the focal spot size will be increases and the
process efficiency drops. In the worst case, the SBS threshold might
not be reached at all.

In this section, we have only considered the steady-state regime. In the
following, we aim to qualitatively describe the physical effects associated
with the transient regime. While the equations are not resolved formally in
the general case, no order of magnitude are given. More quantitative results
will be thoroughly presented, with the support of numerical simulations, in
Chap.2.

1.4 . An introduction to the transient regime

In the previous part, we described the SBS interaction in the steady state
regime. For high energy laser phase conjugation, the input laser beam is
usually in the nanosecond timescale or below. Under this operating regime
we can define three characteristic timescales for the interaction:

• The characteristic amplitude variation of the light waves AP (t) and
AS(t) and in particular, the input pulse duration τpulse.

• The characteristic travel time of the waves in the medium. Although
we defined an interaction depth in steady state LD, the actual
propagation depth scale in transient regime is taken between cell
entrance and focus. It is evaluated at τprop = 2|D|/c

• The characteristic response time of the acoustic wave to
electromagnetic stimulation can be taken directly from Eq.1.38 and is a
parameter of the medium. It is noted τmedium = 1/ΓB . Typical valuesfor solids and liquids are 1 ns and can exceed 10 ns for gases.
Numerical values for typical media are given in Tab.1.2.

Coupled equations with three different dynamic time-scales are known
to exhibit complex dynamics if all time scales are close to each others. In the
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Medium State Response time (ns)
HT70 Liquid 0.9FC770 Liquid 0.57FC3283 Liquid 0.6
SF6 Gas (22 atm) 17CH4 Gas (100 atm) 17
Silica Solid 0.98

Table 1.2: Tabulated values of typical medium response time. Takenfrom [9]

case of an SBS cell for phase conjugation, this implies that the output
temporal pulse shape of the Stokes wave is not necessarily the same as the
input one. While analytical solutions of SBS interaction in the transient
regime are available in the literature [7], they always assume weak
interaction under the low reflectivity regime using a perturbative approach.
Since in the following, only high efficiency interaction will be considered, the
explicit description of space-time-resolved wave will be based on numerical
simulations. Despite the lack of analytical results, several considerations can
still be made. In particular, the theoretical and experimental literature
describe the establishment of the Brillouin gain over timescale of τmedium(also referred to as τB in this work) [13]. This leads to several remarks about
the efficiency of a real phase conjugate mirror.

1.4.1 . Losses by transmission

Since the nonlinear effect needs to be initiated before Stokes
amplification is active, the medium is effectively transparent before the
pulse and during a few τmedium at the start of the interaction, when pump
intensity exceeds threshold. This is usually the main limitation of the
reflectivity for phase conjugation at high energy. For this reason the
response time of the medium should be chosen as short as possible to
maximize reflectivity. In particular, gaseous media usually present a
response time above the pulse duration and would therefore induce high
losses. In the present work, all the considered Brillouin media are liquid,
simultaneously presenting short reaction time, low absorption and high
resistance to optical damages.

On the one hand, since pre- and post-pulses do not typically have
enough intensity to be reflected, they are transmitted through the medium
and temporally filtered. An SBS cell can thus act as a pulse cleaner with
nanosecond reaction time.
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On the other hand, this initiation time also distorts the reflected temporal
profile: the leading edge of the pump temporal shape is transmitted and the
rise time of the stokes pulse is always above τmedium. This means that sharp
leading edges of the order of few hundreds of picoseconds are not conserved.
In this case, most of the laser energy contained in this rise time is transmitted
as shown in Fig.1.6. For high-energy lasers, this is the main effect preventing
perfect reflectivity. Furthermore, for high energy lasers, the transmitted part
of the temporal profile is focused down to few tens of micro has can in some
case, present enough intensity for generating detrimental nonlinear effects
and in the worst case, ionizing the medium. This last phenomenon is known
in the literature to deteriorate the quality of the reflection (reflectivity drop
and near field spatial modulations) [14].

Pump

Transmitted pump
= Energy loss

Stokes

SBS mirror

Figure 1.6: Representation of energy loss by transmission. The initiation timeof SBS interaction in the pulsed regime implies losses of the first τmedium ns.

1.4.2 . Temporal modulation bandwidth
The same way, the typical temporal modulation bandwidth accessible to

an SBS mirror are in the nanosecond timescale. Arbitrary temporal shapes
with fast modulations of frequency Γ will be filtered above the cut-off
frequency ΓB . One might also remember that ΓB is the Brillouin linewidth
and thus the frequency domain is also limited to pulses of linewidth below
the gigahertz. Phase conjugate mirror are thus limited to single longitudinal
modes lasers with nanosecond temporal modulation.

1.4.3 . Compression
A particular case of transient SBS interaction happens when the

characteristic propagation time is of the order of the pulse width and longer
than the response time of the medium τpulse, τprop > τmedium. In this case, a
pulse compression process can occur:

47



• When the leading edge of the pump starts initiate the effect and creates
a Stokes wave, the sound wave amplitude grows

• The envelope of the sound wave follows the leading edge of the Stokes
wave, propagating toward the cell entrance acting as a mirror moving
at relativistic speed.

• This mirror following the Stokes pulse, this leading edge picks up all the
pump energy it encounters, and this energy gets compressed down to
few hundreds of picoseconds.

This process has been theoretically and experimentally demonstrated [15]
and allows for peak power increase of more than one order of magnitude.
Further emphasis on this particular aspect (and in our case, how to avoid it)
will be presented with the help of numerical simulations in Chap.2.

1.5 . Phase conjugation

All the previously derived equations obviously describe a coupling
between two optical waves and an acoustic wave. Yet, no mention of the
property of interest was made: the phase conjugation capabilities of the
component.

On the contrary to a classical mirror, a phase conjugate mirror is able to
reverse the sign of the wave vectors at any point in space while conserving
the wavefronts. A Stokes beam always retraces the path of the input beam,
including its propagation direction, its divergence and all the higher-order
aberrations. A comparison of a phase conjugate mirror and a traditional
mirror is given in Fig.1.7.

Traditional
mirror SBS medium

Phase conjugate
mirror

Figure 1.7: Comparison of ray tracing during reflection between traditionnalmirror and phase conjugate mirror.
The phase conjugating part of the fundamental equation is not obvious:

even when solving in the CW regime, the gain for the Stokes wave is
proportional to the intensity of the pump and no mention of its phase is
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made. The entire phase information of the Stokes wave thus comes from
the thermal noise phonon it originated from. Thermal noise being purely
random, the Stokes wave could in principle contain all possible phase
values. The actual phase of the Stokes beam at cell output is therefore the
phase component that experiences the highest gain throughout its
backward propagation in the medium. Since the total gain can reach 1012,
even slight improvements in the small-signal gain can cause extreme
differences in total gain for the full propagation.

By doing the gain calculation for every point−→r in the transverse direction,
for a single longitudinal value z, using Eq.1.46, we find:〈

dIS
dz

〉
−→r

=
g
∫
−→r IP (

−→r , z)IS(−→r , z)d2−→r∫
−→r d

2−→r (1.60)
By defining P the total power of the pulse over the transverse direction,

Pi = ⟨Ii⟩ =
∫
Ii(

−→r )d2−→r /A, one gets:
dPS
dz

= −gPPPS
A

⟨IP IS⟩
⟨IP ⟩⟨IS⟩

(1.61)

and the local gain is maximum for high correlation between the pump
and stokes intensity profile (the rightmost term). Since the distribution of
pump and Stokes beams intensity will vary during propagation due to the
diffraction process, the overall maximum gain is reached for the phase
conjugated Stokes wave that maximizes correlation for any given position z,
that is to say, the phase conjugate beam. It is counter-intuitive to think that
phase conjugation is best achieved for very aberrated input beams that
present strong intensity modulation with propagation. On the contrary, near
Gaussian input beams are susceptible to excite several Stokes modes with
significant spatial correlation and thus degrade the overall phase
conjugation. To the best of our knowledge, no experimental confirmation of
the increase of phase conjugation with aberration level was observed since
it simultaneously tends to deteriorate the intensity at focus point. However,
it is possible to observe the excitation of several spatial modes by strongly
driving the SBS process [14, 16]. With high pump intensity and relatively clean
phase, several stokes modes are amplified, and a mode competition process
starts and the overall spatial fidelity of the reflection is decreased. A
quantitative definition of this spatial fidelity will be introduced during the
analysis of the experimental results.

It is important to consider that the development introduced in this
section only holds if no major influence of the propagating media (besides
the SBS effect itself) takes place during the propagation. In particular, an
absorbing element such as a speck of dust or a plasma might absorb so
much incident (and Stokes) wave that the dominant backscattered beam is
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not the phase conjugate one [17]. Furthermore, this gain selection principle
is only possible during the initiation of the nonlinear effect. Subsequently,
there is no guaranty that the phase conjugation will be perfect during the
entire duration of the pulse, especially if the spatial properties of the pump
vary in time.

1.6 . SBS in the literature

Now that the process has been fully described, we aim to make a modest
overview of the different manners it is encountered in diverse fields of the
literature. We briefly introduce the conditions for SBS to appear and outline
the specific condition for backward SBS to appear and the implications
SBS in high confinement propagation medium Optical fibers are
media of choice for SBS generation. Associating high field confinement and
thus high light intensity with long propagation distances makes SBS happen
“naturally”. It is actually mostly referred to as a parasitic effect limiting
transmission in high power narrow linewidth fiber amplifiers. Besides that,
the process has been used in fibers to generate narrow-linewidth radiation
on the order of the Brillouin linewidth (typically 100 MHz). Those are
themselves commonly used in microwave generation and for rotation
sensing in gyroscopes [18]. The SBS effect itself is used for spatially resolved
temperature sensing by measuring the Doppler shift of the Stokes wave [19].
Another high confinement propagation medium are the photonic circuits.
Several uses of SBS including SBS resonators and microwave generation [20].
SBS in plasma Inertial confinement fusion is currently a topic of growing
interest in the laser community. Following experimental ignition
demonstration at the National Ignition Facility [21], this process could
potentially lead to unlimited clean energy production. Internal confinement
fusion (ICF) initiates ignition with a high energy input light impulsion which
creates a hot plasma. In this context of high intensity radiation on small
surface, SBS can appear inside the plasma and reflect a part of the input
beam [22, 23]. This process significantly reduces the useful part of the input
laser energy and is therefore greatly detrimental to fusion process
efficiency. Furthermore, Stimulated Forward Brillouin Scattering can also
happen in laser induced plasmas and is known to produce light filaments.
The resultant spatial inhomogeneities are detrimental to target compression
and overall fusion efficiency [24,25].
Transverse SBS in high-energy lasers chains Although backward
SBS is usually the dominant process, in large diameter optical components,

50



the width of the component is significantly larger than its length. In this case,
the propagation distance on the transverse direction is so much greater that
transverse SBS becomes dominant. This process induces transmission
losses, temporal deformation [26, 27] (since only the trailing end of the pulse
is scattered) and, in some case, optical damages [28].

Both the SBS in plasma at the chain output and the transverse SBS in the
laser chain make of SBS a parasitic effect in kilojoule class lasers and have
led to numerous SBS-suppression architectures such as frequency
modulations to broaden the beam spectrum outside SBS amplification
bandwidth [29]. This is still an active research field.

We can therefore see that Stimulated Brillouin Scattering appears in
several different nonlinear media as either a positive or detrimental effect
depending on the application chosen. In all cases, the narrow linewidth,
power density, and propagation length are the parameters that can make
SBS appear. In the following, we present the numerical simulation
describing the SBS interaction in a phase conjugate mirror.
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2 - Numerical simulations

2.1 . Introduction

In the previous chapter, a theoretical description of the SBS effect was
introduced and observations on the behaviour of a typical SBS interaction
were made. A comprehensive guide of the effects taking place during the
reflection of a high energy pulse was presented, and the reader was given
some keys to understand the physical processes in action behind the mirror
behaviour. However, several approximations were made to solve the SBS
coupled equations. In particular, the transient regime of an SBS mirror was
deemed too complicated to be solved by hand.

In the scope of this work, we aim to study an SBS cell placed in a pulsed
high-energy laser, used to reflect nanosecond pulses and correct their
wavefront. This SBS cell is therefore operating in this very transient regime.
To properly understand what can be expected of such a system, precise
calculations are developed to properly design the cell configuration.

In this chapter, we develop several simulation models allowing to
numerically solve the SBS reflection from the set of differential equations
developed in Eq.1.35-Eq.1.38. The main complexity lies in the numerical
description of the spatial distribution of the laser pulse in the transverse
direction. This can be understood as follows:

• If the spatial description is ignored in the numerical model, the
transverse distribution of energy will not be calculated. The diffraction
effects and focusing will not be implemented. This leads to limited
results but correct approximation of the rise time of the reflectivity. A
simple extension of the spatial description can be implemented to
simulate focusing, without any diffraction effect by simply adjusting
the intensity of the optical waves according to the longitudinal
position, assuming a perfectly focused, unaberrated beam. This allows
a good description of the SBS effect with limited accuracy on the
temporal profile conservation.

• The more accurately spatial description is implemented, the finer the
effects of diffraction and wavefront aberrations will be simulated. In
particular the spatial profile is here of prime importance: a Gaussian
spatial shape will lead to less efficient reflectivity on the edges of the
pulse since those edges present lower intensity. Thewavefront can also
play a part: significant aberration level will increase the focal spot size
and therefore decrease the maximum intensity inside the cell. We can
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expect lower efficiency and high energy threshold in the case of a highly
aberrated beam.

In the following, different simulation models of increasing complexity are
described and compared here. Those simulations helped design the
experimental cells and the setup developed in the next chapters. Most of
the quantitative predictive studies are presented in this chapter while the
next ones are mostly experimental.

Nevertheless, in this chapter, we still try to keep a strong link with
experimental studies. To this aim, all the simulations in the following use
tabulated data from existing nonlinear media used in the state of the art.
The validity of the simulations are also confirmed using published
experimental results. This theoretical study aims to increase the
performance of the state of the art and will also allow us to understand
some of the limitations encountered by previous experiments. The work
presented in this chapter was done at the very start of the thesis and was
limited in duration, most of the available time being allocated to
experiments. Perfect agreement between simulations and experiments has
yet to be reached and several prospects to further improve the numerical
model have yet to be explored. In particular, the developed simulation
codes still have a significant margin of improvement in terms of calculation
speed and memory allocation.

Three models will be developed in the current chapter and will be called
respectively 2D, modal-decomposition and Split-step. The 2D model doesn’t
take into account the spatial distribution of energy or aberration. The
focusing is implemented directly in the Brillouin coupling strength and the
input beam is assimilated to a plane wave. The modal-decomposition model
takes into account the spatial profile and approximates the transverse
distribution of energy of the beam by a decomposition on Laguerre-Gauss
modes. The modes propagate independently and are coupled through the
SBS interaction. Although this theoretically could lead to perfect
approximation of the pulse, the computation time is highly dependent on
the number of modes used in the simulation and is thus limited. The limit
makes the modal-decomposition model inadequate to reach fine spatial
profile description, especially in our cases, where the spatial profiles of
interest are top-hat, presenting sharp edges and requiring a high number of
mode for fitting. Yet, accurate temporal profiles have been simulated with
this model. This model is currently the finest numerical simulation model
available in the state of the art for SBS interaction [1, 2].

The Split-Step model is an attempt to include a full spatial and wavefront
description which have previously been assumed unachievable. To this aim,
a classical numerical model for beam propagation with nonlinear interaction
is implemented and adapted for the first time to free-space SBS. This model
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is theoretically capable of simulating arbitrary spatial profile, wavefront and
calculating the diffraction for every step. The main difficulty lies in the
computation time and memory allocation issues when trying to simulate
real beams. Encouraging results have been obtained in the simplest cases
studied.

All the algorithms presented in the following were developed in Python
3, and several optimisation schemes were put into place to make the
simulations run in a reasonable amount of time. Some are presented, but
the description of numerical optimisations is kept to minimum.

Sections 2.2,2.4 and 2.5 of this chapter describes the different simulation
models. For each model, a description of the algorithm used is presented,
the results of the simulations obtained are then compared with experimental
results from [1]. Furthermore, an extension of description of the behaviour of
SBS cells for high energy interaction given Sec.1.3-1.4 is presented in Sec.2.3
using the 2D model as a basis.

2.2 . 2D model

2.2.1 . Strategy
The first numerical model developed is a classical finite difference

model. To simplify the calculation, we fully neglect the spatial transverse
dependence of the Pump, Stokes and Acoustic beams in the nonlinear
equations. We therefore make the approximation:

E(x, y, z, t) = E(z, t) (2.1)
This approximation obviously introduces a certain amount of inaccuracy

in the calculated results. Maximum accuracy is reached for almost collimated
beams with flat-top spatial profile and deteriorates when significant spatial
profile distortions appear through propagation. In particular, this model is
unable to simulate focusing effects. Yet, it is possible to replicate a simplified
focusing by introducing a correcting factor on the amplitude of the optical
waves in the equations:

A(z, t) = ⟨E(z, t)⟩/(w(z = 0)/w(z))2 (2.2)
where w(z) is the beam radius at longitudinal position z. In the following,

this beam radius is calculated with the classical formula for gaussian beams
radius:

w(z) = w0

√
1 + (z/rR)2 (2.3)
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Because the transverse components of the waves have been neglected,
the equations of the SBS (Eq.1.35-1.38) effect become:(

n

c

∂

∂t
+

∂

∂z

)
AP = g2ρAS (2.4)(

n

c

∂

∂t
− ∂

∂z

)
AS = g2ρ

∗AP (2.5)(
∂

∂t
+ ΓB/2

)
ρ = g1APA

∗
S + f (2.6)

where g1 and g2 are the coupling strength of the nonlinear equations.
g1 =

iϵ0γek
2
B

Ω
(2.7)

and
g2 =

iωγe
2ncρ0

(2.8)
with the Brillouin gain g being

g = 2g1g2/ΓB (2.9)
To numerically solve those equations, we sample the space and time

variables. The corresponding sampled variables are noted thereafter α and
β, the corresponding continuous variables tα and zβ can be written
tα = tα=0 + αdt and zβ = zβ=0 + βdz

Spatial and temporal derivatives can therefore be calculated using the
classical growth rate formula:(

∂A

∂t

)
α+1

=
Aα+1 −Aα

dt
(2.10)

And our aim is then to calculate AαPβ , AαSβ and ραβ for all α and β.
2.2.2 . Calculation

Initial condition SBS interaction starts with a pump beam incident inside
a material medium in which only thermal noise is present. For this reason,
the initial conditions are:

• AαP,0 is known for every α (initial pump temporal profile). Before the
start of the calculation, no pump signal is present in the cell for β > 0:
∀β > 0, A0

S,β = 0

• ∀β,A0
S,β = 0: There is no Stokes signal in the cell before the start of the

interaction.
• The acoustic wave inside the cell is only noise and can be added directly
using a white noise term with strength Q given by Eq.1.37.
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the initial conditions can then be represented by a 2D graph presented
Fig.2.1 where a coloured tile represents a known value (either initial condition
or calculated value) for the wave considered.
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Figure 2.1: Initial condition at the start of the SBS simulation. A coloured tileindicates the presence of a calculated value.

Progression of the calculation To properly simulate the propagation
of the optical waves as well as the build-ups from the acoustic wave, the
calculation is performed for increasing time, starting for α = 0 then α = 1

and so on.
We first start by propagating the pumpwave in ascending β. Starting from

the initial condition at α+1, β = 0 and using the recursive formula taken from
Eq.2.4:

Aα+1
P,β+1 = Aα+1

P,β + dz · (g2ρα+1
β+1A

α+1
S,β+1 −

n

c · dt(Aα+1
P,β −AαP,β)

) (2.11)
To calculate Aα+1

P,β+1, we require the following:
1. Aα+1

P,β that we know since we perform the calculation for ascending β.
2. AαP,β that we know since we perform the calculation for ascending α
3. ρα+1

β+1 and Aα+1
S,β+1 that we don’t have at this stage. Those two values arethen approximated using their value at time α.

This method is represented Fig.2.2
After the calculation of all the AP,β+1 for fixed time α + 1, we then

perform the same calculation for Stokes wave in decreasing β this time (since
this wave is counter-propagative) -as displayed Fig.2.3- and finish by
calculating the acoustic wave. At this point we got an approximation of the
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Figure 2.2: Representation of the calculation for all spatial components fora given time. Here, the propagation of the pump beam is represented inblue and the black arrows represent the necessary data to proceed to thecalculation of the next step.
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Figure 2.3: Representation of the calculation for all spatial components fora given time for the Stokes beam. The propagation of the Stokes beam isrepresented in red and the black arrows represent the necessary data toproceed to the calculation of the next step.

true values of all Pump, Stokes and acoustic wave for all β at time α+ 1. The
calculation is performed using a recursive similar to the one given in Eq.2.11.

After an approximation of every value for every wave at time α + 1 has
been obtained, we can perform the calculation again, using this time the
approximated values of the ρα+1

β+1 and Aα+1
S,β+1 as replacement of their true

value. This loop can be performed any number of times until convergence of
the successively calculated values to their true values. Depending on the
sampling chosen, this sometimes proved to be unnecessary. A study on the
accuracy of the simulation against this number of loops will be presented in
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Sec.2.3.2.
Simulation output When the calculation is complete and all the pump,
Stokes and acoustic wave complex amplitude have been calculated for all α
and β, we obtain the complete description of the interaction for the given
parameters. The amplitude of the 2D table obtained can be displayed
directly or interpreted to obtain exploitable data such as temporal profiles.
Because we used the same set of functions to plot the output of the 2D, 3D
modal and 3D split-step, an additional step is added where we reconstruct
the spatial profile for every (z, t) to obtain a (r, z, t) description of the beam.
In the case of the 2D simulation, this reconstruction is just a Gaussian beam
for every (z, t) where the diameter of the Gaussian beam is given by Eq.2.3.
This homogenises the display functions but cause some slightly aberrant
reconstructed data near waist as the spatial profile at this longitudinal
position is often under-sampled. This error in graphic representation does
not correspond to an error in calculation as the full calculation is done under
the modal approach. In particular, the Pump values for propagation depth
after waist is valid and the Stokes values is valid. Examples of such aberrant
display can be seen in Fig.2.4 near z = 0. We use this opportunity to
introduce the 2D-spatio-temporal representation for SBS interaction that will
be used to present some of the spatiotemporal effects. It consists of 3
graphs representing the 3 interacting waves, each representing the
normalised amplitude of the waves along time and space. It is the exact
same representation as presented in Fig.2.1, Fig.2.2 and Fig.2.3 where the
binary full or empty parameter has been replaced by the actual amplitude of
the wave. An example of such a result is shown in Fig.2.4. In those graphs,
for proper visibility, the Pump and Stokes graph are plotted with linear
dynamic when the acoustic wave is plotted in logarithmic scale.

On this graph, one candirectly see the amplitude of the 3waves along time
and space. It is then possible to see the temporal profile for every wave at any
depth in the liquid by looking at a cut along the x-axis for a given position. In
particular, it is possible to identify the input pump temporal profile and output
Stokes pulse after reflection by looking at the cut close to cell entrance. This
is presented Fig.2.5.
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Figure 2.4: 2D spatiotemporal representation of an SBS interaction.Simulation parameters: interaction in SF6 at 20 bar, input wavelength:
1064 nm, input energy 41 mJ, beam focused down at 8 cm inside the 14 cmcell with a beam radius at waist of 20 µm.
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Figure 2.5: 2D spatiotemporal representation of an SBS interaction and thecorresponding temporal profile of the input pump pulse and output Stokespulse.
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2.3 . Results

In the previous chapter, we only introduced qualitatively the behaviour of
the SBS cell under a transient regime. In this section, we use the developed
numerical model to quantify and visualize this behaviour.

2.3.1 . Propagation of optical waves
Firstly, we can directly observe the propagation effects in the cell. For a

spatiotemporal graph representing a cell of length L during a time tmax, aforward propagating optical wave signal entering the cell at t = 0will arrive at
the cell output at t = Ln/c and will therefore present an angle on the graph
of θ with

θ = arctan

(
a

b
× L ·n
c · tmax

)
(2.12)

with a and b respectively the vertical and horizontal sizes of the graph. This
is shown Fig.2.6

L

tmax

0

b

a
L ·n
c

θ

Figure 2.6: Representation of the angle corresponding to the propagation incell of a forward-propagating optical wave.
This explains why the propagation is hardly noticeable on Fig.2.4. If we

calculate the angle θ for the given parameters, we find an angle of 0.007◦. On
the contrary, if we represent an SBS interaction in a 1 m cell during 10 ns, the
angle is then about 4.9◦ and can be noticed on the graph. In the following, we
describe some of the phenomenon observed on the simulations.

2.3.2 . Result accuracy
To evaluate the accuracy of our numerical simulations, we used

experimental and theoretical results accessible in the literature [1]. This
reference contains several simulation models as well as comparisons
between experimental data and simulations. A noticeable difference in their
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simulation model is the simulation of the noise term. In our model, we used
the thermodynamic expression of the phonon noise term as given in Eq.1.37
when the models described in [1] used the noise term as a fitting parameter
to best fit the experiments.

Figure 2.7: Pulse shapes of incident pump pulse and reflected Stokes pulsefrom SBS in SF6 for a 40 mJ pulse focused down to 40 µm radius at 8 cm depthinside the cell. Result obtained from [1].
We present in Fig.2.8 the results of our custom python simulation based

on the 2D model presented above. Different simulation results are given for
different number of loops. As we can see, the general shape of our
simulation corresponds well to the simulated curve of the state of the art: a
sharp increase from a low-reflectivity to a high reflectivity in a time close to
the response time of the medium. Although the temporal profile of our
simulations start about 20 ns after, probably due to the difference in the
noise term description. For all the simulated curves, and in particular even in
the state-of-the-art simulation model, the sharpness of the reflected
temporal profile leading edge is higher than the experimental one.
Furthermore, the reflectivity in steady state is also higher in the 2D model.
This can be attributed to the complete lack of spatial description in this
numerical model: the experimental spatial profile being Gaussian, the effect
is stronger for the beam centre than on the edges. The peak power is
increased, and the effect starts for lower pump power (experimental
initiation is quicker) but the edges are not properly reflected (steady state
reflectivity is lower experimentally).

In the description of the simulation model, we mentioned the need to
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Figure 2.8: 2D simulation performed for the same input parameter as in Fig.2.7with number of loops increasing from 0 to 20.

have a number of loops to the calculation to reduce the errors at every time
step and to reach best simulated temporal shapes. Experimentally, this
parameter has very low influence as shown in Fig.2.8. Hence, in the following
all simulations will be performed in a single straightforward step to reduce
calculation time.

2.3.3 . Response time of the nonlinear medium
As we can see on Fig.2.5, the Stokes wave reflection does not start

immediately once the pump intensity at waist reaches SBS threshold (the
reflection starts after the pump peak power has already passed). The start of
the reflection is delayed by a time proportional to the response time of the
medium in which the interaction is taking place. This leads to several
consequences on the SBS reflection.

Maximising reflectivity Because the nonlinear medium is effectively
transparent before the build-up of the acoustic wave in the medium that
takes a time τmedium, all the energy present in the first τmedium in the pump
pulse will be transmitted. In a laser system, this means that this energy is
lost, and the mirror loses reflectivity. This is one of the reason we chose a
dense medium such as liquids: maximizing reflectivity. Although since the
small signal gain g is proportional to the response time of the liquid (Eq.2.9
the reflectivity is larger for gas once steady state is reached. In the case of
high energy SBS reflection, we saturate the gain so much that this difference
in steady state gain doesn’t affect the overall efficiency, > 90% in our typical
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operation cases.
In Fig.2.9, we demonstrate this effect with the example of a 15 ns FWHM

Gaussian input pulse of energy 250 mJ. As described, the delay for the SBS
effect activation is shorter for the liquid (here, FC770 with response time
τliquid = 0.57 ns) compared to the gas (here SF6 with response time
τSF6 = 17 ns). In steady state, the reflectivity for the gas is slightly higher, but
the faster initiation time for the liquid clearly compensates for the slight
steady state losses.
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Figure 2.9: Comparison of the output temporal shapes for SBS reflectivity withFC770 liquid and SF6 gas. 15 ns FWHMGaussian input pulse of energy 250 mJ.Pump beam focused down to 20 µm beam radius at waist at 8 cm inside a
14 cm long cell.

Despite presenting a lower SBS threshold, the gas higher reaction time
makes the effective threshold increase for lower pump pulse duration as
shown in Fig.2.10. The reflectivity for the gas is then lower for the whole
range of energy. Furthermore, although the asymptotic reflectivity might
look similar, the spatiotemporal graphs comparison presented in Fig.2.11
shows that the gas reaction time makes most of the reflection happen
deeper inside the cell, closer to the waist, making it more susceptible to
ionization during high energy operation.

For high-energy SBS interaction, and especially for short pulses, the
response time should therefore be minimized. This is one of the reasons the
interaction medium are mainly liquids.
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Figure 2.10: Comparison of the reflectivity curves for an SBS mirror filled withFC770 liquid and SF6 gas. 10 ns FWHM Gaussian input pulse. Pump beamfocused down to 20 µm beam radius with waist depth of 8 cm inside the 14 cmcell.
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500 mJ. Pump beam focused down to 20 µm beam radius with waist depth of
8 cm inside the 14 cm cell.
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2.3.4 . Compression
As presented in Sec.1.4.3, SBS interaction is capable in some cases to

compress the input pulse. This happens when the propagation time in the
cell (between cell entrance window and waist) is larger than the response
time of the medium, and on the same order of magnitude than the pump
pulse duration. This effect is easily simulated by our numerical model. An
example of the input and output temporal profile in a compression
configuration is given Fig.2.12
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Figure 2.12: Comparison of the input and output temporal shapes in acompression experiment. Input pulse: square pulse, 7 ns duration, with inputenergy of 5 J. Input beam focused at 90 cm inside a 110 cm cell filled withFC770 (τFC770 = 0.57 ns. Output pulse duration is simulated to be ≈ 200 ps.)
In this case, it is interesting to look at the spatio-temporal figure and

observe the coupling between the 3 characteristic times of the interaction:
the pump pulse duration τpulse, the propagation time τprop and the responsetime of the liquid τliquid. This spatiotemporal representation is given in
Fig.2.13

Several observations can be made from this figure:
• Since the input temporal pulse shape is square, the cut of the pump
plot along the y-axis at x = −90 cm (i.e. at cell entrance) is a square.

• Since, this time, the propagation time is non-negligible before the
duration of the pump pulse, we can see the propagation effect: the
pump pulse moves on a diagonal: the leading edge of the pulse
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Figure 2.13: Spatiotemporal representation of a compression SBS interactionexperiment.

arrives at increased depth in the cell later in time: it propagates in the
positive direction.

• Conversely, the Stokes pulse moves on a symmetric diagonal: it
propagates in the backward direction.

• Now, when looking at the Acoustic wave graph, we can see that it also
propagates in the backward direction, approximately at the same
position as the Stokes pulse.

We can in this graph, see the exact scheme explained in section 1.4.3.
1. The Pump beam reaches the focal point and SBS effect is initiated there
2. Backward propagating Stokes pulse propagates backward and

stimulates the acoustic wave (mirror effect) before the waist position.
3. Themirror effectivelymoves from focal point to cell entrance at a speed

close to the speed of light.
4. The Stokes pulse leading edge acquires all the energy it crosses with

high efficiency.
5. The more intense this leading edge is, the more reflective the acoustic

wave is and it triggers a positive feedback loop, most of the pump
energy is depleted by the leading edge and leading edge only, and
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compressed down to a time that is proportional to the response time
of the nonlinear medium, necessary to activate the mirror effect, that
is to say τmedium.

This depletion effect can be seen on the Normalised pump graph on
Fig.2.13: the trace of the acoustic beam is visible very clearly as basically no
pump signal is allowed to be transmitted through this backward propagating
mirror.

This effect is widely known and used in the literature [3–5], although to
actually generate efficient compression, different cell architectures (2 cells
configuration) are typically used [6].
Relaxation oscillations In the configuration presented in Fig.2.12,
compression was achieved in a single spike as the duration of the pump
pulse was shorter than (but almost equal to) the time of a round trip from
cell entrance to focal point (about 6 ns in the configuration presented). In
Fig.2.14, the same optical configuration is used for the simulation of a pump
pulse thrice as long.

0 10 20 30 40 50 60
Time (ns)

0

5

10

15

20

In
te

ns
ity

 (G
W

)

Pump
Stokes

Figure 2.14: Comparison of the input and output temporal shapes in arelaxation experiment. Input pulse: square pulse, 21 ns duration, with inputenergy of 15 J. Input beam focused at 90 cm inside a 110 cm cell filled withFC770 (τFC770 = 0.57 ns.)
This time, we can still see compression appear, but several spikes are

visible in the Stokes pulse temporal profile. This can be explained as follows:
1. The first spike is perfectly equivalent to single spike compression.
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2. Because all the pump pulse is reflected by the propagating acoustic
wave, the transmitted power reaching the focal point decreases and
can go under threshold power. At this point, the acoustic wave at focal
point vanishes in a time equal to a few τmedium.

3. This vanishing of the acoustic wave at focal point triggers a vanishing
of the generated Stokes wave from focal point and therefore of the
stimulated acoustic wave just before.

4. The dissipation of this acoustic wave also propagates toward the cell
entrance, following the initial compression spike.

5. When the first Stokes compression spike leaves the cell, the pump
pulse still being sent inside the cell do not encounter acoustic wave, is
not reflected and can therefore propagate to focus point once again,
triggering a new compression spike.

The spatiotemporal graph confirms this interpretation by showing a series
of mirrors appearing at focus, moving toward cell entrance and disappearing
there(Fig.2.15).
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Figure 2.15: Spatiotemporal representation of a relaxation SBS interactionexperiment.
Those oscillations have been observed in other simulation models [7] but

proper fitting with experimental results has yet to be reached. This can be
explained by the poor simulation model capacities to accurately represent
the exact spatial beam profile in the cell near focus and therefore simulating
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stronger simulation of the acoustic grating, stronger reflectivity near the waist
and therefore underestimating the power density reaching the waist during
the compression spike displacement toward cell entrance.

2.3.5 . Suppressing compression
We’ve seen some of the ways SBS interaction can distort the pump pulse

temporal profile during reflection due to the displacement of the acoustic
wave inside the cell during the interaction. In the scope of this work, we aim
to design and demonstrate the proper operation of an SBS cell that can
properly conserve any temporal shape sent inside it. Or at least, to get the
temporal shape required at cell output. In this part, we investigate a cell
design that minimizes the deformation of the pump pulse during the SBS
interaction. Firstly, as stated in Sec.2.3.4, the compression spike intensity
depends on the amount of energy acquired by the backward propagating
Stokes pulse between focal point and cell entrance that is directly
dependent on the pump energy present inside the cell during this time.

Hence, reducing compression can be done by limiting this pump energy
present in the cell. This can be done in two ways:

• The distance between cell entrance and waist can be minimized.
• The temporal profile of the input pulse can be shaped to minimize
energy sent before the first compression spikes exits the cell.

Focal length selection A study of the influence of focal length in a given
configuration can be done using the 2D simulations and is presented
Fig.2.16. The simulations show that the compression ratio is directly
dependent on the focal length. Using shorter focal length leads to a
reduction of the compression spike relative intensity. Conversely, using
short focal length means tighter focusing and can experimentally lead to
nonlinear effects or plasma generation in the medium if the intensity near
focus exceeds a certain threshold.
Temporal profile shaping Minimizing the pump energy sent in cell SBS
initiation can be done by shaping the temporal profile of the pump pulse to
manipulate the acoustic wave dynamics. This allows SBS initiation with
power close to threshold and reduction of the compression spike by
displacing the grating close to cell entrance without shielding the waist from
further pump signal (as the pump power is low, the reflectivity is limited and
some energy continues to reach the waist). This solution can be used
conjointly with the short focal length selection and solves its main issue. We
can indeed use the temporal shaping to limit the power of the pump pulse
and therefore avoid parasitic nonlinear effects and ionization of the
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Figure 2.16: Stoke/pump peak power ratio as a function of the focal lengthused. Simulations made for an input pump pulse of energy 10 J with adiameter of 93 mm at cell entrance. Input temporal profile is a 10 ns squaretemporal shape with 1 ns rise time.

nonlinear medium. This becomes practical especially for high energy and
sharp rise time. In the scope of this work, this solution was implemented
during the high energy experiments in Chap.5.

In this section, we have obtained a way to solve the SBS transient
equations by neglecting the transverse description of the three interacting
waves. This allowed to introduce quantitatively some behaviour known
experimentally in SBS literature. In the following, we introduce a more
complex model describing the spatial description as a sum of modes
invariant by propagation.

2.4 . Modal decomposition model

2.4.1 . Description of the transverse dimension
An arbitrary laser pulse can be described by a complex function of spatial

and temporal variables (x, y, z, t). To simplify this description, we consider
only the radial direction r =

√
x2 + y2 and the optical waves can therefore

be written with amplitude A(r, z, t). To further simplify, this amplitude will be
written as a sum of orthogonal modes Am invariant by propagation. We can
therefore write:

AP (r, z, t) =
∑
m

am(z, t)Am(r, z) (2.13)

AS(r, z, t) =
∑
m

bm(z, t)Bm(r, z) (2.14)
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In those equations Am and Bm represent the mode number m on the
basis for pump and Stokes waves respectively and depend on z only for the
beam diameter (since we introduce focusing as in the 2D model) and am and
bm the amplitude of this mode. This amplitude can vary along space and time.
The modes themselves are the classical modes of Laguerre-Gauss, and only
themodeswith radial symmetry are chosen. Themodes themselves are given
by the formula:

An(r, z) =

(
2

π

)1/2 1

ω(z)
ei(n+1/2)ψ(z)Ln

(
2r2

ω(z)2

)
× exp

[
−i kr2

2R(z)
− r2

ω(z)2

]
(2.15)

with Ln is the n-th Laguerre polynomial, ω the beam radius as calculated
by Eq.2.3, R(z) = z +

z2R
z the curvature radius and ψ(z) = tan−1(z/zR) theangular phase. The first modes of the basis are represented Fig.2.17

Figure 2.17: First few radial-symmetry modes of the Laguerre-Gauss basis.
As stated above, the modal description implemented by this model limits

the accuracy of the numerical representation of the spatial profile. A typical
high energy beam used in the industrial lasers is top-hat (or rather a high
order supergaussian) and the modal decomposition has a hard time
representing this kind of steep-edge energy distribution. This is presented in
Fig.2.18. In this figure, we can already see the limitations of the model. Even
using a high number of modes, the top-hat behaviour of our beam is poorly
reproduced. In particular, in the low mode number top-hat approximation,
the spatial extension of the approximated beam on the basis is large
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compared to the true spatial profile. Actual simulation performed in this
thesis use less than ten modes due to computation time. This simulation
model, albeit better resolved than the 2D model, still lacks spatial
representation accuracy.
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Figure 2.18: Representation of the decomposition of a supergaussian beamon the Laguerre-Gauss mode basis. a) Supergaussian beam of order 5. b)Decomposition of the supergaussian beam on the 50 first modes of theLaguerre Gauss basis. c) Reconstruction of the supergaussian beam usingonly the 5 first modes d) Reconstruction of the supergaussian beam using the50 first modes.

2.4.2 . Calculation
In this description, the acoustic wave is not represented on a basis but

every couple (i, j) of pump i-th mode and Stokes j-th mode stimulates an
acoustic wave of amplitude ci,j(z, t). Those can be calculated using

ci,j(z, t) =

∫ t

0

[
ai(z, τ)b

∗
j (z, τ) + fij(z, τ)

]
exp−ΓB(t−τ) dτ (2.16)

The reflection of a pump beam on mode k can happen on every cij andcan amplify every Stokesmode n. This is schematically represented in Fig.2.16.
The probability of the amplification of Bn by reflection of mode Ak on cij isproportional to the mode overlap gijkn given by the formula:

gijkn =

∫ ∞

−∞
A∗
iAkBjB

∗
nd

2r (2.17)
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Figure 2.19: schematics of the representation of the energy transfer betweenmode Ak and mode Bn on acoustic wave cij .

By inserting the new expression of AP and AS as given Eq.2.13-2.14 in thedifferential equations and then projecting those equations on the Laguerre-
Gauss modes, we can obtain a new differential equation for every pump and
Stokes mode amplitude:(

n

c

∂

∂t
+

∂

∂z

)
ak = g1g2

∑
i,j,k

cijbng
∗
knij (2.18)

(
n

c

∂

∂t
− ∂

∂z

)
bn = g1g2

∑
i,j,k

c∗ijakgknij (2.19)
and we then have a system of 2n differential equations with n the number

of modes used that we can once again sample along time α and space β.
Because the quantities gknij depends on space only, they can be

calculated directly using the formula:

gknijβ =
2

π

exp(i(k + n− i− j) ·ϕβ)
ω2
β

∫ ∞

0
Lk(r)Ln(r)Li(r)Lj(r)dr (2.20)

We set cαijβ = 0 for α = 0, and they can then be calculated for increasing
time steps using a sampled version of formula Eq.2.16:

cα+1
ijβ = cαijβ · exp(−ΓBdt) + dt× (aα+1

iβ · bα+1
jβ + f) (2.21)

and the values of aα+1
kβ+1 and bα+1

nβ are then calculable using Eq.2.18-?? with
the sampled variables aαk,β and bαn,β :

aα+1
k,β+1 = aα+1

k,β +dz ·
ΓB · g

2

∑
i,j,n

cα+1
i,j,β+1 · bα+1

n,β+1 · g∗k,n,i,j,β
− dz ·n

c · dt (aα+1
k,β −aαk,β)

(2.22)
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bα+1
n,β = bα+1

n,β+1 + dz ·
ΓB · g

2

∑
i,j,k

c∗α+1
ijβ · aα+1

k,β · gknijβ
− n · dz

c · dt (bα+1
n,β+1 − bαn,β+1)

(2.23)
Once again, we find that we need the values of ai and bj at time α + 1

before their calculations. Following the method developed Sec.2.2.2, we first
replace those values by the values at time α and then repeat the calculation
several time using the approximated solution at time α+1 until convergence.

Although those equations might look significantly more complex, they
are perfectly analogous to the 2D equations Eq.2.11 where the coupling term,
originally just the product of two waves and the coupling strength, has been
replaced by the sum of the contribution of every mode. A modal calculation
with 1 mode is then rigorously equivalent to a 2D simulation. A schematic of
themodalmethod is represented Fig.2.20.
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Figure 2.20: Representation of the modal calculation process for the pumpwave. All red cubes represent a calculated value for a coordinate (α, β, n). Allmodes are calculated simultaneously for a given α, β. Stokes calculation isperformed after pump calculation for a given alpha.
As one can see on this figure, the number of values to calculate is n time

more important than in the 2Dmodel (withnbeing the number ofmodes). But
the real bottleneck lies in the equations. Indeed, since we split the calculation
ofAP andAS , we haven timesmore terms to calculate, but themode coupling
makes a sum over every combination of i, j, k appear in the Eq.2.22-2.23. This
means that the calculation has a complexity of ρ(n4). A calculation on a basis
of 10 modes then represent a calculation time over 10000 times longer than a
2D calculation. This limited the actual number of modes used in the following
to less than 10. Even for this low amount of mode used, some optimisation
schemes had to be implemented to reach an acceptable simulation time. In
particular, the simulation code in python was converted into C for increased
speed using the cython module [8].
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2.4.3 . Results
Temporal profile By using the modal simulation model, we can reach a
higher spatial and temporal resolution than achieved with the previously
described 2D model. Simulation results for an increasing number of modes
and input condition similar with Fig.2.5-2.7 is given in Fig.2.21
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Figure 2.21: Comparison of the output temporal shapes of a modal SBSsimulation compared with the number of modes used. Interaction in SF6 fora 40 mJ pulse focused down to 40 µm radius at 8 cm depth inside the cell.
The output temporal shape predicted by this newly implemented

simulation model manages to properly reproduce the experimental
behaviour presented Fig.2.7. As we stated, in Sec.2.3.2, the 2D model
overestimate the reflectivity, predicts later initiation, higher reflectivity once
initiation is achieved and sharper transition. Increasing the number of
modes helps addresses all those issues. Comparing the results of the
simulations with the experimental results presented in Fig.2.7, we can see
that the shape of the high mode number used well reproduces the shapes
of the experimental data, also the reflectivity is still below experimental. This
could be solved as stated in the literature by changing the noise level to best
fit the experimental curve. This new simulation model seems to be
extremely accurate compared to the 2D model, at the cost of an increased
simulation time (the 7 mode simulations take about 10 h to compute).
Spatial profile The new simulation model also allows to simulate the
effect of SBS reflection on simple (i.e. close to TEM00) spatial profiles.
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Simulated input and output spatial profiles with diverse number of modes
used are represented Fig.2.22.
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Figure 2.22: Comparison of the input and output spatial profiles of a modalSBS simulation compared with the number of modes used. Interaction in SF6for a 40 mJ pulse focused down to 40 µm radius at 8 cm depth inside the cell.a) Input spatial profile (TEM00) b) Output spatial profile for a simulation on 2modes c) Output spatial profile for a simulation on 5 modes d) Output spatialprofile for a simulation on 7 modes.
The modal simulation allows to represent a behaviour described

qualitatively in Sec.2.3.2. The SBS reflection is less efficient on the edge of the
Gaussian spatial profile. This leads to a kurtosis of the Gaussian pump pulse
through the reflection and a cut-off of the edges of the pulse: the beam
becomes more leptokurtic. This phenomenon is represented in Fig.2.23.
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Figure 2.23: Comparison of the input and output spatial profiles of a modalSBS simulation compared with the number of modes used. Cut along the xaxis. Interaction in SF6 for a 40 mJ pulse focused down to 40 µm radius at
8 cm depth inside the cell. a) Input spatial profile (TEM00) b) Output spatialprofile for a simulation on 2 modes c) Output spatial profile for a simulationon 5 modes d) Output spatial profile for a simulation on 7 modes.

2.4.4 . Conclusion for the modal simulation
The modal simulation model developed in the present chapter gives a

more precise approximation of the actual temporal profile reflected by the
cell at the cost of increased complexity, memory usage and calculation time.
This simulation model gives precise approximation for unaberrated input
beams but is unable to properly simulate the beam diameter expansion
close to waist due to aberrations in the pump beam.

2.5 . Split step model

In the previous models described, we managed to reach a compromise
between calculation time and result accuracy for the temporal profile of the
simulated Stokes pulse. Yet, themodal decomposition numerical model is still
limited in its spatial profile description and doesn’t take into account the
aberrations present in the input beam. This leads to stronger interaction
near focus and this effect tends to favour relaxation oscillations appearance
in the numerical simulations.

In this section, a new model is implemented to solve this last inaccuracy
and reach a proper description of the spatial and wavefront description. This
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model integrates the full description along the transverse axis (with radial
symmetry approximation) and integrates an arbitrary wavefront. The
simulation of the propagation is performed in the conjugated space in a half
step and the nonlinear effect is added as a separate contribution in a second
half step. Together, those two contributions form a split-step calculation
scheme [9].

2.5.1 . Description of the transverse dimension
In this new numerical model, we can keep the complete description on

the transverse dimensions of the beams with both intensity and phase. The
beam can be described by:

AP (x, y, z, t) = APR(x, y, z, t) exp(j(Φ(x, y, z, t)) (2.24)
With spatial profile at position z defined by:

SP (x, y, z) =

∫ τpulse

0
|APR(x, y, z, t)|2dt (2.25)

And wavefront
∆P (x, y, z) =

∫ τpulse

0
Φ(x, y, z, t)dt (2.26)

And if we can calculate AP (x, y, z, t) and AS(x, y, z, t) for all (x, y, z, t) wecan have access to spatial profile and wavefront information of every beam
at any position and in particular at cell output. This already presents a new
challenge for numerical simulation: memory allocation. In the 2D model, we
only had three variables to store for every spatiotemporal coordinates
(α, β). In the modal model, we split the pump and Stokes spatial profiles on
the Laguerre-Gauss modes that constituted a basis. For n modes, the
memory allocation had to be multiplied by n compared to the 2D model.
Because the number of modes was limited (< 10), the memory allocation
stayed reasonable.

Here, if we keep both x and y dimension, the memory allocation required
will be increased by a factor nx× ny. For a sampling grid of 200 (which as we
will see later, isn’t remotely enough for a proper high energy SBS simulation),
this means an increase of memory usage of 40 000. For this reason, we once
again will assume radial symmetry. Although the method described below
could perfectly be applied to an arbitrary (x, y) transverse description. This
approximation reduces the capabilities of the model to simulations of beam
with radial symmetry and to aberrations presenting radial symmetrymeaning
defocus and spherical aberrations. While this limits the capabilities of the
model, the split-step SBS simulation model was developed in an attempt to
study the effects of aberrations on the reflection. The full 4D model could
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be implemented following themethod presented hereafter given that several
optimisations to the calculation are introduced to reduce the calculation time.

The deformation of the beam with propagation is described by the
classical method of Fourier transform. Propagation over a distance dz is
described by a sequence of:

1. Fourier transform of AP to ÃP in the conjugated space.
2. Propagation in the conjugated space by multiplication by the

propagation constant exp(iπλdzν2) with ν the conjugate transverse
coordinate.

3. Inverse Fourier transform to return to the real space.
Since we assumed radial symmetry, we can use a simplification of the

Fourier transform for laser beams with radial symmetry, the Hankel
transform.

2.5.2 . Calculation
To compute all the values for AP and AS for all (r, z, t), we continue to

follow the same scheme of calculation. The only difference is that this time,
the spatial profile evolution has to be calculated. To this aim, we split a step
β → β + 1 into three sub-steps:

1. Calculation of the longitudinal propagation (the same way we did for
the 2D model andmodal model)

2. Calculation of the diffraction term: the change in the amplitude and
phase repartition on the transverse direction.

3. Calculation of the nonlinear contribution (the same way we did in the
2D model), for every transverse component.

The real difficulty lies in the second sub-step. In particular, since a high
number of transverse components will need to be calculated, we looked for
a way to compute them in parallel rather than sequentially. In the following,
we describe the full method for computing all the AαγPβ and AαγSβ with γ

representing the sampled transverse variable (γ = 0 for r = 0 and γ = n for
r = rmax with n the number of sampled along the transverse direction).
Hankel Transform To perform the calculation of the diffraction (second
sub-step), we need to perform the Fourier transform of the beam to
conjugated space. For a beam of transverse coordinate (x, y), this Fourier
transform is given by:

f̃(νx, νy) =

∫
exp(−2jπ(νxx+ νyy))f(x, y)dxdy (2.27)

84



which, in polar coordinates is:

f̃(νr, νθ) =

∫ 2π

0

∫ ∞

0
f(r, θ) exp(−2iπrνrcos(θ − νθ))rdrdθ (2.28)

Since in our case, we assumed radial symmetry, the spatial profile doesn’t
depend on θ and the transform can therefore be written as

f̃(νr) = 2π

∫ ∞

0
f(r)J0(2πrνr)rdr (2.29)

where J0 is the 0-order Bessel function. This expression is called Hankel
transform. This form is particularly convenient since it allows to approximate
the transfer from real space to conjugated space as a matrix product. The
diffraction step can therefore be performed by two simplematrix products, in
parallel at the cost of a particular sampling along the radial direction and slight
computation errors. This method has been developed in [10] and is applied
for the first time here to SBS conjugation. In the following, we develop the
formalism used in the simulation for diffraction simulation.
Discrete Hankel transform When we want to perform the diffraction
sub-step, the longitudinal position z and time t are fixed. We can then write
the amplitude as a function of r only. This amplitude has a limited spatial
extension R and a limited frequency extension V . In the general case, this
function can be decomposed under a sum of a Bessel series:

AP (r) =
∞∑
k=1

ckJ0(µk
r

R
) (2.30)

where the µk are the k-th root of the Bessel function and the ck the
corresponding amplitude coefficients.

Utilising the method developed in [10], the sampling along r wasmade for
every rγ=k = µk/2πR and νγ=k = µk/2πV . Using this, the values of AP (r)and ÃP (νr) can be approximated by:

Ap(rγ) =
1

πV 2

N∑
k=1

ÃP (νk)

J2
1 (µk)

J0(
µγµk
S

) (2.31)
and

ÃP (νγ) =
1

πR2

N∑
k=1

AP (rk)

J2
1 (µk)

J0(
µγµk
S

) (2.32)
if N is large enough. In those equations, we have introduced S = 2πRV .
It is possible to make those equations symmetric by introducing:

85



A
′
P (γ) = AP (rγ)×

R

J1(µγ)
(2.33)

Ã
′
P (γ) = ÃP (νγ)×

V

J1(µγ)
(2.34)

And the transfer fromA
′
P to Ã′

P can then be simplified to a simple transfer
matrix multiplication T :

∀(n,m) ⊂ {1, 2, ..., N}2 Tmn =
2J0(µnµm/S)

|J1(µn)||J1(µm)|S
(2.35)

And then
A

′
P = TÃ

′
P (2.36)

Ã
′
P = TA

′
P (2.37)

In Eq.2.35, the parameter S is chosen such that T 2 = IN so that the
beam is unchanged by a transform followed by its inverse transform. We
can then calculate the propagation using the propagation vector in the
conjugated space:

prop = exp(2iπ · dz ·√λ−2 − ν2) (2.38)
And we can then describe the full diffraction sub-step (getting all the

AP (rγ , z + dz) from AP (rγ , z)) by the following:
1. Multiplication term by term of vector (AP (rγ))γ by the vector

(R/J1(µγ))γ . To get (A′
P (γ))γ

2. Hankel transform to switch to conjugated spacewith thematrix product
T ×AP

3. Term by term multiplication by vector (prop)γ
4. Inverse Hankel transform to go back to real space with the matrix

product T × Ã
′
P

5. Multiplication term by term by the vector (J1(µγ)/R)γ .
In this calculation, the vectors (R/J1(µγ))γ and the matrix T can be

computed in advance since they only depend on the edges of the transverse
space grid and not on the loop variables (α, β, γ). Every single of this
diffraction step is then constituted of only two matrix product and two
vector products. The computation of term by term vector products is easily
done in parallel and the associated calculation speed depends inversely on
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the number of threads available. All the further code optimisation are
therefore reduced to matrix product optimisation. The only constraint we
have is that the sampling in the transverse (r) direction has to be the roots of
the 0-order Bessel function.

This model was implemented in Python 3. Matrix product optimisation
was not properly implemented but represent a nice prospect for
computational speed increase. This model seems especially adapted to
calculation on large number of cores, in particular GPU calculations. All the
other sub-steps are not described here but are basically just a vectorized
version of the 2D longitudinal propagation and nonlinear effects term given
in Sec.2.2.2 and are also easily calculated in parallel. A schematic of the
calculation steps is given Fig.2.24.

Space ( )

0 5 10 15 Ra
dia

l (
)

0
5

10

Tim
e (

)

0
2
4
6

0 1 2 3 4 5 6 7 8 9 101112131415
Space ( )

0
1
2
3
4
5
6
7

Ti
m

e 
(

)

Pump
Stokes

Figure 2.24: Representation of the split-step calculation process for the pumpwave. All blue cubes represent a calculated value for a coordinate (α, βγ). Allvalues γ for a given (α, β) are calculated in parallel simultaneously. Stokescalculation for a given α is performed after pump calculation for this same α.

2.5.3 . Results
Limits of the calculation As stated before, the Hankel transform
requires the transverse sampling to be made at transverse position

rk = µk/2πR (2.39)
and the T matrix is computed before the start of the calculation for

increased speed during the (α, β) loop. This means that the sampling grid
has to stay constant during the loop. In particular, both the spatial extension
and the dr parameter stays constant during the whole propagation. This is
an issue in focused geometry: because the beam radius changes during the
propagation, the parameter R has to be chosen as large enough that the full
beam is sampled and the number of point large enough that the beam is
well sampled even near the waist. In this case, the resultant number of point
rises quickly as the focusing geometry is chosen as having large aperture
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(and this physical configuration is exactly the one we found as being relevant
to high energy SBS in Sec.2.3.5). For instance, a beam with 10 mm radius at
cell input, focused to 10 µm inside the cell requires 10000 points over the full
aperture for only 10 sample points near the beam waist. This means a matrix
T of size 100 000 000, and calculation time for the matrix product rising
accordingly.

For this reason, the results presented hereafter are limited to small input
beam size with limited focusing. The introduction of an adaptive transverse
sampling grid seems to be a required prospect for further study on high
aperture SBS conjugation [11–13].
Temporal profile Once again, we present simulation result for a
low-energy SBS conjugation in gas. The resulting temporal profiles are
shown in Fig.2.25.
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Figure 2.25: Temporal shapes of the input and output pulses in an SBS cell.Interaction in SF6 for a 40 mJ input pulse focused down to 100 µm.
The behaviour of experimental SBS experiments is once again respected

and the fitting with the simulation can be done by tuning the noise term.
Spatial profile The true advantage of this new model is the introduction
of an arbitrary spatial profile in amplitude and phase and complete spatial
description at all point during the interaction. We show in Fig.2.26 typical
output spatial profiles from SBS reflection obtained with the developed
split-step model.

Once again, the simulation confirms the lower reflectivity on the edges of
the pulse. The accuracy of this simulation is not limited by the number of
modes and confirms the behaviour predicted by the modal simulation. By
plotting the cut along the beam (shown in Fig.2.27), the reflectivity drop
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Figure 2.26: Input and output spatial profile and wavefront of pump andStokes beams. Interaction in SF6 for a 45 mJ, 5th order supergaussian beam,focused down at 8 cm inside the cell to 100 µm diameter. a) Input spatialprofile b) Input wavefront c) Output spatial profile d) Output wavefront.

around beam edges is once again demonstrated. Some boundary effects
caused by the sampling grid are still present on the very edges of the Stokes
beam.
Aberration introduction A fully resolved split-step simulation model
would theoretically allow to study the influence of spherical aberrations on
the SBS reflection. In the scope of this work, the limited sampling caused by
limited memory allocation made fine study on aberration impossible. In
particular, the simulated beams were so lowly focused that no clear increase
of the focal spot size were simulated. The main part of the aberration
studies were then performed experimentally in Chap.4 and Chap.5.
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Figure 2.27: Cut of the input and output spatial profile of pump and Stokesbeams. Interaction in SF6 for a 45 mJ, 5th order supergaussian beam, focuseddown at 8 cm inside the cell to 100 µm diameter.

2.5.4 . Conclusion on the split-step model
Although split-step SBS simulation could become a powerful simulation

tool to study in fine details the limits of the SBS aberration correction, and the
potential near field spatial effects introduced by SBS, the model developed is
for now limited to very specific operation conditions.

It presents the highest temporal accuracy and is the only model to date
able to simulate fine spatial profiles and wavefront. In the scope of this
thesis, the model has yet to be perfected to properly simulate high energy
SBS reflection in the high aperture geometry. Several prospects are
identified to solve those issues.

• Implementation of calculation on GPU could greatly increase the
parallelisation of the calculations. As stated in Sec.2.5.2, all the
half-steps are designed to be calculated in parallel and increasing the
number of cores available could make the calculation significantly
faster.

• Implementation of an adapting grid [11–13] could help reduce the
sampling resolution issue by reducing the number of sampling points
used without loosing resolution near focal point.

• The full study of the 2D transverse spatial dimension can easily be
reached by replacing the Hankel transform by the usual 2D Fourier
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transform. This could then be used to simulate all the effects of the
different wavefront aberration types and precisely evaluate the SBS
maximum capabilities for every configuration.

In the following, the limitation of the splitstep model on the current
form, with its performance limitations, made us considered it not adapted
for proper high energy SBS simulations. Most of the simulations used for the
actual cell design were made using the 2D model first and then validating
the results with the modal decomposition model. The development of this
model still represent the best attempt, to the best of our knowledge, of
simulation SBS reflection with a fully-resolved spatial description and hence
the comprehension of the spatial fidelity drops that can happen during SBS
reflection.

2.6 . Conclusion on the simulations

In this chapter, 3 distinct model are developed, implemented and
compared for SBS simulations. The 2D model is the first one developed and
is used to complete the theoretical chapter Chap.1 in the saturated transient
regime. Several observations are made using this model. In particular, we
demonstrate quantitatively how the propagation length in the cell can
deform the temporal shape of the input pulse during reflection. The SBS
mirror can then be used in different configurations, for example, as a
compression component to compress pulses of a few nanosecond downs to
few hundreds of picoseconds.

Conversely, we demonstrate how the SBS mirror can be designed to limit
temporal deformation at maximum by shortening the focal length. This high
aperture configuration helps reduce compression at the cost of higher
aberration level introduced (since short focal lenses, high aperture are used)
or smaller focal point. The Split-step model was developed to study the
influence of strong aberrations during the reflection but is found to be
limited in use and not yet adapted to high energy SBS with high aperture, at
least until further optimisation. This PhD being mostly experimental, the
time required for the full implementation of a functional Split-step model is
deemed too high in the scope of the thesis. This last model still represents
an interesting prospect for fundamental studies of SBS limitations in
extreme regimes.

All the different models described in this chapter are summarised in
Fig.2.28. In Tab.2.1 a summary of all the simulation models performances
developed, and their limitations is also given.

With this chapter, we presented the numerical solving of the nonlinear
equations. We not only gained an in-depth understanding of the
spatiotemporal dynamics but also described the way temporal compression
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Figure 2.28: Summary of the simulation methods developed in this chapter

can happen during SBS reflection. Furthermore, we demonstrated the limits
of the numerical model introduced. In particular, it was shown difficult to
numerically study the effects of aberrations and other transverse spatial
characteristics on the pump beam.

This chapter leads to a conclusion for the following chapter: any effect
happening on the transverse dimension (spatial profile deformation or
wavefront effects) will have to heavily rely on experimental studies. The
numerical simulations are unable to provide a suitable theoretical support
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Simulation model 2D Modal Split-step
Transient behaviour Yes Yes YesTemporal profile Approximate Precise PreciseSpatial profile No Approximate FineWavefront No No Radial symmetryCalculation time Fast (1 min) Slow (Θ(n4)) Slow (10 hours)
Table 2.1: Summary of the performances of the simulation modelsdeveloped in this chapter.
for those kinds of effects.

In the following chapter, we introduce experimental studies. In a first part,
we study the state of the art of SBS mirrors for phase conjugation. Then,
we use this state of the art in parallel with our simulation models to design
laser sources and optical configurations suitable to the development of an
experimental phase conjugate mirror.
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3 - Design and realisation of an SBS-PCM

In the previous chapters, we introduced the nonlinear effect Stimulated
Brillouin Scattering and presented its phase conjugating behaviour. Although
this effect is usually considered as a detrimental effect in the literature
(especially in fibers), it is possible to harness it to reverse the wavefront of a
high energy input beam, and hence, to self correct all the wavefront
perturbations occurring in the middle of a round trip amplifying scheme.

Using this information, we first decided to dive into the dynamics of the
nonlinear effect. To this aim, we developed the theoretical formalism as well
as several numerical simulation models and studied the different optical
configurations available for an SBS mirror to be used in a laser system. The
simulation models were compared to published low-energy experimental
results and the accuracy of the models was confirmed. Hence, we had
access to a numerical tool for the design of our future experimental setups.
Yet, the numerical simulations were shown to be limited in their resolution
and capacity to take into account the transverse spatial dimension. The
related effects will then have to be studied directly on an experimental
setup.

In this chapter, we take a first step towards this experimental approach:
we first study the state of the art of high energy SBS PCM. We then use this
literature to confirm some of the results previously made in the simulation
chapters and design our own SBS mirror. In particular the selection of a
nonlinear medium is based not only on the physical properties relative to
SBS but also has to take into account more down to earth parameters such
as purity, or availability. Other parasitical physical processes neglected in the
theoretical part (such as optical breakdown) are also introduced and taken
into account for the design of our experimental setups. The purity of the
liquid is found to be a crucial property for good operation of an SBS mirror.
In this chapter is detailed the filtration process used as well as the purity
analysis put in place to experimentally confirm the quality of our medium.

The state-of-the-art literature is then used to assert the feasibility of our
own objectives. We establish the properties and ideal parameters an SBS
PCM should present to be used in an experimental laser system. To this aim,
existing solutions are studied to identify in advance some of the limitations
frequently encountered by the communities working on similar topics. We
then present the laser designs used in the following experimental chapters
of this thesis as well as their implementations. The performances of the
laser sources were specifically selected to properly address the objectives
presented in the preceding sections. Conversely, the laser design developed
in this section will explain some of the experimental limitation met in the
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experiments.

3.1 . Existing Brillouin cells in the state of the art

The first experimental demonstration of SBS was performed in 1964 in
solid [1] and in liquid [2]. Its wavefront reversal capacities have been firstly
noted in [3]. Since then, several systems have implemented SBS cells, either
for compression purposes (Sec.1.4.3) or for wavefront correction (Sec.1.5). In
the scope of this work, only this second axis was approached.

Because the aim for the community is to develop high-energy,
phase-corrected lasers at high repetition rate, the SBS-PCM have to
simultaneously present a high energy load capacity (the capacity to reflect a
single high energy pulse) and a high power load capacity (the capacity to
reflect a large amount of average optical power). The energy load of the cell
in a phase correction scheme is the energy at the middle of the round trip
and therefore is directly linked to the maximum output energy of the laser.
Whereas the power load for a fixed amount of energy is linked to the
maximum repetition rate of the laser.

One other key parameter of interest for the community is the reflectivity.
A high reflectivity of the cell means reduced losses originating from the
reflection. Low reflectivity can also mean detrimental effects occurring in the
cell. For example, a high transmission means higher energy density at focus
point and hence increase the risk of ionisation and fluid degradation [4]. It
also deposits more heat from the residual absorption of the medium and
limits the power load in the cell.

In this section, we have compiled some of the results from the state of
the art addressing SBS cell operating in phase correction regime [5–21]. In
particular, cells placed in compression configuration were removed from the
literature study. In the following, some key properties of interest are analysed
and some of the trends in the performances are highlighted.

3.1.1 . Average power
The configurations presented in the following address SBS cells

operating in widely varying range of energy and repetition rate, over 3
orders of magnitude for both parameters. SBS cells being used for
compensating thermally induced aberrations means that the input average
power inside the cells is one of the key parameters studied. A graph of the
input energy inside the cell plotted against repetition rate of the laser is
show in Fig.3.1.

As we can see, an increase of the repetition rate is generally linked to a
decrease of input energy, although several works present cells operating
over 100 W of average power incident on the cell [19, 20]. This indicates a
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Figure 3.1: Input energy incident on the cell against repetition rate of the laserused. Source: [5–21].

technological limitation limiting the power load of SBS usage to the range of
100 W. Conversely, no significant detrimental effects should appear for
power loads way below this value. The experiments on SBS cell were
therefore conducted with power load < 30 W to better understand the
physical process without having to manage an additional constraint.

3.1.2 . Efficiency
We then analyse the efficiency of the different SBS mirrors available. The

literature describes very efficient SBS cells with several reflectivity value above
90% for all energy range and as high as 98% for energy above the joule level
(Fig.3.2).

Because all the cells presented in this graph operate in saturated regime
E > 10 ·Eth ≈ 100 mJ, the threshold behaviour cannot be seen on this
graph directly. Theoretical steady state prediction for this energy range
(Fig.1.4) predicts reflectivity of over 95% for all the energy range and for all
optical configurations. The reflectivity dispersion is then caused by the
transient behaviour of the SBS effect as described in Chap.2. This can be
confirmed by plotting the reflectivity against the duration of the input pulse
as shown in Fig.3.3.

Although the drop of reflectivity due to the transient behaviour is
multi-parametric (pump pulse temporal shape, focusing condition,...). The
influence of the input pulse duration on the reflectivity is clearly shown, and
a reflectivity drop is observed for pulse duration comparable with medium
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Figure 3.2: Experimental SBS cells reflectivity against input energy. Source:[5–21].
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Figure 3.3: Experimental SBS cells reflectivity against input pulse duration.Typical transient reflectivity curves are calculated using SBS steady statereflectivity and removing the first 1.5τmedium of the pulse from the reflectedenergy to account for the initiation time. The actual reflectivity alsovaries depending on the input pulse temporal shape and on the opticalconfiguration used. Source: [5–21].
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lifetime (τliquid ≈ 1 ns, τgas ≈ 15 ns). The surprising performances of the
point (7 ns, 92% reflectivity) [15] comes from a particular SBS scheme where
the nonlinear effect is initiated before the arrival of the main pulse through
a geometric separation of the beam and redirection of a small part of the
energy into the cell, hence limiting the initiation losses to a minimum.

The curve Fig.3.3 once again confirms that liquids are the medium of
choice for high energy SBS phase conjugation, linking fast reaction time, and
fluid phase for optical breakdown mitigation. Furthermore, this analysis
shows that to reach high reflectivity, it is required to operate with long
pulses compared to the medium reaction time.

A second detrimental effect mentioned in the literature when the energy
density at the waist is too strong before proper initiation of the SBS effect
is the excitation of higher order modes and a dramatic drop in spatial fidelity
[6,22]. In particular, short pulses and pulses with sharp rise time are shown to
be hard to properly conjugate without disturbing the near-field and far-field
distribution. This study indicates that the input temporal profile has a strong
impact on the cell performances and should be managed accordingly.

To be able to control this in our studies, temporal profile shaping
capabilities were for the first time introduced in the laser sources used in
this thesis.

3.1.3 . Focusing condition
When increasing the energy, an issue that has for the moment not been

introduced arises: If too much power density is present inside the medium,
parasitic nonlinear effects, and in the worst case ionisation of the medium,
can occur. For this reason, the SBS cells operating at very high energy tend to
use longer focal length as shown in Fig.3.4.

The system presented in [17] operates above 10 J and uses a focal length
above 1 m but places the focusing length at some distance away from the cell
input window to mitigate the spatiotemporal and compression effects while
no information of the reflected temporal profile is given in [7].

In both cases, increasing the energy further seems to be difficult, either
due to the fluence on the cell input windows exceeding breakdown or due to
temporal distortion of the reflected pulse. Those deformations have been
experimentally confirmed and can be observed in the highest energy
experiment [10]. In this article, a cell with the highest input energy is
operated in single shot with input energy of 73 J, avoiding the aspect of
reliability and reproducibility. And significant degradation of both the spatial
and temporal fidelity was observed in the only high energy shot performed.
The “good quality” operation of an SBS cell, preserving the spatial and
temporal shape of the input pulse, is therefore currently limited to ≈ 15 J

for long pulse operation (τpulse > 10τmedium).
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Figure 3.4: Focal length used against input energy. Source: [5–21].

3.2 . Experiment motivations

In this context, we try to develop and characterize our own SBS cells. In
particular, two main applications domains are targeted.

In a first phase, we want to acquire an SBS cell compatible with
high-energy, high-repetition-rate laser operation, typically 15 J, 200 Hz.
Because this cell will be placed in the middle of a round trip amplification
scheme, the actual input energy on the cell depends on the optical
configuration of the amplifiers. A high number of amplifiers getting
saturated only during the second pass of the round trip could lead to input
power incident on the cell of a few joules. To reach those performances,
several technological bottlenecks have yet to be explored:

• The wavefront correction capacities are mostly unexplored. Some
experiments were performed with random aberration plates [16] and
shows that an SBS mirror is capable of correcting several waves of
optical aberrations. This study showed that wavefronts with high RMS
can be properly compensated for up to 4 λ RMS. The information of
more specific aberrations is still mostly unknown. In particular, the
spherical aberration, usually hard to compensate for: exhibiting highly
concentrated wavefront distortion on the edges of the beam. This
particular aberration presents high PV corresponding to a large strain
value on the deformable mirror when trying to compensate for it. The
correction capacities of the cell for this specific aberration is largely
unexplored in the state of the art.
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• The possibility to efficiently reflect shorter pulses (with τpulsecomparable to τmedium, in our case τpulse ≈ 3 ns) is to be investigated.
In particular, the solution of pre-initiation developed in [15] could be
further developed and would help to reduce the drop of reflectivity
observed for short pulses.

• Going even further, the capacity for the SBS cell to become compatible
with temporal shaping solutions would be of very high interest for the
community. In the general case, the temporal shape at laser output
depends on the input temporal shape and on the deformation due to
saturation in the amplifiers [23]. An arbitrary temporal shape at laser
output thus requires the SBS cell to be able to reflect any temporal
shape, including the one pre-compensating saturation. This approach
is, to the best of our knowledge, completely unexplored as all the
input pulse shape studied up to now on SBS cells were Gaussian.

• The stability of all the parameters of the SBS cells over a long period of
time has to be characterized. In particular, it is mandatory for the
component to not generate occasionally a highly aberrated shot (rogue
wave) that could then damage the laser chain optical components
during the round trip.

• Furthermore, the power load of the SBS cell starts becoming an issue.
The residual absorption of the nonlinear medium at those power
levels can create thermal inhomogeneities in the medium itself. In this
case, the available literature shows that the spatial fidelity of the cell
can be impacted [21, 24–26]. In this work, it was chosen to perform the
experiments with lower repetition rate to separate the thermal issues
from the other parasitic effects encountered during SBS reflection.
However, some of the results obtained let us foresee possible
improvement to the power load accessible in future experiments.

In a second phase, we aim to acquire an SBS-PCM compatible with high
energy (up to kilojoule class) lasers. The requirements for this particular cell
are unchanged, but the energy load should be greatly increased. Some
configuration studied requires energy load on the cell above 100 J,
maintaining temporal and spatial fidelity.

In the following, we present the preliminary design and experimental
realisation of the SBS cells and laser sources dedicated for these
experiments. Those studies will be performed conjointly with the support of
the numerical models at the start of the PhD and on the data available in the
literature.

3.3 . Nonlinear medium
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We detail in this section, the selection and realisation of the nonlinear SBS
medium. We first consider the parameters of the available SBSmedia, andwe
then detail the experimental realisation of the cell.

3.3.1 . Medium choice
As we largely developed in the previous sections (2.3.3,3.1), the nonlinear

medium used in the cell is of major importance. Several media have been
studied in the literature [27, 28] and the identified parameters of interest are
the following:

• The Brillouin gain coefficient g (Eq.1.42) characterizes the linear gain of
the media as well as the steady state reflectivity. In the scope of this
work, the high-energy lasers in focused regime provide largely enough
power density for saturating the gain in almost any configuration. Thus,
this parameter is not particularly critical in our case.

• The phonon lifetime τmedium has been identified as a key parameter in
the previous section. A fast phonon lifetime allows the build-up of the
acoustic wave in short amount of time and therefore reduces the
losses due to transparency before initiation, mitigates the amount of
energy reaching focus point, and allows to reflect shorter pulse
duration and sharper rise time. Although short phonon lifetime can
potentially enhance compression, fast initiation was identified as one
of the most critical parameter for our applications.

• The medium absorption characterizes the residual absorption of the
pump and Stokes waves and thus, the heating of the medium. This
value should be minimized to reduce losses and avoid the thermal
blooming effects.

• The Optical Breakdown Threshold (OBT) characterizes the maximum
power density allowed in the medium before breakdown. All kinds of
physical effects (chemical reactions by bonds breaking, ionisation,
heating induced electron avalanche) are described by this single value.
The state of the art describes this OBT as the power density threshold
before the SBS breakdown (reflectivity loss, stability loss, fidelity loss,
medium damage, ...). This value should be chosen as high as possible
to minimize the risks of breakdown during cell operation.

The phonon lifetime has been identified as being the key parameter for
efficient SBS reflection. As such, the initial selection of medium includes only
relatively low lifetime medium. Those include liquids and solids (≈ 1 ns).
Solids do not present convective heat flow, that has been proven to reduce
the quality of the SBS reflection under high power load, and are currently
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being investigated by the community [29–31]. Using solid state SBS media is
deemed too dangerous for initial experiments due to irreversibility in case of
breakdown. For this reason, a liquid medium is chosen as in most cases of
the literature.

The choice among liquids is made by comparing the residual absorption
and the optical breakdown of the fluids available [27]. Among them, the
perfluoro-compounds (PFCs) are known in the community for presenting
both characteristics. They consist of hydrocarbon chains where the H atoms
are replaced by F atoms. This leads to a high number of C-F atomic bonds
with high bond energy (5.6 ev) and exhibiting high chemical stability and
durability, in particular, high OBT (> 100 GW/cm2). Furthermore, the
absorption of those compounds is extremely low (< 0.001 cm−1) making it
compatible with our applications. Most of the articles from the literature
actually use those liquids, and a large part of the state-of-the-art
performances were obtained with PFCs from the manufacturer 3M
(FC75 [10, 11], FC770 [18], FC72 [26]...). When trying to acquire some of those
liquids, we learned that most of them are being discontinued due to new
environmental regulations. Hence, most of the experiments have to be
performed using PFPE instead (also mostly composed of C-F bonds)
produced by Solvay Solexis. Those liquids have also largely been
documented, especially in recent years [26,32].

In the following experiments, several liquids are acquired. The
lower-energy experiments are performed using PFPE HT-70 and the
high-energy experiments are performed using residual PFC FC770 available
at LULI.

3.3.2 . Filtration

Once the liquid is chosen, we perform a purification step to remove all
its residual impurities. This step has been demonstrated to greatly increase
OBT and thus the reliability of the cell [7]. If the liquid is not purified and
filtered, some impurities indeed stay in suspension inside the liquid. If during
a shot, the laser hits a highly absorbent dust speck, this particle can act as a
spark and initiate breakdown inside the liquid. This phenomenon is known
to trigger large scale instabilities of the SBS mirror and in some cases fidelity
losses, including hot spot apparitions and optical damages during the round
trip into the laser. This is one of the likely reason SBS cells are not often used
in commercial laser sources.

Several filtration schemes are present in the literature [4, 21, 33]. In our
experiments, we replicated the filtration scheme presented in [7]: a two-step
filtration scheme with a first filter of pore size 220 nm followed by a second
stage of filtration through pore size 25 nm. Furthermore, the cell was
cleaned in an ultrasound bath to prevent any residual impurities from

105



Figure 3.5: Filtration station. Picture taken in LULI2000 class-100 clean room.

staying attached to the cell edges and being released during operation. The
cell was then assembled in a class-100 clean room, and several fillings and
drains of the cell were successively performed to ensure the purity of the
fluid. Then, the cell was filled one last time and sealed. A picture of the
filtration station is presented in Fig.3.5.

3.3.3 . Purity analysis
To guarantee the purity of the liquid used in the SBS cell, the filtration

protocol was first used on tap water. We analysed the purity of the water
before filtration and after filtration. At first, we used a technique called
Dynamic Light Scattering (DLS) to confirm the purity of the liquid. This method
consists of sending a monochromatic laser beam inside a liquid sample and
analysing the scattering intensity in a particular direction (Fig.3.6). Because
the scattering particles move, the scattering intensity varies along time.
Smaller particles typically move faster and thus fast variation of the
scattered light intensity indicates their presence.

This speed of variation is quantified rigorously by the autocorrelation
g(2)(q, τ) of the scattered signal, where q = 4π/λ sin(θ/2) the norm of the
vectorial subtraction of the scattered wave compared to the incoming wave
and τ the delay time used for the autocorrelation. DLS theory [34] gives the
expression

g(2)(q, τ) = 1 + exp(−2q2D0τ) (3.1)
with D0 the scattering coefficient that can be linked with the particle size

(assumed spherical) by the Stokes-Einstein formula [35]
D0 =

kBoltzmannT

6πηRH
(3.2)
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Figure 3.6: Dynamic light scattering schematics. Source: [34].

with η the viscosity and RH the radius of the sphere considered. Typical
autocorrelation figures for different diameters are given in Fig.3.7
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Figure 3.7: Examples of DLS autocorrelation figures for populations consistingof a single particle size. Angle of scattering: 90◦.
This model was experimentally confirmed using a DLS measurement tool

at Laboratoire de Physique de la Matière Condensée at École Polytechnique. To
confirm the accuracy of our model and the validity of our protocol, we were
given a sample of one of their solution consisting of a population of 1 nm

gold particles. The autocorrelation measurements were performed using a
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Zetasizer nano from Malvern. The resulting curve was fitted to our model by
varying the RH parameter (in this case, the angle of scattering was 173◦). The
autocorrelation result and the fitted curve are given Fig.3.8.
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Figure 3.8: DLS autocorrelation measurements and corresponding fittedcurve using our model. Sample: 1 nm gold particles, Zetasizer output valuefor measurement: 1± 0.1 nm.
As we can see, the retrieved diameter matches well with the theoretical

diameter of the gold particles.
This means we can easily acquire the size of the particles present in the

medium as long as
• They scatter enough light. For example, the autocorrelation value for
τ = 0 s observed on Fig.3.8 is below 1, corresponding to a loss of signal-
to-noise ratio. When this value becomes close to 0, the measurements
become unusable.

• Only one population is present. In our first example case, the gold
particles were the dominant population, but in the case of impurities
in suspension in the liquid, the population might be diverse.

To attempt to solve this issue, we extend themodel by considering several
independent populations with varying scattering intensities. The formula for
the curve fitting then becomes:

g(2)(q, τ)− 1 =
∑
n

In exp(−2q2D0,nτ) (3.3)
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with ∑
n In = 1. (or < 1 when scattered signal is weak). Note that Eq.3.3

is not necessarily rigorously derived from DLS theory but seems like a
reasonable extension. Furthermore, all results presented in the following
using this model have been checked with the measurement tool results and
give particle diameter with same order of magnitude. The remaining errors
noticed can be explained by the simplicity of the model used and the
assumption of spherical particles, incorrect for the case of dust-like particles
in suspension in a liquid.
Pre-tests with water measurements Firstly, the filtration system was
used on water. Tap water was analysed before and after filtration with the
first filter stage. The results are given in Fig.3.9-3.10.
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Figure 3.9: DLS autocorrelation measurements and corresponding fittedcurve for a sample of unfiltered tap water. Zetasizer measurement gives
500± 100 nm.

Two information can be gained from this figure: firstly, although several
populations are present in the medium, the maximum intensity detected is
below 1, even for τ = 0 µs. This means the signal received by the detector is
low and a drop of signal to noise ratio is observed. The identification of the
real particle size might therefore be arduous, especially once the water have
been filtered. Secondly, even though the signal received is low, the
autocorrelation figure still manages to fit the theoretical curve. Therefore, a
certain level of trust can still be placed in those results.

In the following, we take this same tap water and pass it through the first
stage of filtration only. The corresponding autocorrelation curve is given in
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Fig.3.10.
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Figure 3.10: DLS autocorrelation measurements and corresponding fittingcurve for a sample of filtered tap water. Zetasizer measurements gives
236± 40 nm.

By comparing the two curves Fig.3.9 and Fig.3.10, we directly observe the
effects of filtration. The maximum particle size in the liquid is reduced and
the overall scattered signal also greatly decreases. This last point in
particular makes the measurement extremely noisy (and the fitting quality
with the model starts to deteriorate). This does confirm that the liquid purity
increases, but the quantitative study of the residual impurities becomes
challenging.

This is even worse in the case of the analysis after filtration through the
second stage filter, with pore size of 25 nm. In this case, the analysis fails
most of the time (no signal detected). One of the few autocorrelation curves
obtained is presented in Fig.3.11.

At this last stage of filtration, the measure becomes unreliable. The curve
is extremely close to 0 for all delays τ and no particular shape can be
identified.

This analysis procedure therefore brings a limited amount of information:
• The filtration system clearly improves the quality of the liquid.
• The results for the first stage of filtration gives results close to the
expected values (≈ 350 nm for the water filtered with 220 nm pores)
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Figure 3.11: DLS autocorrelation measurement and corresponding fittingcurve for a sample of filtered tap water through the two stages of filtration.Zetasizer measurements unavailable.

• The measurement finds its limit when the scattered signal goes below
detector noise. In the case of our ultra-filtered water, this limit is
reached, and we can’t properly analyse the liquid.

To go beyond this measurement, state-of-the-art filtration system use a
particle counter [21]. Because we didn’t have access to those kinds of
measurement tools, we analysed the ultrapure water with a Transmission
Electron Microscope (TEM) available at the Laboratoire de Physique de la
Matière Condensée.
Transmission electron microscope measurements Measurements
performed with the TEM were used as a confirmation of the measurements
with the DLS system. Because the TEM was not in a clean room and the
liquid had to be transferred in the air before measurement, some impurities
might be added to the liquid, degrading its actual purity before
measurement. The goal of this measurement was to find the typical size of
residual particles present in the medium. Single large-sized particles
presence were then attributed to the transfer between clean room and TEM
chamber.

Before being analysed, a drop of the liquid was taken out from the
output of the filtration cell and was placed on the TEM measurement target.
This measurement target is constituted of copper grids of two scales. The
first scale has square holes of edges ≈ 50 µm separated by copper lines. In
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those holes is placed the second sized grid: a layer of copper in which holes
or diameter 2 µm and separated by 1 µm have been pierced. Those two
grids are covered by a carbon layer of size 3 nm. During the measurement,
we observe the transmitted signal through the target. The grids (copper +
carbon) then appear as darker than the holes (only carbon layer). The
presence of a particle is indicated by a darker spot inside the holes of the
grid. A view of the full grid is shown Fig.3.12.

Figure 3.12: View of the full TEM target for a water measurement, red circlesindicate the presence of particle clusters (attributed to the deposition ofair particle during the transfer of the liquid on target) and the green circleindicates a defect in the carbon layer.
On this grid, besides the few particles cluster probably caused by the

deposition of an air dust particle during the transfer, we can highly zoom on
a hole of the grid and analyse the composition and presence of actual
particles inside the liquid. Different scales of TEM analysis are presented in
Fig.3.13.

Those images do not permit an absolute measurement of the number of
particles still present inside the medium after filtration. Yet, they allow one
to observe that the number of particles with size several times above pore
diameter have almost completely been eliminated though the filtration
process. The residual particles present in the medium are indeterminately
either due to small defects still present during the filtration process (cell or
tubes cleaning, filter nonconformity, air contamination,...) or due to the
transfer to TEM target. And the typical particles size observed on a average
hole in the copper grid do not exceed ≈ 20 nm. Although those results are
imperfect, they allow to confirm a certain level of purity and the resources
needed for deeper analysis were considered out of reach.
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Figure 3.13: View of TEM analysis for water filtered at 25 nm level. a) zoom ona particle cluster, particle of size≈ 100 nm are visible (circled in red). b) Zoomon a typical hole of the grid. Some particles of size≈ 20 nm are visible (circledin red).

PFC and PFPE analysis The measurements are then performed again
using this time PFC (FC770) and PFPE (HT70) analysis. Because we don’t want
to contaminate the tubes placed after the lowest pore size filtration, only the
ultra-filtrated measurements are performed. The zetasizer measurement
are once again below noise level, guaranteeing a good filtration level.
However, on the contrary to the water case, the TEM analysis is
compromised by the chemical composition of the liquid, composed of long
carbon chains. In this second case, the electrons sent by the TEM are heavily
absorbed, and no particles diluted inside the liquid can be seen. An example
of a TEM measurement on FC770 is given in Fig.3.14.

The conclusion of the purity measurements was mitigated. We could
confirm that the filtration had an effect and that the purity of the fluid
obtained was good (no scattering signal and low number of particles
observed by TEM) but no quantitative values of the absolute purity of the
fluid could be obtained. In particular, TEM measurements were impossible
for the fluids of interest.

Even given this slight uncertainty on the fluid quality, the filtration output
was redirected inside the cells and once filled, those cells were sealed and
operated on the available laser sources. In the following, we describe the
architectures of the two available laser systems.
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Figure 3.14: View of the TEM analysis for an ultra-filtered FC770. Thevisible dark drops correspond to residual molecules from the FC770 duringevaporation. The evaporation front is clearly visible: the dark spots getsmaller the closer to the centre of the evaporation zone. No residual particlescould be observed under those conditions.

3.4 . Experimental setups

In Sec.3.2, we detailed our goal for the experiments. Several
technological bottlenecks were presented (wavefront correction capacities,
short pulse reflection, temporal shaping conservation, stability, energy
load...) and represent numerous parameters to study.

To this aim, two laser sources were used in the experiments. Firstly, a
custom-made laser was designed and built at Amplitude facility in Lisses to
provide a suitable basis for parametric study. This laser architecture could
be changed at will to best fit the requirements for a particular study. It was
designed energetic enough, stable enough and with high enough repetition
rate to perform the required cell stability measurements.

The second laser source was used to study the behaviour of the cell at
very high energy. This laser source was a high-energy laser source of LULI:
HERA, and 6 weeks of beam time (3 for preparation, 3 for experiments) were
allocated for our studies. Because of the architecture of the laser, the
repetition rate was limited. Hence, the studies on this laser were performed
after the initial studies on the custom laser at Amplitude.

3.4.1 . Requirements
The results of the numerical simulations of the SBS effect (Chap.2) as well

as the study of the state-of-the-art source (Sec.3.1) were used as a basis for
the design of the laser chains usable for the experiments. In this section, we
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present the quantitative requirements of the laser chains needed to answer
the objectives developed previously.

Firstly, since we study SBS dynamics, we need to be able to trigger
efficient SBS effect. To this aim, the laser sources need to be
narrow-linewidth, typically, a few times below the Brillouin linewidth
(359 MHz for HT70 [28]). To this aim, we can either use a self-injection locked
Q-switched laser or a Master Oscillator Power Amplifier (MOPA) with a
seeder having narrow wavelength. In the scope of our work, the temporal
profile has already been identified as a key parameter on the efficiency of
SBS reflection. Furthermore, our requirements include the operation of SBS
mirrors with arbitrary input pulse shape. Therefore, the MOPA architecture
was selected as the seeder of choice for our experiments.

The MOPA consists of an oscillator having tailored properties (spectrum,
temporal shape, polarisation, ...) subsequently amplified by a series of
amplifiers to reach the desired energy. In our case, since we simultaneously
require narrow linewidth spectrum and arbitrary temporal shape, we used a
narrow linewidth cw diode (DFB with spectrum < 1 MHz) followed by a
temporal pulse shaper that attenuates the laser diode emission to a very low
input power (temporal gating) or alternatively transmit, or even amplify, the
cw power, those two behaviours and all the in-betweens being controlled
electronically. Several components are available in the literature to perform
this operation such as Electro-Optic Modulators (EOM ) [36, 37], Acousto
optic modulators (AOM), Semiconductor Optical amplifiers (SOA ) [38], or
any combination of those systems. In the case of a seeder for SBS
conjugation, we do not necessarily need fast modulation rise and fall time as
the reaction time of the medium is limited to τmedium ≈ 1 ns (which also
corresponds to the spectral broadening caused by the modulation
approaching the Brillouin linewidth of ≈ 500 MHz for the liquids
considered). Hence, the SOA modulators, having higher contrast and lower
cost compared to state-of-the-art EOM systems were chosen.

Subsequently, the seed signal of low energy (≈ 1 nJ at SOA output) has
to be amplified to the desired energy. Although several amplification
geometries exist, the one commonly used is the combination of a single
amplifier in a regenerative amplification scheme -or regen- (pulse trapping
inside a cavity) to achieve large gain with minimal number of active
components (typically 106 of gain up to millijoule energy level) followed by
single or double pass amplification in amplifying heads of increasing
diameter. This amplification scheme allows to increase the energy to the
desired level with limited amount of active components and relative
simplicity. It is to note that the amplification can influence some of the
properties of the amplified pulse (in particular, the spatial and temporal
profile through Frantz-Nodvik gain saturation [23]). Furthermore, several
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beam spatial shaping schemes (serrated aperture, spatial filtering, imaging,
...) can be placed inside the amplification section to optimize the spatial
properties of the output pulse after amplification.

In this work, the two lasers have this MOPA architecture with SOA
seeding. Yet, some of the other properties such as wavelength, active
medium, saturation level and spatial properties are dependent on the laser
source used.

In both cases, the SBS mirror is not placed inside the laser, at the middle
of a double pass but is instead placed directly at the laser output. This
particular configuration, uncommon in the recent work in the literature,
allows us to maximize the input energy on the mirror and separate the
individual contribution of the SBS mirror from the contribution of the
second pass inside the laser. Our aim is the understanding of the individual
contribution of the SBS mirrors, their characteristics and their potential
when subsequently integrated in a laser. This came at the cost of an
isolation setup that had to be placed between laser output and the
metrology experimental layout to prevent backward energy injection from
the return of the Stokes wave from the SBS mirror into the laser.

In the following section, we detail the sources as initially designed. Any
further modifications to those sources will be presented directly in the
experimental part.

3.4.2 . Mediumrepetition rate source for parametric experiments

The first experiments are conducted on a custom laser source designed,
built and aligned on-site at Amplitude. The design choices were made at the
very start of the thesis, simultaneously with the simulations. The laser
optical layout is largely derived from Amplitude’s standard regenerative
amplifiers of the Nanosecond Advanced Lasers product line. In this case, the
targeted wavelength is 1064 nm and the active medium is Nd:YAG. A
simplified optical layout of the regenerative part of the amplifier is shown in
Fig.3.15.

In this laser, the fibered DFB laser diode and SOA pulse shaper are firstly
injected in free space by a commercial free space injector with linear
polarisation. Feedbacks from the regen are prevented by the use of two
subsequently placed Faraday isolators. The pulse is then injected inside the
regen cavity and its polarisation is switched by a pockels cell. Once the entire
pulse has passed, the tension of the pockels is switched on so that the pulse
stay trapped inside the cavity. The amplifier of the cavity is a flash-pumped
Nd:YAG head of diameter 7 mm. The cavity mode is determined by a hard
aperture of diameter 4 mm and the selected mode is TEM00 of radius
1.3 mm at cavity output. Once the amplifier energy is extracted and the seed
energy starts to decrease pass after pass, the Pockels cell is switched off,
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Figure 3.15: Schematics of the regen section of the custom laser source builtat Amplitude for SBS experiments.

and the pulse is extracted. It then passes through a second pulse cleaner
Pockels cell switched on only during a 20 ns gate corresponding to the
maximum pulse width sustainable by the regen cavity, therefore filtering all
pre- and post-pulses leaking from the cavity. The pulse is then magnified
using a divergent-convergent imaging system and sent on a beam spatial
shaper: a serrated aperture [39] that allows to cut the edges of the TEM00
Gaussian beam and thus efficient amplification without amplitudes
modulations at the edges of the beam after propagation. The high spatial
frequencies introduced by this serrated aperture are then spatially filtered
using another magnification convergent-convergent imaging system, with a
beam output full diameter of 10 mm.

During the alignment of this system, the Nd:YAG amplifier head of the
regenerative cavity had so much gain that several optical components of the
regenerative section were damaged. The flashlamps power supply were
thus tuned down in input power. This lead to operation of the power supply
well below its typical operation regime and thus to a substantial decrease of
the shot-to-shot stability of the module compared to expected behaviour.
Furthermore, due to this low-level operation regime, the flashlamps
sometimes didn’t flash at all, resulting in a missed shot. This behaviour will
lead to some aberrant points in the results curves presented in the following
chapters. Even under those conditions, the pulse energy at cavity output is
about 30 mJ. After the spatial and temporal filtering, this energy is reduced
to 15 mJ with energy stability of about 1%.

The beam then goes through a direct amplification section that consists
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Figure 3.16: Schematics of the amplifier section of the custom laser sourcebuilt at Amplitude for SBS experiments.
of 3 amplifying heads of diameter 12 mm and 21 mm as shown in fig.3.16.
The pulse firstly goes through a double pass in the 12 mm to reach an
energy level of 1 J. Then, the laser beam is magnified one last time in a
divergent convergent lens system to reach a diameter of 20 mm and is
amplified in two single passes 21 mm Nd:YAG rod amplifiers.

The gain saturation in the amplifier tends to make the beam perceive
higher gain on the edges of the beam than on the beam centre, therefore
transforming the quasi-gaussian beam into a highly supergaussian beam.
This is possible considering the fluence level in the amplifiers (1.3 J/cm2 at
the output of the 10 mm head and 2 J/cm2 at the output of the 21 mm

heads) is several times higher than the saturation fluence of the Nd:YAG
(≈ 0.6 J/cm2). This strong gain saturation inside the amplifiers have several
effects on the beams properties.

• The beam is turned into a high order supergaussian beam
• The temporal profile of the beam is modified. In particular, the pulse
duration can be shortened by the gain saturation.

• The energy stability of the pulse is largely improved. Since almost all
the energy available deposited by the amplifiers power supply is used
by the beam, the energy stability of the amplifiers flashlamps, operating
at nominal value, is dominant.

The output pulse from the amplifier was highly supergaussian of
diameter 20 mm and output energy 6.9 J with 0.2% RMS energy stability at
5 Hz. A measurement of the energy stability over 1000 shots is shown
Fig.3.17.
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Figure 3.17: Pulse energy as a function of time at the output of the laseramplifier.

Because of the divergent convergent imaging systems, the image of the
reference plane (serrated aperture - Fig.3.15) could not be placed after the
last amplifiers. The near field profile (as seen by cameras), thus presented
some amplitude modulation near the edges. Because of laser compactness
requirements, a proper convergent-convergent imaging system could not fit
inside the laser and replace the divergent-convergent system.

This experimental setup provides repetitive pulses with good stability
and significant energy. Because this laser is custom-made, it was possible to
change its optical configuration to change the input parameters. Most of the
initial experiments were performed on this particular laser source and will
be presented in Chap.4.

3.4.3 . High-energy source
The high energy laser source used for the qualification of high energy

SBS cell was a laser chain of Laboratoire LULI: the HERA laser chain [40]1. This
laser provides pulses of arbitrary temporal shape with energy as high as
200 J. It is once again built following the MOPA architecture and uses a DFB
laser diode at 1053 nm temporally shaped by an SOA pulse shaper and
subsequently amplified by a Diode pumped Nd:YLF regenerative amplifier
and by several flash-pumped Nd:Glass amplifiers. The last stage of
amplification being performed in Nd:Glass discs amplifiers at Brewster
angle. An optical layout of the laser chain is presented in Fig.3.18.

This laser chain present the advantage of having active medium with
1The participation to the development of this laser source were performed duringthe thesis. In particular, the temporal shaping scheme has been described in anarticle given In Appendix.A
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extremely high saturation fluence (> 5 J/cm2 for Nd:Glass) compared to the
low fluence the laser chain operates at (< 1 J/cm2). Therefore, the temporal
profile deformation is low during amplification. This leads to far easier
shaping than on the Amplitude laser chain. However, this chain has lower
repetition rate (1 shot per 20 minutes) and its shot-to-shot stability is over
10%. Furthermore, this chain was accessible for short period of times during
beam time campaigns. This limited the amount of modification that we
could bring to the laser chain. Hence, this laser was used to confirm the
proper conservation of the properties demonstrated on the smaller scale
laser during the energy scale up. Those experiments at high energy are
presented in Chap.5.

3.4.4 . Metrology experimental layout

In both systems, the SBS cell is placed at the laser output for the purpose
of precise, isolated, parametric studies. Because the PCM reflects the input
pulse backward, no geometrical configuration was possible to prevent Stokes
pulse signal returning into the laser chain. To prevent damage to the laser
source, the isolation between laser source and the cell was polarisation based.
The cells themselves were designed after the results from the simulations and
the state of the art analysis. An insertion depth of the waist inside the cell
below 300 mm was chosen in both cases. For the high-energy laser, since the
laser beam is 93 mm wide, this represents an aperture of F/3 and introduces
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other challenges. This particular aspect is developed in Chap.5.
The measurements were performed before and after reflection to

properly compare the properties of the pump beam and Stokes beam.
Because the metrology was modified greatly during the experiments, the full
metrology setup will be presented directly during the chapters
corresponding to the experiments (Chap.4 for the Amplitude laser chain and
Chap.5 for the high energy experiments). Yet, several observations can be
made to compare the difficulties and challenges encountered.

Firstly, because the Amplitude laser chain had great stability, it was
possible to perform the measurements of the pump beam properties before
the measurements of the stokes beam and compare the two while assuming
the pump beam almost constant. For the HERA laser chain, peak-to-peak
stability is around 10% which makes the pump/stokes comparison possible
on the same shot only. Therefore imposing all the data acquisition to be
performed in parallel, on symmetric optical lines. The metrology
components (spatial profile, energy, temporal profile) then have to be split.

Second, the stability measurements performed on the Amplitude laser
chain had as an objective to identify eventual erratic behaviour of the PCM.
On this particular experiment, about a million shots on the SBS cell were
recorded and analysed, and special procedural data treatment had to be
introduced.

3.5 . Conclusion

In this chapter, we started by studying the literature on high energy SBS
for phase conjugation. This gave us insights on the experiments performed
and the current limitations. In particular, we identified a challenge on the
reflection of pulses with moderate or short pulse duration compared to the
phonon lifetime of the nonlinear medium used. This study confirmed the
simulation results of Chap.2 by showing that the temporal profile is a key
parameter for SBS reflection.

This study of the state of the art also gave us insights on the feasibility of
our own experimental objectives. Experimental reflectivity can be extremely
high and efficiency of 95% are achievable with relative ease. Reflection of
short pulse represent a challenge but some existing solutions [15] seem to
offer interesting prospects. The reflection of arbitrary temporal profile,
required for some applications has never been introduced and seems like a
challenging but achievable result using the numerical tools previously
developed. Long-term stability measurements have yet to be properly
explored for industrialisation of such a component in commercial systems.

Only a few high-energy experiments were conducted with moderate or
unknown success and low energy studies were required before attempting
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our own design. Overall, the thesis objectives are challenging, and their
realisation would bring a tool of interest for industrial laser manufacturers.
The parametric study at high energy and the temporal profile conservation
are also a largely unexplored topic of interest for both the academic and
industrial community.

In the following part of this chapter, the experimental realisation of an
SBS cell was presented. As demonstrated by the literature, this component
requires precise filtration of the liquid to reach stable operation. Here, this
liquid purification is reached by the development of a custom filtration
system. The use of this developed system allowed us to obtain an ultrapure
liquid for SBS nonlinear interaction and this purity was quantified using two
distinct methods. The purity quantification was limited by measurement
tools available.

At the end of the chapter, we identified the requirements for laser sources
compatible with our experimental goals for SBS experiments and presented
the general architecture used. In the following chapter, the first experiments
at Amplitude on the custom, medium energy, medium repetition rate, laser
system for initial SBS characterization and long-term stability measurements,
are presented.
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4 - SBS-PCM characterisation at the joule
energy level

4.1 . Introduction

In the previous chapters, the theoretical description of the SBS effect was
presented. We then developed simulation models for in-depth studies of the
dynamics of the nonlinear effect and used the results for the first designs of
the experimental setups. The performances reached in the literature were
then analysed under the scope of those theoretical studies, and allowed to
properly assess our own objectives for this thesis. We then described the
experimental realisation of an SBS cell, specifically describing the preparation
and purity validation of our nonlinear medium.

In this chapter, the first experimental studies on an SBS-PCM are
performed. We use the custom laser source built at Amplitude described in
3.4.2, with 6 J output energy, and 5 Hz repetition rate, to acquire the first
experimental data on SBS reflection. The aim of these studies are:

• The experimental demonstration of SBS reflection with our newly
designed cells.

• The measurements of high SBS efficiencies (reflectivity > 90%).
• The characterisation of spatial fidelity (the conservation of the near field
spatial profile during reflection).

• The characterisation of wavefront reversal and wavefront correction.
• The characterisation of the SBS reflection effects on temporal profile.
• The experimental demonstration of temporal fidelity for diverse
temporal shapes of interest.

• The stability of all those parameters over several hundreds of
thousands of shots.

For this last point, the particular interest is the absence of a rogue wave, an
aberrant behaviour of the PCM, changing the properties of the input pulse in
such a way that the reflected Stokes wave damages the optical components
during the backward amplification.

In the following, we present the (almost) chronological experimental
studies using this laser source. We started by studying the reflectivity of our
SBS cell to compare our results to the state of the art and identify any
residual design errors. To this aim, we first started building and aligning an
experimental bench for metrology purposes.
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4.2 . Experimental optical layout

We start by comparing our SBS cell in configuration similar to the ones
of state of the art. The most documented property of SBS-PCMs being their
reflectivity, we also start by this measurement. To this aim, we look for a way
to change the energy of our laser and measure the reflectivity against input
energy on cell.

To change the laser energy, several methods are accessible. The first and
most used is to change the pumping level of the amplifiers. In our case, this
also means changing the thermal lensing level of our amplifiers. Hence, the
laser output changes size and becomes convergent. Thus, this solution was
rejected. Changing the delay of the pump current relative to the beam
allows to shift the timing of the amplified pulse away from the gain maximal
value. Therefore, the laser pulse is less amplified, reducing the output pulse
energy. However, this method also changes the saturation level of the
amplifiers [1] and thus, the output temporal profile (and the beam profile to
some extent). As described previously, this temporal profile is a key
parameter for SBS reflection. Thus, changing the delay of the seed pulse
compared to the pump current would change all the parameters of the
system and prevent proper characterisation.

The method chosen is therefore to attenuate the output pulse using
several halfwave plates and polarisers to switch a part of the pulse energy
on an orthogonal polarisation and eject it in a beam dump. One couple of
wave-plate and polariser is used to filter out all the depolarisation
component and two additional couples are used to attenuate the laser
signal. The maximum attenuation by couple is chosen equal to 10% to avoid
a dominant contribution of the residual deplorisation component in the
transmitted pulse. This allows the tuning of the output energy over two
orders of magnitude. However, the introduction of the seven polarisers and
the Faraday isolator means that the maximum energy accessible at cell input
was reduced to 5 J.

After the attenuation part of the experimental optical layout, the optical
isolation between the laser source and the PCM is performed using a Faraday
isolator. This allows to ensure no Stokes signal could propagate backward
inside the laser source and damage its optical components.

Then, a polariser is placed in the beam path. If the polarisation leaving the
isolator is unchanged, the laser beampasses though this polariser and travels
toward the metrology bench. If a halfwave plate is placed inside the beam
path and switches the polarisation by 90◦, the beam instead goes inside the
SBS cell. A quarterwave plate placed before the cell allowed the polarisation to
be switched again during the double pass, thus the Stokes beam coming back
from the cell is reflected by the polariser on the way back and propagates on
the metrology bench as well. This setup allows very quick switching between
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Figure 4.1: Optical layout of the experimental bench for the SBScharacterisation on the Amplitude laser chain.

pump and Stokes analysis.
The metrology bench is composed of a calorimeter measuring the

energy of either the input pump pulse or the output Stokes pulse. In
addition, a photodiode detects the light scattered by this calorimeter and
analyses the corresponding temporal profile of the measured pulse. A part
of the signal leaking from a mirror is sent into a beam reducer and the
splitting polariser is imaged on a camera to analyse the near field. A wedge
extracts an additional part of the signal inside the imaging system and a
camera is placed at focus point to analyse the beam far field. With this
setup, simultaneous measurements of the energy, the temporal profile and
the near field and far fields of either the pump beam or the Stokes beam are
accessible. Furthermore, an additional calorimeter is placed in transmission
to observe the stability of the transmitted signal through the cell. The full
optical layout is presented in Fig.4.1.

As one can see on this figure, the return signal from the cell inside the
laser can be analysed by placing a calorimeter on the leaking signal from the
polariser placed just after the back propagation in the Faraday rotator. This
backward energy is monitored, and the detected signal is < 30 mJ mostly
composed of parasitic reflection on the optical components of the system.
The return energy inside the laser is therefore not considered as a major
issue in this setup.

4.3 . First experimental results

We now describe the first reflectivity measurements on the system. For
the evaluation of the reflectivity near Brillouin threshold, we had to delay the
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seed energy compared to the maximum gain of the amplifier heads to reach
energy level below 50 mJ. The comparison of the pump and Stokes energies
was also performed taking into account the losses for every reflection and
transmission as well as the leaking of the pump wave through the polariser.
On this first experiment, the pump pulse is a gaussian pulse with rise time
3.3 ns and FWHM duration of 5 ns. The input pump energy is increased by
rotating the halfwave plates of the attenuators and varied from 10 mJ to 1 J.
The results are presented Fig.4.2.
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Figure 4.2: Reflectivity measurements and corresponding fit using Eq.1.56.
In this figure, the corresponding fit curve is obtained by fitting the data

with the simple reflectivity model given by Eq.1.56. To account for the
initiation time, the maximum reflectivity was introduced as a fit parameter.
We remind the reader that this model doesn’t take into account the focusing
geometry, thus explaining the slight inaccuracies of the fitting curve. The
energy threshold is estimated at 2.9 mJ, and the maximum reflectivity
obtained is > 92 %, close but slightly below state-of-the-art values. This can
also be explained by our short pulse duration, as presented Sec.3.1.

When performing the reflectivity measurement at higher energies, the
delay between the amplifiers gain and the seed pulse is optimized and the
maximum energy can be brought to 5 J. This further reduces the pulse
duration down to 4.2 ns. During the energy increase, this leads to
observation of plasma formation at the focus point in the cell. This was the
first observation of the manifestation of Optical Breakdown as defined
including all parasitic effects that can affect SBS reflection. In the following
section, we describe the effects observed as a consequence of breakdown.
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4.3.1 . Optical Breakdown
The optical breakdown effect is mostly known in the literature as being

caused by the impurities of the nonlinear medium [2]. In our observation,
the liquid purity at the start of the experiments indicates that, although the
particle presence can facilitate avalanche ionization, other physical effects
can lead to breakdown. Among those, Stimulated Raman Scattering, self
focusing or direct ionization of the molecules of the medium [3]. In our case,
this breakdown lead to the following observable effects:

• The apparition of a spark inside the medium near the focus point.
• Bubbles’ apparition in the liquid, rising to the top of the cell.
• A sudden drop of transmitted energy.
• A sudden drop of transmitted energy stability.
• A very slight drop of the Stokes energy stability.
It is remarkable that in our case, no drop of reflected energy can be

observed, even with breakdown occurrence. However, as indicated, the
apparition of bubbles means that the chemical composition of the cell
changes due to erratic recombination of the ionized molecules inside the
medium. This was further confirmed when, turning down the energy, sparks
could still be observed down to few tens of millijoules, way below the first
breakdown apparition level. The breakdown changes the chemical
composition of the cell and lowers further breakdown threshold.

This proved to be a regular issue in our experiments, in particular when
exploring the behaviour of SBS cell in unusual operation regimes. Once
breakdown appears, The experiments are either continued with regular
breakdown occurrence or an additional filtration cycle has to be performed.
During those additional filtration cycles, macroscopic particles could be seen
directly in suspension in the liquid or stopped by the filters, as shown in
Fig.4.3.
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Figure 4.3: Filter of pore size 220 nm, picture taken after filtration of a liquidpresenting impurities from optical breakdown. Picture taken in LULI2000clean room.

4.3.2 . High energy reflectivity
After an additional filtration step of the liquid, the analysis of the

reflectivity of the cell was pursued. The breakdown occurrence is identified
to be caused by the short pulse duration and the high energy density at
focus point before the liquid initiation. To solve this issue, we use the
temporal shaping capabilities of our SOA (Sec.3.4.2) to compensate for
energy saturation inside the amplifiers, to increase the pulse duration and,
especially, to lengthen the rise time.

The new rise time obtained was about 7 ns for a pulse duration of 5 ns at
half maximum. The temporal profile of the pulse used is given Fig.4.4

Using this new pulse shape, the peak reflectivity and maximum energy
sent inside the cell before breakdown drastically increased. The results are
shown Fig.4.5.

The result reflectivity is greatly increased and reaches 95 % superior to
state-of-the-art results for this pulse duration. This is due to the relatively long
rise time compared to FWHM pulse duration. In our case, the transparency
time corresponding to SBS effect initiation represent a negligible part of the
energy and the reflectivity integrated along the full pulse energy ismaximized.
The reflectivity limit in this case is above 95% for input energy level above 3 J.

Furthermore, the short term stability (over 1000 pulse) of this reflectivity
is excellent and improves with energy (shown in Fig.4.6). The instability of
the reflected wave is due to the fundamentally stochastic behaviour of SBS
initiation, on thermal noise. This behaviour makes SBS initiate with slightly
different coupling strength and delay and is therefore visible on the energy
stability. The higher the input energy, the earlier SBS threshold is reached, and
the less energy is transmitted. The less energetic part triggering SBS means
that the total uncertainty introduced by the PCM decreases.

Overall, we demonstrate that an SBS cell can operate with outstanding
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Figure 4.4: Input temporal profile used for the reflectivitymeasurements. Risetime: 7 ns, FWHM duration: 5 ns.

energy stability< 0.3 %RMS at high energy when the rising edge of the pump
pulse is slow enough to guarantee initiation using aminimal amount of pump
energy. In this case, Stokes energy stability can become comparable to pump
energy stability.

In both Fig.4.5 and Fig.4.6, the point corresponding to an input energy of
5.7 J clearly presents aberrant behaviour. This point corresponds to optical
damage on the polariser due to strong near-field modulations. In the
following section, we study the causes of this degradation of the near field
spatial profile.
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Figure 4.5: SBS cell reflectivity as a function of input energy. The light bluearea around the curve represents the reflectivity standard deviation aroundthe average measurement. Input temporal profile shown Fig.4.4. The drop inreflectivity for point at 5.7 J corresponds to optical damage on the polariser.
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4.4 . Spatial fidelity

The drop in spatial fidelity in near and intermediate fields is probably one
of themost concerning aspect of an SBSmirror as it can quickly lead to optical
damages of the components of the laser system when placed in double pass
configuration. Many mentions of this drop of spatial fidelity can be found in
the literature [4–7] and the offered explanations imply that several effects can
create those perturbations:

• A strong aberration level can decrease the fidelity when the aberrated
far field intensity becomes comparable to SBS threshold [4]. This
effect is characterised by a large drop in fidelity and reflectivity as well
as an unstable behaviour of the PCM. In our case, the aberration level
was low and the power at focus spot was enough to ionize the
medium I ≈ 1011 W/cm2 hence confirming that the intensity is orders
of magnitude greater than the SBS threshold ≈ 100 MW/cm2. In our
experiments, no drop of reflectivity is observed and no particular
instability of the reflectivity can be measured as shown in Fig.4.6.
Hence, the degradation of the spatial fidelity is not associated with
strong aberrations in our case.

• Thermal effects inside the cell can deteriorate fidelity [5, 6], yet this
phenomenon has mostly been observed either for nonlinear medium
with relatively high absorption values or for laser sources with high
average power (few tens of watts for PCFs). This effect is characterised
by a quasi-deterministic change of shape of the reflected Stokes beam
(ellipticity, introduction of several lobes, ...). Although our laser source
can start reaching the critical power level, no significant improvement
of the spatial quality was observed when decreasing the energy (and
therefore the average optical power inside the cell) and the spatial
profile is still extremely unstable in this case.

• Fast initiation of SBS effect with power greatly above the SBS
threshold can also generate drops in fidelity [7]. Large amounts of
power are indeed capable of initiating several spatial modes (and not
only the phase conjugated Stokes mode), including higher order
modes that are usually discriminated against by gain selection. That
effect has been considered in our case, but no improvement in spatial
fidelity is ever observed when tweaking the temporal profile to reduce
optical power density during SBS initiation.

To properly identify the cause of our issue, we perform analysis of the
near field description of the beam. Because of the stochastic behaviour, this
analysis is mostly statistical.
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4.4.1 . Statistical description of near field
The drop of spatial fidelity mentioned previously is described in depth.

First, we present the stochastic character of the beam.
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Figure 4.7: Examples of normalized near-field spatial profiles for thepreliminary measurements. a) Pump beam (stable). b) Example of Stokesbeam without degradation - good spatial fidelity. c) Example of Stokes beamwith degradation (cold and hot spots). d) Example of Stokes beam withdegradation (cold and hot spots). a) and b) are normalised independentlywhereas c) and d) are normalised compared to the high fidelity stokes beampresented in b). The hot spots presented in c) and d) therefore correspond toa fluence increase of about 20%.
In Fig.4.7 are displayed 4 near-field beam profiles. The typical pump beam

is very stable whereas the Stokes beam is unstable. Fig.4.7.b to Fig.4.7.d are
examples of Stokes beams acquired on camera. The spatial fidelity drop is
characterised by local cold spots and hot spots in the reflected beam. Those
spots can change shape, localisation and intensity.

In particular, the apparition of punctual hot spots in the beam as shown in
Fig.4.7.c can damage optical components during the backward propagation.

Since the reflected spatial profile randomly changes for every shot, we
performed a statistical analysis of the properties of the beam. In particular,
the local average and local stability of the beam were analysed.

In Fig.4.8, those statistical properties are analysed. The pump beam is
shown to be very stable with local amplitude stability below 10% except on
the very edges (due to noise being dominant at this point). The Stokes beam
is shown to be clean on average but the stability analysis shows a clear
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Figure 4.8: Comparison of the statistical properties of the near fields ofpump and Stokes beams. a) Average pump beam. b) Pixel per pixel localpump amplitude stability (% RMS). c) Average Stokes beam. d) Pixel per pixellocal Stokes amplitude stability (% RMS). Statistical analysis over 500-pulsesamples.

degradation of the stability to values above 30% RMS on the edges of the
beam. The localisation of those instabilities is of great interest: The SBS
reflection introduces instabilities only at the edges of the beams. Therefore,
we firstly tried to eliminate those instabilities by clipping the edges of the
beam with an hard aperture of variable diameter. We present in Fig.4.9 the
stability characterisation for a hard aperture of 10 mm diameter.

The clipped beam spatial profile stability is greatly increased. In
particular, the number and intensity of hot spots is decreased. This study
confirms that it is indeed the edges of the beam that generate those
instabilities. The remainder of the study focuses on the characterisation of
these hot spots since they represent the main concern for a laser chain,
should the SBS mirror be placed inside a double pass amplification scheme.

In the following, we measure the hot spots by locating the maximum
value on a pixel and comparing it with the average value of the pixels over
the beam. This is the Peak to mean ratio for a particular beam. The results of
this measurement for the initial configuration (same as Fig.4.8 and Fig.4.9)
are given Fig.4.10.
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On this figure, several observations can be made
• As stated previously, the presence of the edges of the beam increases
the probability of hot spot apparition.

• The larger the input beam, themore frequent andmore intense the hot
spots are.
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• The edges of the beams greatly increase the probability of hot spot
occurrence despite not representing a major energy contribution.

This representation is used in the following to characterise the
improvements of the configurations studied.

4.4.2 . Spatiotemporal effects
Since the observed phenomenon has never, to the best of our

knowledge, been identified in the state of the art, the spatial profile
instabilities are clearly characteristic of an issue either on our laser source or
our optical configuration of the SBS cell (propagation length, focusing, ...).

Several analyses are performed to find the root cause of this
phenomenon. The pump beam wavefront is measured, the depolarisation
component is found insignificant, the focusing length inside the cell is
changed and no clear instability or particular contribution of the edges of
the beam is found.

We then tried to analyse the temporal profile over the beam aperture.
Because the initial temporalmeasurement is performed on the diffusion from
the calorimeter, an average of the temporal profile over the beam aperture
is effectively performed. A photodiode with small optical aperture (< 1 mm)
is translated across the beam to measure the temporal profile of every radial
component. This measurement is performed over the horizontal axis only
and the results are shown Fig.4.11.
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Figure 4.11: Comparison of the temporal profiles of the pumpbeam for severaldistances from the near-field centre.
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Besides the strong noise perceived by the photodiode (oscillations of
period ≈ 5 ns) we can directly see the existence of a dependence of the
temporal profile on the radial position. In particular, the slow rise time to
properly initiate SBS effect described Sec4.3.2 is not present on the edges of
the beams.

Because the developed numerical simulations do not allow to properly
simulate an arbitrary spatial profile (and even less a temporal profile changing
as a function of a position in the beam), we cannot theoretically describe how
this spatiotemporal effect takes place. Hence, we cannot confirmwith just this
measurement that the spatiotemporal is the cause of the modulations in the
spatial profile. To confirmour newhypothesis, we reduce the temporal profile
discrepancies in the beam and analyse its influence on the spatial quality of
the reflected beam experimentally.
Spatiotemporal reduction To reduce the spatiotemporal effects in the
pump beam profile, modifications to the laser chain are performed. Firstly,
the root cause of the spatiotemporal effects is identified to be
inhomogeneous temporal saturation along the beam [1]. As presented in
Sec.3.4.2, the seed beam is initially gaussian and is amplified successively in
a regenerative amplifier then cut using a serrated aperture then amplified
again in single or double pass in high gain, flash pumped, Nd:YAG rods. The
most likely origin of the spatiotemporal effects are the different regime of
amplification along the beam:

• Whenan initially gaussian beam travels inside a gainmedium, the small-
signal gain (assumed initially constant along the radial axis) amplifies
the beam homogeneously. Because the intensity is higher at the centre
of the beam, the energy extraction is higher and the residual gain after
the amplification is higher on the edges of the amplifiers.

• In a regenerative amplifier, this extraction discrepancy accumulates
passes after passes and the complete saturation of the extraction of
the energy is reached in a lower amount of passes for the center than
on the edges. An example of the spatio-temporal distortion for a
temporally square pulse is given in Fig.4.12

• Then, the beam is turned into a high order supergaussian due to gain
saturation in the single pass amplifiers. This additional saturation step
generates further discrepancies between the edges and the centre of
the pump beam.

To reduce the amount of spatiotemporal effects, we first start by
mitigating the spatiotemporal effects in the regen. To this aim, several
solutions are available.

142



0 10 20
Time (ns)

0

2

4

6

8

10

Am
pl

itu
de

 (a
.u

.)

a)

Input temporal profile
Ouput temporal profile

0 10 20
Time (ns)

b)

Input temporal profile
Ouput temporal profile
Output temporal profile
(to scale)

Figure 4.12: Spatio-temporal distortion caused by energy saturation inside atypical amplifier. a) For beam centre with input fluence FIn−centre = 4Fsat b)For beamedgewith input powerFIn−outer = FIn−centre/ exp 2 ≈ 0.54Fsat. Flatgain distribution in the amplifiers.

• It is possible to design a regen with top-hat propagation mode [8, 9].
Applying this solution in our case would have required a complete re-
design of our regen module and was therefore rejected.

• It is possible to add a beam expander before the serrated aperture to
not only cut out the edges of the beam but instead keep only the centre.
This way, the only part that is allowed to be amplified is the
quasi-homogeneously-saturated beam centre. This solution is easily
implemented by simply changing the focal length of the magnifying
telescope after the pockels pulse cleaner. This obviously comes at the
cost of reduced energy since most of the pulse is cropped by the
serrated. An illustration of that solution is presented in Fig.4.13

This second solution is directly put into place by simply changing the
values of the convergent and divergent lens from our regen amplifier
module. Under this new optical configuration, the energy at regen output
drops significantly down to ≈ 1 mJ. The spatiotemporal measurements are
then performed once again and compared with the original configuration.
The spatiotemporal measurements figure and the peak to mean distribution
figures are shown in Fig.4.14-Fig4.15.

Several observations can be made with this new configuration. On the
spatiotemporal measurements (Fig.4.14), we can see a clear improvement on
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Figure 4.14: Comparison of the temporal profiles of the pump beam forseveral distances from the center. Configuration with the output beam fromthe regenerative amplifier is magnified before the serrated aperture to keeponly the center.

the temporal profile homogeneity across the beam. The global shape is
preserved on almost the full surface on the beam except the very edges for
distance to centre > 8 mm corresponding to aperture values of > 16 mm.
This measurement presents a good correlation with the overshoot
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measurements of Fig.4.15 where the degradation of the beam quality is
observed for beam diameters above 14 mm. Even for aperture diameters
above this threshold value, the instabilities observed are far weaker than the
typical overshoots observed in the previous configuration (Fig.4.10). The
reduction of the temporal profile inhomogeneities along the beam clearly
influences the quality of the reflection.

The residual instabilities are observed for aperture diameters above
16 mm corresponding to the residual temporal profile inhomogeneities.
Those are most likely caused by the amplification in the double and single
pass amplifiers placed after the regen. Because we use a serrated aperture
and a spatial filter to clip out the edges of the beam without introducing high
order spatial frequencies, the edges of the beam present a smooth decrease
of power down to zero at the amplifiers input (as seen in Fig.4.16). By the
same phenomenon as described previously, this leads to a more
pronounced saturation effect for the centre of the beam than on the edges
and once again introduce temporal profile inhomogeneities on the beam.

The diameter on which those inhomogeneities are introduced
corresponds to the relative depth of the serrated teeth compared to the
serrated centre part. In our case, the internal diameter of the serrated is
2.6 mm and the outer diameter is 3.2 mm. After beam magnification to an
outer diameter of 20 mm, this corresponds to an inner diameter of 16.2 mm
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Figure 4.16: Effect of the introduction of a serrated aperture and a spatial filterfor spatial beam shaping. Source: [10].

close to the experimental value observed for instabilities apparition. Further
improvements in stability are then expected if the relative serrated aperture
inner to outer diameter is increased. Yet to maintain a proper spatial
filtering of the teeth only, the number of teeth of the serrated should also be
increased accordingly. An experimental attempt was made to place two
serrated apertures with opposite tooth pattern to reduce the teeth length
and increase the teeth number by a factor of 2 which lead to marginal
improvement, partly due to the precision required for proper alignment. In
the following, the laser configuration used is the configuration with only a
magnification of the beam before a single serrated aperture for stability
measurements presented in Fig.4.15.

4.4.3 . Spatiotemporal effects suppression
To perform further characterisation of the SBS cell, complete

suppression of all the residual instability was performed. To this aim, a hard
aperture of diameter 10 mm is introduced to clip out the edges of the beam
and keep only the very stable centre. Because the introduction of a hard
aperture introduces high spatial frequencies and disturbs the spatial profile
at cell entrance, the aperture is directly imaged at cell entrance by the mean
of an afocal imaging system with twofold magnification. This allows one to
conserve the input beam diameter of 20 mm and demonstrates that the
input diameter has no influence on the stability of the reflection. The focal
spot is placed inside a vacuum tube to avoid air ionization and the beam is
then sent either on a fold mirror placed before the cell or directly on the SBS
cell. The measurements comparing the pump and Stokes beam are this time
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performed in parallel to study shot by shot the spatial and temporal fidelity
and insure no missed shot occurrence. To this aim, a glass window AR
coated on only one face is introduced in the beam path. It samples 4% of the
input energy and 4% of the output energy and send those samples to two
symmetric metrology benches, each composed of a photodiode and a near
field camera.

The new optical configuration is presented in Fig.4.17
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Figure 4.17: Optical layout of the characterisation benchof themediumenergySBS cell.
The introduction of the hard aperture clipped out a large part of the beam

and reduced the overall energy accessible at cell input down to 1 J.
This setup allows not only to minimize the hot spot apparition and hence

maximize spatial fidelity but also to compare shot by shot the input and
output spatial and temporal profile. The introduction of the fold mirror
allows to compare the wavefront and far field of either the pump or the
Stokes beam. This setup was used to complete the parametric study of the
SBS cell in all the next experiments.

4.4.4 . Conclusion
In this section, we have for the first time demonstrated the influence of

inhomogeneous temporal profile on the quality of SBS phase conjugation.
The present study shows that an inhomogeneous temporal profile can cause
the apparition of stochastic hot and cold spots in the near field spatial
profile during reflection. Those hot and cold spots have been shown to be
able to cause optical damage on the backward propagation (see Fig.4.5) and
thus represent a concerning issue for high energy phase conjugation.

Those spatiotemporal phenomena do not induce a reflectivity loss or any
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particular drop in stability (excellent energy stability performances -down to
0.3% RMS - were reached before the removal of the spatiotemporal effects)
or in the wavefront reversal correction and are only noticeable on the near
field spatial profile of the reflected pulse.

This phenomenon, although concerning, is also largely caused by the
configuration selected for the experiments. The laser source is a Nd:YAG
laser chain with low saturation fluence (Fsat = 0.6 J/cm2) and is operated in
highly saturated regime (Flaser > 2Fsat for several amplifier passes).
Furthermore, since the SBS reflection is performed at the output of the laser
chain, the input laser on SBS cell undergo a significant amount of
amplification (and therefore potential saturation) compared to the usual SBS
cell placed in the middle of a double pass. We can therefore assume that the
spatiotemporal issue is less concerning for typical laser architecture with SBS
cells placed at the middle of a double pass as most of the spatiotemporal
coupling due to saturation is performed during the last amplification stages.

Despite all of this, we show that the initial regenerative amplification
stage can already be critical for SBS reflection. We demonstrate that the
saturation in the first stage of amplification can generate temporal profile
instabilities that are converted to spatial profile hot spots during the SBS
reflection. This work demonstrates that when employing an SBS mirror, it is
required to suppress residual temporal profile inhomogeneities across the
beam by either adequate design of the regenerative cavity (flat mode regen)
or by using a hard aperture at the regen output (and thus losing a large
amount of energy). This last solution is employed in the following, leading to
maximum input energy on cell of about 1 J.

In the following, we use this new, single shot complete optical
configuration to analyse the wavefront correction capabilities of the cell.

4.5 . Wavefront reversal

In a double pass scheme, the SBS cell can be used at the middle of the
double pass to invert the wavefront, making all aberration sources self
correct during the backward propagation. As seen previously, this
aberration correction should present a limit (may it be only because the
intensity at waist become too low to trigger SBS effect [4]).

In the following, we look into the wavefront correction capacities of the
SBS cell. Several aberrations of interest are tested and parametric studies on
the wavefront reversal are presented. Since, in the following, we will be
talking about wavefront analysis and switching between the classical
aberration description (Seidel and Zernike basis), we firstly succinctly
present the formalism used in this section. In particular the Seidel and
Zernike aberration basis are presented and the notion of analysis either in
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Peak-to-Valley PV or Root-Mean-Square RMS are recalled.
4.5.1 . Wavefront analysis

A laser beam wavefront Σ is defined as the set of points in space of
constant phase:

ΣA = {(x, y, z)/ϕ(x, y, z) = A} (4.1)
In geometrical optics, punctual objects emit light rays in all direction. The

corresponding wavefronts emitted by these objects are thus spheres
centred around the emitting objects. If we consider a perfect imaging
system, the image of a point is also a point. Hence, perfect imaging systems
or optical components are capable of transforming a sphere wavefront in
another sphere wavefront. It is then natural to characterise the imperfections
of an imaging system (or simply an optical component) by the deviation it
introduces compared to the reference wavefront: a sphere. This deviation∆ is,
in the general case, a function of three variables: the field variable y (height
of the object or angle of the beam compared to the optical axis), and the
impact coordinates (h, φ) of the optical component aperture.

The Seidel decomposition develop this deviation as a sum of terms y2, h2
and cos(φ). The decomposition is:

∆(y, h, φ) =
∑

(p,q,m)∈N3

ap,q,mh
2p+my2q+mcos(mφ) (4.2)

with ap,q,m the relative amplitude of each term. For a collimated laser
beam, the dependence along y is very weak (same angle for the whole field)
and usually placed inside the amplitude term. For clarity, the h variable is
also often normalised as the ratio of the height on aperture divided by the
full aperture: u = h/hmax.Some of these terms corresponds to classical wavefront aberrations such
as: the defocus term (p = 1,m = 0), the spherical aberration (p = 2,m = 0),
the comas (p = 1,m = 1), the astigmatisms (p = 0,m = 2)...

Using this formalism, it is possible to describe the amplitude of the
aberrations studied using one of the following two description:

• The Peak-to-Valley or PV describes the difference between the
maximum and minimum of the deviation from the ideal wavefront. It
is often used to describe a wavefront were only one aberration is
dominant or to characterise the presence of strong localised
wavefront deviation.

PV∆ = max(∆)u,φ −min(δ)u,vϕ (4.3)
Furthermore, when correcting the aberrations using a deformable
mirror, the PV aberration value represent the difference in optical
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path required for correction and therefore are directly linked to the
strain on the actuators of the deformable mirror.

• The Root-Mean-Square or RMS describes the variance of the wavefront
deviation over the aperture. It is mostly used to characterise the beam
quality during focusing. A significant RMS wavefront aberration
degrades the Strehl ratio of the beam.

RMS∆ = σ2∆ =
1

π

∫ 1

0

∫ 2π

0
|∆(u, φ)|2ududφ (4.4)

Zernike basis Although the Seidel basis offers a natural analysis tool for
the study of wavefront aberration, it cannot describe a wavefront as a
unique sum of wavefront aberration. For instance, the introduction of
spherical aberration (∆ = aASu

4) also shifts the best focus position
(∆ = aDefocusu

2). The Zernike basis is an alternative basis on which the
aberration polynomials have been orthogonalized and normalised. It is then
possible to describe a wavefront as a unique sum of amplitude cnm over the
basis polynomials Zmn .

∆(u, φ) =
∑

(n,m)∈N

cnmZ
m
n (u, φ) (4.5)

Furthermore, the polynomials of the basis have been normalised such
that cnm = 1 corresponds to an RMS value of the polynomial of 1. This
means that the amplitude of an aberration on the Zernike basis is not the
same as the value of the same aberration on the Seidel basis and that the
amplitude RMS of the full wavefront can be simply calculated as the sum of
all the amplitude aberrations:

σ2∆ =
∑

(n,m)̸=(0,0)

c2nm (4.6)
The first few polynomials of the basis corresponding to the aberrations of

interest are given Tab.4.1.
The polynomials formulas allow us to explicitly calculate the difference

between the PV amplitude and RMS amplitude for the aberrations of interest.
For example, a spherical aberration of amplitude cmn on the Zernike basis
corresponds to:

• An RMS aberration level of s∆ = cmn

• A PV aberration level of 3
√
5

2 cmn on the Zernike basis (about 3.35 times
the RMS value).
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n m Zm
n (u, φ) Name

0 0 1 Piston
1 1 2u cos(φ) 0◦ Tilt1 -1 2u sin(φ) 90◦ Tilt2 0 √

3(2u2 − 1) Focus
2 2 √

6u2 cos(2φ) 0◦ Astigmatism2 -2 √
6u2 sin(2φ) 45◦ Astigmatism3 1 √
8(3u3 − 2u) cos(φ) 0◦ Coma3 -1 √
8(3u3 − 2u) sin(φ) 90◦ Coma4 0 √
5(6u4 − 6u2 + 1) Spherical aberration

Table 4.1: Zernike polynomial basis. Aberrations of interest, up to thirdorder.
• By isolating the u4 component, the Seidel equivalent of this Zernike
aberration has amplitude of 6√5cmn ≈ 13.4cmn. More than 13 times
higher than the RMS value on Zernike basis. This conversion will be
used frequently in the following.

The amplitudes of the aberrations are usually given in waves: the number
of wavelength corresponding to the optical path difference.

The need for this conversion rises from the following: The Zernike basis
is very useful for independent decomposition of the polynomials’ basis. It
also characterises the far field properties of a laser beam and thus permit the
description of the beam usability on focused applications. If an SBS cell were
to be used for plasma physics experiments with a tight focusing on target, the
RMS description allows us to directly access to the size of the focused beam
on target.

Conversely, the PV amplitude along Seidel basis is the usual “amount of
aberration to be corrected” by a deformable mirror. During the comparison
of the performances of the SBS mirror and typical deformable mirrors, the
PV value will be used. For reference, a typical deformable mirror is able to
correct a few waves (2-3 waves) of PV optical path difference (OPD) (for
spherical aberration).

In the following, we introduce only one kind of optical aberration and
perform the measurements of the wavefront reversal capacities of the cell.
The aberration correction and its stability are measured using a wavefront
sensor SID4 from the company Phasics.

4.5.2 . Spherical aberration
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To characterise the SBS performances when aberration is introduced, we
study the aberration inversion and aberration self correction of known,
calibrated aberration. To the best of our capabilities, aberrations of interest
are added independently.

The first aberration of interest is the spherical aberration, that generally
represents the first limiting optical aberration in an optical system, especially
in the case of side-pumping geometry. In particular, it cannot be easily
corrected by simple optical arrangement (on the contrary to defocus or
astigmatism for example) and, is also the hardest third order aberration to
compensate for with a deformable mirror. This aberration depends on u4
and is therefore extremely localised on the edges of the aperture. Hence
putting on a large strain on deformable mirrors, limiting the maximum
correctable aberration.

To introduce calibrated spherical aberration, spherical aberration plates
were purchased (Edmunds optics - 66-759) introducing 1 λ PV of Seidel
spherical aberration for λ = 587 nm, over 21.1 mm. Our beam having a
20 mm diameter, at 1064 nm , the actual aberration level introduced is 0.4 λ
PV per plate. Since 5 plates are accessible, the maximum aberration level
accessible in single pass is 2 λ PV. The aberration plates are placed in front
of the cell and the residual spherical aberration after the double pass is
analysed.

The optical layout used for the spherical aberration measurements is
shown Fig.4.18.
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Figure 4.18: Optical layout used for the spherical aberration measurements.
Because the aberration plates are placed in the middle of the double

pass, the cell should effectively correct all the spherical aberration and the
residual spherical aberration measured on the SID4 should be close to 0, the
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only residual aberration being the laser source aberrations, with sign
reversal. Conversely, if the cell does not properly invert the wavefront, the
residual spherical aberration level measured is expected to be twice the
level at cell input. This input reference wavefront is measured using the fold
mirror in place of the cell and no aberration plate and is shown Fig.4.19.
Residual astigmatism can be observed due to the window of the vacuum
tube (shown Fig.4.18) placed at Brewster angle inside the magnifying afocal
optical system.
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Figure 4.19: Wavefront measurements of the pump beam. Measurementperformed with 0 aberration plates and the fold mirror in place of the cell.
To study not only the mean correction but also the stability of the

wavefront correction, 200 Sid4 measurements were performed for every
configuration (ranging from 0 to 5 aberration plates). The results of the
measurements including the mean level of spherical aberration, the
standard deviation and the extremal values are displayed Fig.4.20. On this
figure, the initial spherical aberration has been used as a reference and
subtracted for all the other datasets.

The residual spherical aberration is extremely low (< 0.05 waves PV),
comparable to the SID4 resolution (≈ 0.01 λ RMS). The stability was also
excellent with standard deviation below 0.1 λ PV. Several of those datasets’
stability are presented Fig.4.21-Fig.4.23

As observed on the previous figures, although the input spherical
aberration does not impact the level of the output spherical aberration a
slight wavefront reversal error can be seen in the Stokes beam.
Furthermore, the stability of the Stokes wavefront is degraded compared to
the stability of the pump. The degradation of the stability is particularly
visible toward the centre of the beam.

This study was performed for several energy values ranging from 500 mJ

to 1 J and no significant variation of the correction properties were observed.
Although a numerical simulation of this phenomenon is impossible with
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Figure 4.21: Wavefront measurements of the Stokes beam. Measurementperformed without aberration plates in double pass.

the tools at hands (the split-step model is theoretically able to simulate the
spatial profile but is currently limited to low focusing), the degradation of the
stability can be attributed to the difference between the marginal and
paraxial rays. The marginal rays focus closer to the cell entrance window
due to the spherical aberration. This secondary focus point is able to
generate an acoustic wave that disturbs the paraxial rays, focusing farther
from cell entrance.
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Figure 4.22: Wavefront measurements of the Stokes beam. Measurementperformed with 3 aberration plates in double pass. ( ≈ 1.2 λPV)
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Figure 4.23: Wavefront measurements of the Stokes beam. Measurementperformed with 5 aberration plates in double pass.( ≈ 2 λPV)

Further studies are required to confirm or infirm this hypothesis. Yet, this
result is the first demonstration of local wavefront instabilities introduced in
the beam due to wavefront aberration.

4.5.3 . Astigmatism
The second aberration of interest studied in this chapter is the

astigmatism. This aberration is generally the dominant aberration in laser
chains, although it is usually relatively easily corrected.

Astigmatism characterises a curvature defect only present on one axis
(contrary to defocus). It can appear when a laser beam passes through a
tilted beam, or when mechanical constraint on an optical component
deform it along one axis only. The corresponding Zernike polynomials
according to Tab.4.1 are:

√
6u2 cos(2φ) (4.7)
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for 0◦ Astigmatism and
√
6u2 sin(2φ) (4.8)

for 45◦ Astigmatism.
Those formulas directly gives the conversion factor PV-RMS on Zernike

basis: 1 λRMS = 2
√
6 λPV. Contrarily to the spherical aberration, the

introduction of a large PV astigmatism also corresponds to a high value of
the RMS and can then lead to a degradation of the focus spot.
Astigmatism introduction To introduce astigmatism, we need to
introduce a curvature defect on one axis only. This is simply done using a
titled lens of focal distance f with rotation angle θ on one axis (here X) only.
In this case, the beam rays on the X axis focus at a distance f/ cos(θ) of the
lens and the beam along the Y axis focus at the usual distance f . This is
illustrated by the schematics in Fig.4.24.

Focal plane

f
cos(θ)

f

θ

Figure 4.24: Representation of the difference in curvature between raysimpacting the lens with normal incidence (blue) and rays impacting the lenswith an angle θ (red).
In the general case, the introduction of a curvature of radius R introduce

a OPD compared to the reference sphere of:
∆(r) = r2/2R (4.9)

Thus, with a tilted lens, the curvature difference between the vertical
(normal) and horizontal (tilted) axis can be written as:

∆X(r)−∆Y (r) =
r2

2f

(
1

cos(θ)
− 1

)
(4.10)

And the PV of the astigmatism aberration∆PV is then:
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∆PV = |∆X(rmax)−∆Y (rmax)| =
∣∣∣∣r2max2f

(
1

cos(θ)
− 1

)∣∣∣∣ (4.11)
In our case, the easiest way to introduce astigmatism is then to tilt the

focusing lens place just before the cell. We present the calculated PV values
of aberration for different tilt angle in Tab.4.2
Focusing lens (220 mm) angle Astigmatism value (PV-Zernike, in waves)
0◦ 0
3◦ 0.29
5◦ 0.81
7◦ 1.60
10◦ 3.30
Table 4.2: Astigmatism (PV-Zernike) induced as a function of thefocusing lens tilt angle.

The introduction of astigmatism this way allows us to reach large
amount of aberration, way above what is typically present in a laser chain
(> 3 λRMS in single pass) and thus study the cell behaviour at this
aberration level. As mentionned previously, the pump beam still presents
some astigmatism caused by the tilted windows of the vacuum tube in the
magnification afocal system (as seen in Fig.4.19). Thus, the measurements
will be presenting an offset since the cell also reverses this contribution to
astigmatism coming from the imaging system. The results of the cell
wavefront inversion are given Fig.4.25.

Once again we see almost perfect correction of the induced aberrations
in the middle of the double pass as the average value. However, we see that
the uncertainty (standard deviation and extremal values) are greatly
increased, especially for large level of aberration. This confirms the
observation first made for the spherical aberration: The greater the
aberration corrected, the less stable the wavefront correction is.

Wepresent Fig.4.26-Fig.4.28 the averagewavefront andwavefront stability
for several datasets.

On the contrary to the spherical aberration presented before, the
wavefront instabilities seem less localised. The typical shape of the
wavefront instability seems to depend on the structure of the energy
repartition near focus inside the cell and should vary widely depending on
the aberration type observed. However, the mean wavefront remains
almost constant no matter the amount of input aberration introduced.
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Figure 4.25: Output 0◦ astigmatism level as a function of induced astigmatismby the tilt of the lens. The standard deviation of the measurements is plottedas a line and the extremal values are plotted as stars. 200 wavefrontsmeasurements are taken for every dataset.
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Figure 4.26: Wavefront measurements of the Stokes beam. Measurementsperformed with lens untilted.
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Figure 4.27: Wavefront measurements of the Stokes beam. Measurementsperformed with lens tilted at 5◦. Corresponding to 0.81 λPV.
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Figure 4.28: Wavefront measurements of the Stokes beam. Measurementsperformed with lens tilted at 10◦. Corresponding to 3.3 λPV.
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4.5.4 . Aberration correction limits
Reflectivity When plotting the reflectivity curve for several different
values of lens tilt (up to 45◦), we can observe an increase of the SBS
threshold as well as the overall reflectivity. The corresponding curves are
shown in Fig.4.29.
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Figure 4.29: Reflectivity curves for several values of astigmatism aberrationlevel.
As expected and theoretically predicted in Chap.2.5.3, the reflectivity

drops when the aberration level increases and the maximum energy density
inside the cell is subsequently reduced. The absolute quantification of the
decrease of maximum energy density depends on the kind of aberration
introduced and therefore, the reflectivity curves might be different
reflectivity measurements with other kind of aberrations.
Spatial profile artefacts In the scope of this work, we were unable to
reach an input aberration level that made the cell unable to properly invert
the wavefront. However, as stated before, the stability of the reflected
wavefront drops with the input aberration level. Furthermore, another
parasitic effect was detected when increasing the astigmatism level above
10 λ, with tilt angles above 20◦. In this case, the reflected beam spatial
profile was distorted and presented “fringe-like” patterns with contrast
increasing with lens angle. The position and shape of those fringes were
stochastic. An example of such a beam is shown in Fig.4.30.

When looking at the far field energy distribution, the apparition of those
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Figure 4.30: Near field spatial profile of the Stokes beam when correctinglarge amount of astigmatism. a) Focusing lens tilted at 20◦ corresponding to
3.5 λRMS of Zernike astigmatism. b) Focusing lens tilted at 45◦ correspondingto 18 λRMS of Zernike astigmatism.

modulations in the spatial profile corresponded to several spots along one
axis (in our case, the y-axis). This behaviour is shown Fig.4.31

If we consider the far field energy distribution as the re-imaging of the
energy distribution inside the cell near the focus point, what we see on
Fig.4.31 can be assimilated to the source term of the Stokes field inside the
cell (although disturbed by the lens aberration during the back-propagation
inside the aberrant lens). The multiplicity of the source points may indicate
that several acoustic waves are created in parallel inside the nonlinear
medium then mix and interfere, hence creating those fringes pattern in the
output near field. This parallel initiation is obviously possible only when the
spatial extension in farfield inside the cell allows for interaction with
different acoustic waves and is therefore more likely to happen for extended
focus spots (and thus large amount of RMS wavefront aberration).
Confirmation of this process through simulation is impossible using the 2D
or the modal-decomposition simulation model but might be accessible with a
more elaborated split-stepmodel.
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Figure 4.31: Far field distribution of energy of the Stokes beam whencorrecting large amount of astigmatism. Focusing lens tilted at 45◦corresponding to 18 λRMS of Zernike astigmatism. Several spots in the farfield, each corresponding to a potential Stokes wave source term are visible.

4.5.5 . Conclusion
The study of the wavefront reversal capacities of the cell has been

conducted and presented. The cell is found to be able to compensate for
large amount of aberration in the double pass (> 4 λPV for the spherical
aberration, > 7 λPV for astigmatism) at the cost of a slight degradation of
the reflected wavefront stability.

When increasing the input aberration,the wavefront stability degrades,
either locally (spherical aberration) or on the full wavefront (astigmatism).
This degradation is found to depend on both the aberration kind and its
corresponding amplitude. In the case of strong astigmatism aberration, the
cell is found to generate detrimental artefacts in the spatial profile. Those
artefacts are also assumed to depend on the kind of aberration observed,
although the maximum amount of spherical aberration accessible did not
allow to observe degradation on the near field spatial profile.

When thewavefront is disturbed enough to generate a significant increase
of beam size at focus spot, the reflectivity is found to drop, as predicted by
the numerical simulations. This degradation in reflectivity is not found to be
detrimental up until aberration level exceeding several waves RMS.
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4.6 . Temporal fidelity

We now study the influence of the SBS reflection on the temporal profile.
The extensive theoretical and numerical studies of Chap.1-2 have confirmed
that the displacement of the acoustic wave from focus point to entrance
window, as well as the cell transparency before initiation is capable of
changing the pump pulse temporal profile. To mitigate those effects, we
designed our SBS cell (usage of a liquid for fast initiation) and our focusing
condition (short propagation distance inside the cell).

Our aim in this section is the experimental confirmation that the
conservation of a temporal profile through SBS reflection is possible. To this
aim, we study the temporal profiles of the pump and Stokes pulse and
compare them under several operating conditions. Because of the intended
target applications, several temporal shapes of interest have been identified
for these studies. They include gaussian and ramp temporal shapes as well
as a two-step temporal shape, referred to in the following as fusion-shape.
This last denomination is somewhat inaccurate as this might not be the
exact shape used in fusion experiments, but it is in this chapter used as a
demonstration that actual fusion temporal shape are accessible using the
SBS-PCM.

4.6.1 . Requirements
Firstly we remind the reader of the requirements for the temporal shapes.
• The goal is to obtain arbitrary temporal profile at SBS cell output. To
this aim, the conservation of the pump pulse temporal pulse shape has
been targeted but is actually even more challenging. It would be
acceptable if the output temporal shape were of the required shape
after a deformation by SBS reflection. For this reason, the
disappearance of the leading edge of the pump pulse due to SBS
initiation does not present a problem for our application.

• The reflection on the SBS cell should not introduce detrimental effects
such as jitter or rogue waves.

• The different parameters influencing the SBS mirror reflectivity should
be identified and their relative influence characterised.

To this aim, we introduce an analysis tool that will be used in the following:
the reflectivity along time. It is simply the ratio of Stokes pulse over pump pulse
along time, given by:

R(t) =
Is(t+ τ)

IP (t)
(4.12)

163



In this equation, note that the Stokes pulse is delayed by a time τ

representing the propagation time of the pulse inside the cell (and include in
experiments the delay of propagation to measurements line). Because the
temporal shape of the Stokes pulse might differ compared to the pump
pulse, this delay τ is not always easily found (i.e. In the compression case,
the definition of τ becomes ambiguous). Hence, in the following, τ is found
numerically by maximizing the mathematical correlation between pump and
Stokes pulse. An example of reflectivity along time measurement is
presented Fig.4.32.
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Figure 4.32: Reflectivity along time for an SBS interaction. Pump pulse:7 nssquare pulse, Stokes pulse: 2 ns square pulse. The bottom graph representsthe two pulses delayed to maximize their correlation. Inset is the reflectivityalong time. On this inset, the reflectivity is plotted as a blue line and the shapeof the pump pulse is displayed as a blue area.
On this kind of graph, a compression is represented as an overshoot with

the reflectivity curve (in inset) goes above 100%.
In the case of real pulses, the detection will be performed with

photodiodes and their corresponding measurement noise will be
introduced. This noise can make the pump intensity reach values close to 0.
In this case, the calculation of the reflectivity along time presents aberrant
values and therefore has to be manually set to 0. In the following, we put
this threshold for pump intensity below 5% of their maximum value. A
comparison of the effect of noisy temporal profiles on this representation
with and without these thresholds is presented in Fig.4.33-Fig.4.34

A perfect temporal profile conservation would mean a reflectivity along
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Figure 4.33: Inset of the bottom graph: Reflectivity along time for an SBSinteraction with noisy temporal profiles (noise set at 5% of peak). Withoutthreshold to set the reflectivity at 0 for low signal pump pulses. The includedgraph presents aberrant values and themeaningful part curve of interest (thereflectivity along time during the duration of the pump pulse) is invisible.

time constant over the whole duration of the pump pulse. Conversely, a
compression scheme is characterised by an overshoot, with reflectivity over
100% followed by a sudden drop.

Firstly, a typical quasi-gaussian pulse shape was used with a mirror in
place of the cell to calibrate the metrology measurement setup. The
obtained temporal fidelity is given Fig.4.35.

Using a mirror, a good temporal fidelity is obviously reached. We can
however notice some differences of photodiode signal before the main part
of the pulse (dark current) and a different response to higher signal
(characterised by a reflectivity drop at highest input power). This last point a
characteristic of the photodiode, loosing linearity at higher input optical
power, and is present despite the photodiode used being identical.
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Figure 4.34: Inset of the bottom graph: Reflectivity along time for an SBSinteraction and noisy temporal profiles. With threshold to set the reflectivityat 0 for low signal pump pulses (below 5%). On the contrary to Fig.4.33,the included graph this time represent the real reflectivity along time for theduration of the pump pulse, and 0 elsewhere.
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Figure 4.35: Experimental temporal fidelity measurement for a mirror.

4.6.2 . Interaction length dependence
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The numerical simulation developed in Chap.2 showed a clear
dependence of the temporal fidelity with the interaction length. A long
interaction distance allows for long displacement of the acoustic wave
maxima and hence of the reflecting zone. This displacement being able to
compress the input temporal pulse into a shorter Stokes wave. In this
section, we investigate this behaviour experimentally by choosing different
focal length values for the focusing lens in the liquid, thereby changing the
interaction distance. Although typical simulations results were already
performed in Sec.2.3, we show in Fig.4.36 some additional simulations
results, with simulation input corresponding to our experimental temporal
shape and focusing condition.
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Figure 4.36: Simulation results for an SBS interation using as input parametersthe experimental parameters. Nonlinear medium: HT70, input beamdiameter: 20 mm, input energy: 700 mJ focal length used: a) 220 mm b)
180 mm. Simulation results obtained using the 2D model.

As expected after the initial studies of the simulations, in the case of the
use of a liquid with response time of the order of the nanosecond (Sec.2.3.5,
Fig.2.16), the compression start to appear for focal length of the order of
200 mm. The simulations for our experimental case allows us to refine this
study and shows that using a 180 mm focusing lens instead of a 220 mm

provides a clear improvement of the Stokes temporal profile conservation.
Those simulations were then compared with experimental results.

Firstly, a focusing length with focal length 220 mm, corresponding to an
interaction distance inside the cell of 280 mm was used. The comparison
between input and output temporal profiles is shown in Fig.4.37
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Figure 4.37: Experimental temporal fidelity. Interaction in HT70 with an inputenergy of 700 mJ, with input diameter of 20 mm and a focusing lens of 220 mmfocal, corresponding to an interaction distance of 280 mm.

This experimental curve shows similar behaviour with the predicted
shape in Fig.4.36.a. In particular, the modulations in the Stokes temporal
profile corresponding to relaxation oscillation are present. Perfect accuracy
with the simulated temporal profile has yet to be reached, and is assumed
to be caused by the lack of proper spatial profile simulations.

To characterise the improvement numerically predicted in Fig.4.36, the
same experiment was performed using a 180 mm focusing lens, all the other
parameters remaining unchanged. The corresponding temporal fidelity curve
is shown in Fig.4.38

The usage of this shorter focusing lens allows a much better
conservation of the pump temporal profile. Although the leading edge is
slightly compressed, and a residual short amplitude compression spike is
still visible, the relaxation oscillation numerically predicted and seen in the
reflected temporal profile in Fig.4.37 with the 220 mm focal lens are
suppressed. Only a small overshoot is present in the reflected temporal
profile.

Those results confirm several points of interest of the thesis so far:
• It is possible to accurately predict the behaviour of the SBS interaction
using the numerical simulations developed in Chap.2, albeit limited by
the spatial profile description.

• It is possible to choose the focusing lens to be used in the experiments
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Figure 4.38: Experimental temporal fidelity. Interaction in HT70 with an inputenergy of 700 mJ, with input diameter of 20 mm and a focusing lens of 180 mmfocal, corresponding to an interaction distance of 230 mm.

and therefore design a cell for a particular application.
• It is possible to experimentally reach a proper temporal fidelity for at
least some shapes of interest.

Despite those points, the results are limited by the quality of our laser
source, with significant spatiotemporal coupling limiting the rise in energy.
Furthermore, the beam used in those experiments has an extremely clean
wavefront. An actual pump beam for a cell operating in a proper laser system
will be harder to properly simulate due to the spatial profile and wavefront
description not accurately represented here.

In the following, we study the jitter introduced by the SBS reflection in the
laser system for the gaussian temporal profile.

4.6.3 . Jitter
The jitter of a high energy laser chain is an important parameter for a

large range of applications, in particular for synchronisation of the output
pulse with secondary sources such as in the case of pump-probe
experiments or OPCPA pumping. Because the SBS interaction is capable of
modifying the input temporal profile, it is natural to assume it is also capable
of adding a random delay to the reflected Stokes pulse compared to the
pump pulse, hereby inducing jitter.

If the SBS mirror were to be put in a laser system with strict jitter
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requirements, this jitter introduced by the SBS cell can become the limiting
factor of the full laser system. Typically, the jitter of a high energy laser
following the MOPA architecture is limited by its seeder. Standard TTL based
clock technology present jitter values between the trigger signal and the
output laser pulse of 1 ns without locking the clocks of the seeder and down
to 60 ps with clock locking. More complex systems used in high energy lasers
manage jitter values of about 20 ps. If the jitter between the pump and
Stokes pulse is above those values, the cell becomes the dominant source of
jitter in the laser system.

Because of the initiation of the Stokes wave by thermal noise, the start of
the SBS interaction intrinsically present a random behaviour. The rising edge
of the Stokes pulse can shift randomly, introducing jitter. Once the acoustic
wave has grown and stabilized near the cell entrance, the jitter of the cell
should intuitively be largely reduced or even disappear. Yet this behaviour
might change depending on the input pulse temporal shape and has to be
confirmed experimentally.

Methodology of Jitter measurement The measurement of the jitter
can also be technical. To measure the intrinsic jitter of the cell, we measure
the delay between the input and output pulse inside the cell. Then, the
statistics of this delay gives the jitter. Because the temporal shape between
pump and Stokes pulses are changed by the reflection, the delay is
calculated for a specific power threshold. The delay τ for a power threshold
of 10% is noted τ0.1 the jitter is then the standard deviation σ0.1 of this delay.Note that this definition requires independent normalization of pump and
Stokes pulse and therefore looses its physical meaning for widely different
pulses shape.

Assuming identical pulse shapes with random delay, the main limitation
during the experimental measurements becomes the electronic noise of the
measurements. The photodiode and oscilloscope present large amount of
noise (about 7%, no matter the oscilloscope range used - minimized by
taking a moving average over 500 ps of every pulse). This significant
amplitude noise is converted into delay noise with a factor proportional to
the first order derivative of the temporal profile: for an arbitrary temporal
shape, the jitter measured for a particular threshold level depends on the
slope of the temporal profile when crossing this level.

To minimize the electronic noise, degrading the jitter measurements, a
moving average over 500 ps is performed for every curve before the
threshold detection. Although this value might seem high for the detection
of delay variations about an order of magnitude below those 500 ps, we
remind the reader that a moving average does not impact the jitter for
noise-free monotonously increasing slopes. In our case, as shown in
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Fig.4.38, the curve is mostly monotonous, except for the residual
compression spike visible on the Stokes curve at about 1 ns delay,
corresponding to a threshold about 30%. The validity of this calculation is
further confirmed by the capacity to observe jitter increase for the fast
structures of both the pump and Stokes waves as seen in Fig.4.39.

In all cases, in the following, all the jitter measurements are performed
for the SBS cell and for a mirror in place of the cell under the exact same
configuration. The obtained results are then compared in the figures in the
following. Because a mirror introduce a very low amount of jitter, it is used as
a reference. The inherent jitter of the cell would thus be observed for a jitter
curve of the cell significantly higher than the mirror curve.
Jitter measurements The jitter measurements were performed for the
same temporal shape as previously shown in Sec.4.6.2, with the 180 mm

focal length to keep good temporal fidelity as presented in Fig.4.38. The jitter
measurements are given in Fig.4.39.
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Figure 4.39: Jitter measurement of the SBS interaction for a quasi-gaussiantemporal profile. a) Jitter of the rising edge plotted against the threshold taken
σa(a) b) Average input and output temporal shape c) Average delay betweenpump and Stokes for reaching every value on the rising edge τa(a).

This figure has been obtained following the methodology previously
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described and a significant amount of information can be extracted from it:
• The curve presented in Fig.4.39.b is the comparison of the average
pump and stokes temporal profile as presented in Fig.4.38.

• From this curve, we can extract the timing at which the pump and
Stokes wave exceed threshold for the first time, and plot the average
delay as a function of the threshold. Because the temporal shape
changes during the SBS reflection, this delay is not necessarily a
constant line. In our particular case, this is shown in Fig.4.39.c. For the
case of the SBS mirror, we can see that the Stokes pulse is delayed
compared to the pump for low threshold intensities (characteristic of a
leading edge sharpening) then gets ahead for thresholds about 25% of
maximum intensity (characteristic of a compression) before
stabilising. This stabilisation for delays of 0 ns being characteristic of a
good conservation of the temporal shape.

• Lastly, we can evaluate the deviation compared to this average
behaviour. The deviation of the delay for a particular threshold is what
we call the jitter for this particular threshold. It is shown in Fig.4.39.
The definition of the jitter in this particular case is highly dependent
on the measurement amplitude noise that gets converted into delay
noise. Furthermore, as mentioned earlier, this conversion is also
dependent on the temporal shape.

With this, the following informations can be extracted.
• The jitter for very low threshold value is important (> 400 ps) and
caused by electronic noise.

• The large jitter increase for threshold value of 0.2 to 0.35 is caused by
the plateau that can be seen on the temporal shapes. Because this
plateau reduces the slope, the conversion from electronic noise to
delay noise is increased and the jitter value also increase. Because the
deformation of the temporal profile generates a flatter plateau of the
Stokes temporal shape, the jitter value for the Stokes pulse is
increased even further than when using a mirror.

• Despite all those considerations, the timing of the compression spike
seems to be the most uncertain part of the pulse. When observing a
residual compression effect, the SBS reflection adds jitter for the leading
edge of the pulse

• for low threshold value < 0.2 , the SBS interaction increases the jitter,
despite the Stokes pulse having a sharper slope. At least some of the
50 ps jitter value is due to a jitter increased caused by the SBS interaction.
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• For higher threshold values> 35%, the jitter of themirror configuration
is equal to the jitter of the SBS configuration. The SBS does not add jitter
after initiation and is indistinguishable from a mirror after the initial
compression spike.

In all cases, the jitter value caused by the SBS reflection is below 60 ps

(except for the top of the compression spike) no matter the threshold value
chosen. And the mirror curve indicates that this measurement is at least
partly limited by electronic noise and the real value should be even lower.

4.6.4 . Arbitrary temporal shapes
To evaluate the capacity of the SBS interaction to conserve arbitrary

temporal shapes, another shape of interest was studied. Because of the high
saturation level of the laser source, the generation of precise and arbitrary
temporal shape was arduous. In this section, only preliminary studies are
performed to show the feasibility of temporal fidelity. More details and
more shapes of interest will be studied in further experiments on a different,
Nd:Glass, laser source operating in lower saturation regime and presented
in Chap.5. Here, we studied the so-called fusion-shape with two successive
steps. The temporal fidelity for this shape of interest is shown in Fig.4.40.
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Figure 4.40: Experimental temporal fidelitymeasurements. Fusion shapewithinput energy 700 mJ using the 180 mm focusing lens.
This figure shows a good conservation of the main part of the temporal

shape but the trailing edge present a sharp spike, characterised by a
reflectivity above 300%. Simulations performed for the input temporal
shape and the experimental condition and no appearance of this trailing
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spike was never observed (see, Fig.4.41), whereas the experimental
appearance of the spike was observed with high stability over several
hundreds of pulses.
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Figure 4.41: Simulation results for an SBS inteaction using as input parametersthe experimental parameters of the temporal fidelity with the fusion shape.Nonlinear medium: HT70, input beam diameter: 20 mm, input energy:
700 mJ, focal length used: 180 mm. Simulation results obtained using the 2Dmodel.

One hypothesis regarding the lack of correlation between the simulation
results and the experimental results concerns the spectral properties of the
pump beam. The simulation models described in Chap.2, derived from the
fundamentals SBS equations derived in Chap.1, do not take into account the
linewidth of the optical pulses, assuming infinitely narrow-linewidth pulses.
The experimental conditions, however, present a short spike of duration
FWHM ≈ 2 ns. The typical variation time of this pulse is therefore close to
the Brillouin lifetime for the nonlinear medium used (0.9 ns for the HT70
liquid used here), and the corresponding linewidth can then approach the
Brillouin linewidth. This could then cause a reflectivity drop in the area close
to cell entrance and a rebound, generating a compression spike as follow:

• When the SBS cell reaches steady state, the reflecting zone is located
close to cell entrance window. Most of the pump signal is therefore
reflected in the first fewmillimeters of liquid. The rest of the cell is hence
effectively screened from pump light and the acoustic wave fades.

• When reflectivity drops, due to the linewidth broadening or another
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process, the pump is allowed to propagate further inside the liquid
and because the acoustic wave has mostly faded, reaches the area
near focus point.

• Another cycle of SBS initiation, capable of generating compression, is
therefore triggered, and a reflectivity rebound can be seen on the
Stokes temporal profile.

This rebound was found to be highly dependent on the input pulse
temporal shape (it is completely absent for the gaussian temporal pulse
shape). Because of the high saturation of the present system, adapting this
temporal shape in this setup was arduous. Finer studies of the feasibility of
arbitrary temporal profile conservation will therefore be performed and
presented on the setup described in Chap.5.

4.6.5 . Temporal shapes stability
In the previous section, we detailed the measurements of the temporal

shape conservation during an SBS interaction. We proved it was possible to
conserve arbitrary temporal shapes. In this section, we study the stability of
this temporal shape over time. The aim of this section is to ensure no high
temporal shape instability is introduced by the component during reflection.

To this aim, about a thousand temporal profiles were acquired for both
the input pump beam inside the cell and the output Stokes beam. Statistical
analysis was performed to extract the mean temporal profiles and standard
deviation of each dataset. Comparison of the mean curves and standard
deviation between the pump and Stokes beam are shown for the temporal
pulse shapes of interest, for the gaussian pulse shape in Fig.4.42 and for the
fusion-like temporal pulse shape in Fig.4.43.

For both temporal pulse shapes, no significant instability increase was
identified, although a slight increase can be observed for the residual
compression overshoots present inside the Stokes pulses: the SBS
interaction does not degrade the temporal pulse shape stability.
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Figure 4.42: Comparison of the stability of the pump and Stokes beam for theSBS interaction. Input pulse: Gaussian pulse shape with input energy 700 mJand focusing length of focal length 180 mm.
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Figure 4.43: Comparison of the stability of the pump and Stokes beam for theSBS interaction. Input pulse: fusion-like pulse shapewith input energy 700 mJand focusing length of focal length 180 mm.

4.7 . Long term stability measurements

During all the experiments described in this Chap.4, we experimentally
demonstrated a good behaviour of the SBS cell over a limited number of
shots. Short term stability was demonstrated, and the phenomenon was
found not to introduce a significant amount of instability.

In this section, we experimentally investigate the behaviour of the SBS
cell over long period of time to confirm the lack of rogue waves, or periodical
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failure of the SBS interaction. This investigation aimed to identify the
presence (or lack thereof) of punctual erratic behaviour by storing and
analysing data of at least 100 000 shots. During those experiments,
procedural data acquisition was developed and post-processing of the data
was performed using a custom python code.

The following datasets are separated day by day to minimize external
perturbations caused by temperature and humidity variation inside the lab.
About 100 000 shots were performed every day for over 3 weeks leading to
more than a million shots over the whole experiment.

Errors on the laser side As mentioned in Sec.3.4.2, the laser source
presents occasional failure caused by the low current in the flashlamps of
the regenerative section. Those failures do not cause any issues on their
own (happening on average once every 2000 shots) but perturb the
long-term stability measurement by generating some errors unrelated to
SBS failure. To prevent this, simultaneous measurements and acquisition of
every input and output pump and Stokes properties are performed. The
failures of SBS were in every case correlated to a failure in the pump laser.
Points corresponding to aberrant values were isolated to be able to be
analysed by hand to assert the absence of erratic behaviour by the SBS cell.
In the following, some of the properties of interest are demonstrated.

4.7.1 . Reflectivity
The first property that was analysed was the reflectivity. The goal of this

study was to insure the lack of SBS failure where all the input signal was
transmitted and ionized the cell, destroying the liquid purity and potentially
the components in transmission. This measure was performed using the
near-field cameras, analysing the pump and Stokes beams as shown in
Fig.4.17. The average reflectivity value was first calibrated using the
calorimeter and the fold mirror and reflectivity drops were measured using
the comparison of the two cameras.

Using the cameras instead of calorimeters was a choice made to avoid a
lack of trigger on one side and de-synchronisation of the calorimeters leading
to flawed measurements datasets.

Fig.4.44 shows an example of a reflectivity curve for a single day, using a
Gaussian temporal pulse shape and a focusing length of 180 mm.

On this figure can be observed large scale variations on both the input
and output signal, due to airflow perturbations inside the room as well as
the chiller cycles inside the laser. The simultaneous measurements allow us
to measure the individual contribution of the cell. The stability of the cell
over a whole day is < 1 %RMS. In particular, none of the contribution of the
experimental environment (airflow perturbations, chiller cycle) can be
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Figure 4.44: Long term reflectivity curve for SBS interaction with gaussiantemporal pulse shape, an input energy of 1 J, and a focusing length of 180 mm.

observed. No missed shots were observed during this dataset, as well as in
none others. By removing all the point corresponding to a failure on the
pump laser, we can correct the measurement. This corrected reflectivity
measurement is presented in Fig.4.45.

Figure 4.45: Long term reflectivity curve for SBS interaction with gaussiantemporal pulse shape, an input energy of 1 J, and a focusing length of 180 mm.
On this graph is presented the long-term reflectivity stability of about 0.8%

RMS, sufficient formost applications. This stability is believed to increase with
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input energy, following the results of the short-term stability measurements
presented in 4.6.

4.7.2 . Transmitted energy
Calorimeter measurements were also performed, one analysing the

reflected energy and the other the transmitted energy. The calorimeters’
measurement over 700 000 shots are shown in Fig.4.46 with dashed red
lines indicating a day change.

Figure 4.46: Long term calorimetersmeasurements over 2 weeks of operationin nominal condition.
The instabilities dues to airflow perturbations are this time visible in the

energy measurements and slightly degrade the reflectivity values that we
observed previously. This measurement shows in particular no transmitted
energy increase in 700 000 shots. This confirms the complete lack of SBS
failure in the presented operating condition.

4.7.3 . Wavefront
We also study the wavefront stability over a few thousand shots. As

stated previously in Sec.4.5.4, the SBS interaction corrects effectively the
wavefront but tends to introduce some low-amplitude instabilities in the
output wavefront. In this section, we use a Phasics Sid4 and acquire about
10 000 shots per dataset to compare the input and output wavefront
stability. The number of measurements are this time limited by the SID4
memory consumption and analysis speed.
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Furthermore, to measure the farfield correction capacities, we use a
standard camera placed near best focus and analyse the farfield distribution
extension and stability. In those experiments, SBS measurements are
correlated with the same measurements using a mirror in place of the cell.
Wavefront stability First, the laser output beam is reflected using
either a mirror or the SBS cell and sent on the SID4 wavefront sensor. The
beam aberration contains a small astigmatism because of the added afocal
system and the imaging system of the SID4. The SBS interaction inverts the
wavefront leading to slight differences in average values between mirror
measurements and cell measurements. In this paragraph, we therefore only
consider the dispersion of the wavefront information: that is to say, we
compare the stability of the reflected Stokes wavefront to the input
wavefront stability to evaluate the stability of the reflection itself. Three
values of interest are studied: The PV value of the wavefront aberration, the
RMS value and the spherical aberration value.

• The RMS wavefront characterises the farfield properties and can be
directly linked to the Strehl ratio. This last value corresponding to the
actual peak intensity on a potential target at laser chain output. We
investigate the wavefront RMS statistic to observe if the SBS reflection
introduce inherently stochastic increases of the beam size at focus
spot on a potential target.

• The PV wavefront corresponds to the maximum phase difference in
the beam. A high PV value can correspond to high spatial frequencies
and local beam deformation in propagation. The investigation on the
wavefront PV distribution is performed to identify stochastic local
increase in high spatial frequencies inside the beam that could
therefore generate near field modulation after propagation. It has to
be performed separately to the RMS measurements because a very
localised high amplitude wavefront aberration would be invisible in
the RMS measurements.

• The spherical aberration is, in our case of study, the aberration of
interest that will be added to quantify the cell statistical correction
capacities. Spherical aberration and RMS wavefront measurements
are performed without and with aberration introduction in the middle
of the double pass and the statistics of the SBS reflection are
compared depending on the input aberration level.

The comparison of those three values between pump (with a mirror in
place of the cell) and Stokes (after reflection in the SBS cell) datasets are
shown in Fig.4.47-Fig.4.49. Because only one SID4 is accessible, those
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measurements were not performed in parallel. Hence, no correlation or
aberrant shot analysis can be performed.
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Figure 4.47: Comparison of the long term stability of the pump and StokesRMS value of the wavefront as measured with the SID4 (Phasics). The averagewavefront RMS dispersion is equal for the cell configuration and the mirrorconfiguration, yet the cell induces some additional wavefront instabilities.
As expected, no clear degradation of the wavefront properties can be

observed in those three datasets on average. Yet the dispersion of the data
shows yet again that the SBS reflection introduces some low amplitude
instabilities during reflection.

The same measurements are then performed a second time with the
introduction of 1 λPV of Seidel spherical aberration (approximately
0.08 λRMS Zernike aberration) in front of the cell or mirror. The
corresponding results for RMS and spherical aberration are shown in
Fig.4.50-Fig.4.51. The PV measurements were also performed and no clear
change was observed.

As expected, the aberrations wavefront measurement are shifted to
higher aberration values (for both RMS and spherical aberration) equal to
twice the aberration level introduced, because of the double pass:
0.16 λRMS of pure spherical aberration. On the contrary, the SBS curves
stay constant on average (thanks to the double pass wavefront correction).
No significant instability increase is observed during this second experiment.
The quality of correction obtained by using the SBS cell is further confirmed
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Figure 4.48: Comparison of the long term stability of the pump and StokesPV value of the wavefront as measured with the SID4 (Phasics). As in theRMS wavefront measurements, the average PV value measured is equal forthe mirror and cell configuration but some instabilities are added by the SBSreflection. Those instabilities are of higher amplitude in the PV case becauseof the inherent averaging across the aperture performed during the RMScalculation. However, no highly aberrant PV value, that could characterisebeam deformation in propagation, can be observed.

by using the far-field camera and measuring the diameter of encircled
energy as shown Fig.4.52.

Under the unaberrated configuration, measurements of the focus spot
size for a mirror and an SBS cell are similar and the SBS cell do not degrade
good farfield properties. However the introduction of aberration causes a
clear increase of the pump focus spot size but the Stokes focus spot size
stays constant no matter the aberration level introduced. The farfield
analysis shows that a good correction of the wavefront aberration is
effectively performed by the SBS cell.

Once again, the wavefront correction capacities of the cell are confirmed,
guaranteeing good farfield quality after a double pass in wavefront
aberration source at the cost of a low amplitude wavefront instability. No
significant circled energy drop were observed during the experiments over
10 000 shots.
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Figure 4.49: Comparison of the long term stability of the pump and Stokesspherical aberration value as measured with the SID4 (Phasics). Once again,the average spherical aberration value measured with and without the SBSreflection is equal but the SBS reflection adds a small amplitude instability.
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Figure 4.50: Comparison of the long term stability of the pump and StokesRMS value of the wavefront as measured by Phasics - SID4. 0.08 λRMS ofspherical aberration added in the middle of the double pass. Comparedto the data obtained with the aberration plates given Fig.4.47, the pumpRMS wavefront aberration are shifted towards higher values by twice theintroduced amount in the middle of the double pass 0.16 λRMS. The dataobtained under the SBS configuration stay of the same average aberrationand same dispersion than without the aberration plates: the SBS reflectioneffectively corrects all the aberrations present in the middle of the doublepass.
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Figure 4.51: Comparison of the long term stability of the pump and Stokesspherical aberration amplitude as measured by Phasics - SID4. 0.08 λRMS ofspherical aberration added in the middle of the double pass. As describedpreviously, the average spherical aberration shifts only for the configurationwith amirror in place of the cell. Once again, the SBS reflection corrects all theaberration in the middle of the double pass, at the cost of a small amplitudestability degradation.
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Figure 4.52: Accumulation of the encircled energy as a function of ray anglefor 9000 shots. Focal lens used for the farfield focusing: 500 mm. When noaberration is introduced in the middle of the double pass, the mirror andthe cell present similar average circled energy value. The SBS cell introduceslow-amplitude instabilities that can be seen when observing the width ofthe circled energy curves. When introducing aberrations in the middle ofthe double pass, the mirror circled energy curve shifts and the focus spotbroadens, whereas the SBS mirror curve stays identical to the unaberratedone.
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4.8 . Conclusion

In this chapter, we investigated the behaviour of a phase conjugate
mirror placed outside the laser. The individual contribution of the cell were
investigated at medium energy and proper operation conditions were
identified. The cell proved to be an efficient tool to correct aberration and
was additionally shown to be able to conserve properly temporal profiles.
Some detrimental effects that could perturb the good operation were
identified:

• A sharp rise time, of the time scale of the SBS phonon lifetime, was
shown to generate plasma inside the cell, thereby changing the
chemical composition of the fluid and potentially degrading good cell
long-term operation (Sec.4.3.1). Ionization proved to be a challenging
issue to eliminate without proper SBS cell initiation.

• The presence of spatiotemporal coupling inside the beam (temporal
profile shape dependency with position inside the beam) were shown
to disturb the homogeneous SBS initiation and to generate stochastic
hot spots inside the reflected beam.

• The presence of high amplitude aberration was shown to degrade the
quality of the SBS reflection, generating in order of increasing
amplitude: 1. A drop in wavefront stability. 2. A drop in reflectivity as
the focus spot size (and hence peak intensity inside the cell)
decreases. 3. The apparition of spatial profile artefacts. Further
development of the numerical models taking into account the
transverse description of the beam will be required to quantitatively
understand this last phenomenon.

However, it is possible to get rid of all those limitations by adequately
adjusting the parameters of the pump beam. This requires a particular
design of the laser source, including temporal shaping capabilities and the
limitation of the saturation during the first stages of amplification.

Eliminating all those inadequate properties from the pump beam
allowed us to reach excellent reflectivity (up to 95%), excellent wavefront
compensation capabilities and to demonstrate the first temporal profile
conservation properties ever in an SBS cell. Our experimental setup
consisting of several Nd:YAG amplifiers operating in highly saturated regime,
made the arbitrary generation of temporal shapes arduous. And in our case
limited the quality of the experiments regarding temporal profile.

In addition to this, long term stability measurements were performed
over several hundreds of thousands of shots and no particular erratic SBS
behaviour was ever identified. Those experiments confirmed the usability of
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SBS at low risk in industrial laser system and highlighted some of the
requirement of the laser sources for good operation.

In the following, the first technological locks removed by those
preliminary studies will allow us to design experiments on high energy SBS
mirrors operating at extremely high energy level, on the order of 100 J.
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5 - High energy characterisation

5.1 . Introduction

In the previous chapters, the SBS effect was introduced theoretically,
simulated numerically, then subsequently demonstrated and characterized
experimentally on a custom laser source developed for the thesis. Those
studies allowed for a wide range of parametric measurements,
understanding of the SBS effects and gave us insightful feedback for the
energy scale-up.

In this chapter, we perform SBS reflection experiments on a high energy
laser system at LULI’s HERA facility up to 122 J. The experimental setup is
similar to the one in the previous chapter with the SBS cell placed outside the
laser to study its individual contribution andmeasure its spatial and temporal
fidelity.

In the scope of this thesis, one of the goals is to develop an SBS cell
compatible with multi-kilojoule laser systems. The cell being placed at the
middle of the double pass inside the amplifiers, this corresponds, under
particular laser architectures, to about 100 J input energy on the cell. The
cell should thus operate at this energy level while keeping a good temporal
and spatial fidelity. Because the laser source developed in the precedent
part of the thesis was limited to about 5 J, a second test laser source is
required. The experiments are then performed at the HERA laser facility [1],
providing up to 200 J per shot, with a repetition rate of 1 shot per 20 min and
temporal profile shaping capabilities.

In the present chapter, we first use the numerical simulation to design
an SBS cell optimised for the required energy levels. We then present the
experimental optical layout used and the first tests at reduced energy. Last,
the present the experimental results on these high energy experiments up
to input energy level of 122 J, corresponding to the maximum energy ever
reported inside a phase conjugate mirror.

5.2 . Experiment design

5.2.1 . Focusing conditions
As described in the numerical simulation chapter (Sec.2.3.5 as well as in

the preliminary experiments 4.6.2), the choice of focusing lens has a large
influence on the pump temporal profile conservation during the SBS
reflection. This effect is particularly concerning in the case of high-energy
operation as the compression effect on high-energy pulses can generate
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high intensity spikes and hence damage large aperture optical components.
For this reason, simulations of the SBS interaction as a function of the focal
lens of our system is performed with the parameters of the laser chain. In
particular, an input energy of 50 J, the nonlinear medium selected for this
experiment FC770 and the beam diameter at laser chain output of 93 mm

were set as simulation input. The simulations results are shown in Fig.5.1
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Figure 5.1: Simulations of the peak power increase during SBS reflection as afunction of the focusing lens used. Simulation based on the 2D model for apump energy of 50 J, an input beam diameter of 93 mm and a square inputtemporal profile of duration 10 ns.
The simulation results clearly show an increase in compression ratio for

focusing lens of focal length > 200 mm corresponding to interaction
distances inside the fluid of > 250 mm. As such a short focal lens is chosen.
However, on the contrary to the preliminary studies presented in Chap.4,
this focal length distance is now non-negligible compared to the full
aperture of the beam. A 200 mm focal lens is opened at F/2.15, and is
therefore hard to manufacture and introduces a significant wavefront
aberration. Furthermore, at that energy level, the ghost focus created by the
lens can start to ionize the air and hence perturb the propagation of the
incident beam or, in the worst case, damage the other optical components.
To answer those difficulties, two different focusing lenses were used during
the experiments.

5.2.2 . Focusing lens design
First, a focal lens is designed to be used as the input window of the cell,

focusing the input beam at a propagation depth of 300 mm and using the
air-glass as well as the glass-liquid interfaces for the focusing. This design
also prevents all ghost foci on the air side of the lens, hence guaranteeing no
plasma formation in the pump beam path. This design comes at the cost of a
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high aberration level: 30 λPV on the Zernike basis, corresponding to 9 λRMS

or 100 λPV on the usual Seidel basis. The optical layout as given by the optical
simulation software ZEMAX is given in Fig.5.2 and the resulting wavefront is
given in Fig.5.3 In the following, this focusing lens is called L1.

Figure 5.2: Optical layout and beam tracing of the pump beam focused by the
L1 focusing lens. Figure obtained by the ZEMAX software

Figure 5.3: Simulated wavefront after a single pass in the L1 lens as calculatedby the ZEMAX software.
The second window of the high energy SBS cell is plane and offers the

freedom to choose a standard focusing lens to be placed before the cell.
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During the experiments, a second lens L2 is used and is constituted of a
340 mm doublet lens placed before the cell in such a way that the interaction
distance of 300 mm was unchanged compared to L1. This lens presents
several glass-air interfaces and hence generates ghost foci. The operation
with the L2 lens then requires placing all the other components of the
systems away from the parasitic focus points. The optical layout and
resulting wavefront are given in Fig.5.4-5.5.

Figure 5.4: Optical layout and beam tracing of the pump beam focused by theL2 focusing lens. Figure obtained by the ZEMAX software
A summary comparing the properties of the two lenses is presented in

Tab.5.1.
L1 L2

Focal length 236 mm 340 mm

Effective interaction length 300 mm 300 mm

Spherical aberration introduced (Zernike RMS) 8.9 λRMS 1.0 λRMS

Spherical aberration introduced (Seidel PV) 119.4 λPV 13.8 λPV

Table 5.1: Summary of the properties of the two lenses used in theexperiments
In the following, those two lenses are used and compared in the

experiments by using the optical layout presented.
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Figure 5.5: Simulated wavefront after a single pass in the L2 lens as calculatedby the ZEMAX software.

5.2.3 . Experimental layout
Besides these 2 focusing lenses, a setup comparable to the one described

in Chap4 is built for the high energy experiments. As previously, the SBS cell
is placed outside the amplifier section. The isolation between the laser and
the cell is performed through polarisation isolation. A glass plate AR coated
on only one side is introduced on the beam path and extracts about 4% of the
input energy and 4% of the output energy to be sent on the two metrology
optical lines analysing the properties of the pump and Stokes beams. The
pump and Stokes beam metrology lines both contains:

• QE-95 calorimeters measuring the input (output) energy of the pump
(Stokes) beam.

• An EOT-3000 photodiode analysing the pump (Stokes) temporal
profile with a rise time of 175 ps, fast enough to measure potential
compression spikes or modulation in the reflected pulse.

In addition to that, the Stokes beam metrology line contains an imaging
system redirecting the beam to either a camera or a wavefront sensor (Sid4
V - Phasics). This imaging system is constituted of two plano-convex lenses of
focal length respectively 1200 mm and 25 mm. The second lens in particular is
arduous to align properly, and the full system introduces a significant amount
of aberration. More information on that particular aspect is presented in the
wavefront reversal section (Sec.5.4.3). During the experiment, the calibration
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for the reflectivity as well as the reference wavefront are acquired by placing
a 0◦ fold mirror in place of the cell. For most of the shots, a beam profile
control is simultaneously performed with burn papers attached to the beam
dump after reflection by the isolation polariser. A full representation of the
optical layout used in the experiments is presented in Fig.5.6.

Laser

Polarizer

Calorimeter 1

Photodiode 1

Wedge

F=1200mm

F=25mm

Photodiode 2

Fold mirror

SID4 or
Camera

Calorimeter 2

4F=340mmSBS CELL
length = 600 mm

Density

Density

Density

Glass plate:
-Face 1: AR coated
-Face 2: uncoated

Figure 5.6: Optical layout of the high-energy SBS experiments
In the following, we present the experiments performed with those two

lenses and this experimental setup.

5.3 . Low-energy experiments

To avoid optical damage on the components of the system at high
energy, we first start the experiment at low pump energy (about 1 J) and
test the good operation using the L1 focusing lens. Those first experiments
lead to an unexpected cell behaviour: the occurrence of a highly peaked hot
spot in the centre of the Stokes beam. The investigation of this hot spot
occurrence is presented in the following.

5.3.1 . Hot spot
The hot spot in the reflected beam is first identified using the burn paper

placed on the beam dump after the polariser. A scan of this burn paper is
presented in Fig.5.7.

First, we investigate whether this hot spot on the burn paper can
correspond to a high order focus spot. Several subsequent shots are thus
performed, moving the paper over 10 m in both directions. The spot shape,
location in the beam, and intensity remain constant. Furthermore, when
performing several shots on the same burn paper, the spot properties
stayed perfectly identical. Hence, the physical process in action is clearly
deterministic.

We consider the fact that the hot spot can be caused by parasitic
reflections on the inner interface of the L1 lens, generating a focal spot
inside the liquid. We thus slightly tilt the cell. The hot spot is still present and
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Figure 5.7: Burn paper of the Stokes beam for a lowenergy shot using focusinglens L1.

its shape is barely affected by the operation. Since the parasitic reflection
should have been removed from the beam path with the tilting, the hot spot
was found to not correspond to this ghost focus effect inside the liquid.

The fact that the shape of the hot spot changes shape when tilting the
lens, as well as the overall shape of the spot makes us think about a parasitic
effect of the high spherical aberration introduced by L1. In the following, wereduce the spherical aberration by placing a hard aperture in the pump beam
path.

5.3.2 . Hot spot mitigation
The introduction of a hard aperture drastically decreases the hot spot

intensity until its complete mitigation for aperture diameters < 60 mm. The
wavefront sensor is, at this stage, replaced with a camera to better
characterise the hot spot relative intensity compared to the rest of the beam
and quantify the aperture reduction effect. Several beam profiles acquired
with this camera for smaller apertures are presented in Fig.5.8.

The spherical aberration level being strongly linked to the diameter
(Seidel spherical aberration level is ∆spherical = w4), the reduced hot spot
value with aperture decrease thus confirms our hypothesis: The hot spot
occurrence is caused by the high spherical aberration level. When
translating the aperture, un-centring it compared to the optical axis of the
L1 lens, we introduce aberration again. In this case, the hot spot appears
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Figure 5.8: Hot spot relative intensity compared to the rest of the beam as afunction of pump aperture (diameter).
again but changes shape. This change can be attributed to the aberration
type change and the lack of axisymmetry. The corresponding burn paper is
shown in Fig.5.9.

Figure 5.9: Spatial profile of the Stokes beammeasured by a burn paper. Hardaperture of diameter 50 mm placed in the pump beam and uncentered. Thehot spot location remains centered on the optical axis of the L1 focusing lens.
To further confirm that experimentally, we make sure that the edges of

the beam cause the hot spot occurrence. To this aim, we place several
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optical densities of increasing attenuation value inside the beam, partially
shielding the hot spot location from pump light, before the glass plate. The
Stokes beam is then observed using the camera and the hot spot is still
present with comparable intensity (shown in Fig.5.10).
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Figure 5.10: Spatial profile of the Stokes beam as measured by the camera.OD1 density placed in the pump beam path at the location of the hot spot.
This confirms the fact that the edges of the beam cause the hot spot

occurrence, and validate our hypothesis of the spherical aberration influence
on our experiments. It is to be noted that no significant aberration excess is
measured on the reflected beam by the SID4 analysis, demonstrating the full
correction of the lens spherical aberration (more than 200 λPV of Seidel
aberration in the double pass), even during the operation with a hot spot
inside the beam.

We also try to study the influence of input energy on the hot spot contrast
as shown in Fig.5.11. The hot spot visibility is found to strongly depend on the
input energy, being more peaked for lower input energy. Hence, we believe
that increasing the input energy could decrease the hot spot intensity. In the
scope of our experiments, it was decided not to risk damaging the optical
components of the system by testing this hypothesis.

The hot spot occurrence is then solved by replacing the focusing lens L1by L2, usable at full aperture and inducing aberration corresponding to a
spherical aberration level of L1 with aperture 60 mm. Using the
corresponding hot spot intensity vs aperture given Fig.5.8, the hot spot
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Figure 5.11: Hot spot visibility as a function of input energy.

should therefore completely disappear when using L2. We confirmed this
experimentally as shown in the beam profile obtained at full aperture at an
input energy level of 2 J presented in Fig.5.12.
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Figure 5.12: Spatial profile of the Stokes beam measured with the camerausing the L2 focusing lens at full aperture and an input energy of 2 J
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5.4 . High-energy experiments

In the following, we describe the results of the 120 shots performed during
the high energy experiments using the L2 focusing lens.

5.4.1 . Reflectivity
During the experiments, several temporal shapes are used with energy

ranging from 100 mJ up to 122 J. For every shot, a very high reflectivity is
observed. Because the calorimeters present a significant uncertainty and
the energy stability of the laser chain is limited, the reflectivity
measurements are limited to about 7% precision. To increase this precision,
a second calorimeter is placed behind the cell in order to detect potential
significant transmitted energy increases characteristic of a reflectivity drop.
This second calorimeter has an energy detection threshold of 100 mJ and
did not detect any laser signal during the experiments. Hence, the real
reflectivity for input energy > 100 J is > 99%, limited by the residual liquid
absorption and parasitic reflection on the cell windows interfaces. The
complete reflectivity curve is given in Fig.5.13.
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Figure 5.13: Refletivity as a function of input energy for the high energyexperiments on the SBS cells.
In this figure, the different temporal profiles present a similarly high

reflectivity. The good reflectivity performance demonstrated in Sec.4.3 is
maintained over 3 orders of magnitude of energy.

To the best of our knowledge, those results represent the highest energy
ever reflected on a phase conjugate mirror [2]. In particular, more than 10
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shots were performed at energy levels over 100 J (7 displayed Fig.5.13 due to
calorimeters energy range issues) guaranteeing a good stability even in those
extreme operation regimes.

5.4.2 . Spatial fidelity
During the experiments, another effect limiting the spatial fidelity is

identified in addition to the hot spot occurrence when using L1. When
initiating the SBS effect with a sharp leading edge (or with any temporal
pulse shapes that leads to SBS initiation with peak power density near focus
spot much higher than SBS threshold power density), the SBS effect can be
initiated on several spatial modes [3]. This leads to hot and cold spots
appearing in the reflected Stokes beam. One (especially concerning)
example is shown in Fig.5.14.

Figure 5.14: Example of a burn paper corresponding to the spatial profilesmodulations appearing when initiating the SBS effect with high power densitynear the waist.
Those modulations were stochastic in their shapes or intensities but the

presence or absence of modulations was relatively stable. A configuration
with spatial modulations would always lead to spatial modulations in the
Stokes beam, whereas a configuration with a clean spatial profile always led
to a clean reflected Stokes beam. It was possible to completely eliminate the
spatial modulations by reducing the input power at the very start of the
pump pulse through temporal shaping. Experimentally this is done by
generating a pedestal of low energy (< 100 mJ) at the start of the pump
temporal profile and lowering this pedestal energy until modulations
mitigation.

When increasing the energy, the energy level of this pedestal rises and
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Figure 5.15: Spatial fidelity of SBS reflection as a function of energy andpedestal optimisation. Several burn papers corresponding to different shotsare shown. Increasing the input energy up to a certain level without changingthe pedestal contrast (red arrows) deteriorates the reflected near field beamquality and requires an adaptation of the pedestal level to near SBS threshold(green arrows) to retrieve good spatial fidelity.

requires being manually decreased again by changing the pulse shape at the
SOA seeder’s output. An illustration of this process for a gaussian temporal
profile with successive energy increases and pedestal optimisations is shown
in Fig.5.15. Several optimisation steps have to be done to reach the energy
level of 100 J.

Experimentally, the good spatial fidelity is harder to reach with pump
pulse shape presenting sharp rise time (in particular the square pulse
temporal shape proved to be a challenge to optimise) but is stable from shot
to shot once reached. Furthermore, a pedestal for a particular pulse shape
can be transferred to another with relative ease for similar energy levels.

Overall, we demonstrate a good spatial fidelity for all temporal pulse
shapes and all energy levels, by optimising the pedestal energy level. Thus,
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we experimentally confirm that temporal shaping can solve one of the
issues regarding spatial fidelity identified in the state of the art.

5.4.3 . Wavefront reversal
To evaluate the performance of the wavefront reversal, we compare the

input and reflected beam wavefront. First, the Stokes beam is perfectly
retro-reflected and collimated after its second pass in the focusing lens,
demonstrating perfect correction of tilts and focus aberrations.

In the usual setups of the state of the art, the compensation capacities of
the cell are measured by comparing the beam quality (through the M2 or,
less frequently the Strehl ratio) at laser output, at the end of the double
pass, with either the cell or a conventional plano mirror in place of the cell.
In our case, since we do not place our beam in the middle of a round-trip
amplification, the aberration source is actually the focusing lens L2. The
correction capacities of the cell are measured by comparing the wavefront
of the pump and Stokes beam as seen by a wavefront sensor (Phasics,
SID4-V). Because of the large beam aperture, the beams have to be reduced
by an imaging system. The space constraints and the material available
make this imaging system induce a large amount of aberrations that has to
be taken into account for the wavefront measurements.

Furthermore, in our case, the pump laser wavefront is unknown and can
typically present some low-amplitude aberrations due to slight
misalignments, thermal effects or airflow. For the measurements, these
aberrations are measured positively for the pump beam (with the fold
mirror in place of the cell) and negatively for the Stokes beam. The reliability
of our measurement lies in the fact that the dominant spherical aberration
source was the focusing lens L2 and hence the WFE (WaveFront Error) for
this particular aberration can be measured with relatively high confidence.

In the setup, the measurement of the wavefront of the pump beam ϕpumpis the sum of the laser wavefront ϕlaser and the imaging system aberrations
ϕimaging.

ϕpump = ϕlaser + ϕimaging (5.1)
Conversely, the measurement of the Stokes, phase conjugated wavefront

is the reversed laser wavefront −ϕlaser plus the imaging system aberration
ϕimaging plus the WFE of the cell∆cell.

ϕStokes = −ϕlaser + ϕimaging +∆cell (5.2)
It is convenient to use the pump wavefront as a reference to suppress

the contribution of the imaging system. In this case, the residual wavefront
measured after reference subtraction is
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ϕresidual = ϕStokes − ϕpump = −2ϕlaser +∆cell (5.3)
Because the wavefront of the input laser is unknown, but no significant

amount of aberration should be present (low repetition rate and low beam
spatial modulations in propagation), the dominant aberration at cell
entrance is the spherical aberration of the lens L2. Therefore, this particularaberration coefficient is used to validate the cell correction efficiency. It is
also the only component whose contribution is effectively corrected by the
double pass and whose aberrations can thus be corrected by the SBS
reflection. The WFE is then evaluated only using the residual spherical
aberration and comparing it to the theoretical calculated aberrations
assuming a complete lack of wavefront reversal. The results are shown in
Fig.5.16 where ϕpump, ϕStokes, and ϕresidual are shown respectively in blue,
red and pink and the expected spherical aberration level is displayed with a
dashed line. The WFE for the spherical aberration is found to be extremely
low, and the lens aberrations are fully corrected.

It has to be noted that this same experiment when performed with L1at low energy gives similar results. The SBS cell is thus able to fully correct
extremely high level of spherical aberration wavefront distortion (18 λRMS of
Zernike spherical aberration using L1). In the experiments, up to 2 λRMS of
this same aberration were corrected at high energy to guarantee an absence
of hot spot occurrence, as detailed previously. This last value corresponds to
about 28 λPV of Seidel spherical aberration and hence to about an order of
magnitude above the deformable mirrors operating at this energy level.
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5.4.4 . Temporal fidelity
As mentioned previously in the reflectivity paragraph, several temporal

pulse shapes of interest are investigated to confirm the capacity of the SBS
cell to properly conserve arbitrary temporal shapes, even at very high energy
level. To this aim, we use the temporal shaping properties of the laser chain to
generate arbitrary temporal shapes to be reflected. The development of the
temporal shaping scheme for this high energy laser is presented in an article
given in AppendixA. As stated previously, all the studied temporal shapes have
to be preceded by a pedestal for SBS initiation close to SBS threshold and
avoid spatial fidelity degradation.

It is found that initiation at low power was not always enough. Despite a
good fidelity being reached, initiation with a single low power pedestal
generated an acoustic wave not contrasted enough to reflect the sudden
increase once the main part of the pulse reaches the cell. In particular, for
the square pulse shape, we had to shape the pump pulse through two
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successive pedestals, the first guaranteeing good spatial fidelity and the
other avoiding compression. This particular shape was found to be the most
difficult to optimise due to the sharp rise time.

The duration and relative intensities of those pedestals depends on both
the input temporal shape and the focusing condition (since the aberration
level influences the power density inside the cell) and have then to be found
experimentally. In Fig.5.17 is shown the effect of the duration of the second
pedestal: a pedestal too short leads a residual compression spike, while a
pedestal too long leads to the conservation of the pedestal on the reflected
temporal shape. On the contrary, a pedestal shaped with the right duration
leads to proper conservation of the temporal pulse shape of interest.
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Figure 5.17: Comparison of the temporal fidelity of the SBS cell for squarepulses of 5 J energy andunoptimised pedestal duration. a) Too short pedestalduration of 1 ns, the acoustic grating doesn’t have time to build-up properlyand the main part of the impulsion can penetrate inside the liquid and becompressed during backward propagation. b) Too long pedestal duration(here of 5 ns). This time, the pedestal is so long that its shape is properlyconserved (although a residual compression tend to shorten the pedestalduration and increase its intensity). The pedestal can thus be seen in thereflected Stokes pulse.
In the scope of the thesis, two shapes of interest besides the gaussian

shape are investigated. The square pulse is chosen since it is the shape most
adapted to high-efficiency SHG. In addition, this pulse is the most
challenging to reflect using the SBS mirror since it presents a sharp rise time
and hence is susceptible to breakdown and ionisation. The second pulse
shape chosen is the fusion-like pulse already studied in Chap4. For both of
these shapes, the maximum energy sent inside the cell is reduced to about
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40 J to avoid any damages to the optical components in case of residual
compression spike generated during the SBS reflection. During the
experiments, no particular effects that could prevent the energy scale up
have been identified. Efficient temporal fidelities for both of these shaped
are reached after pedestal optimisation as shown in Fig.5.18.
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Figure 5.18: Temporal fidelity during high energy SBS reflection. Main graph:comparison of the input (Pump) and output (Stokes) temporal pulse shapesduring SBS reflection. The included graphs represent the reflectivity of thePCM along time plotted for pump value above 10% of peak and are all flatover the whole pulse duration. a) Gaussian pulse for input energy of 122 J. b)Square pulse for input energy of 40 J. c) two step “fusion-like” shape for inputenergy of 40 J. In all of these curve, no sudden increase of the reflectivityalong time can be observed, contrary to Fig.5.17
Compared to the low energy first tests performed on the low-energy

chain and presented in Sec.4.6.4, no high-intensity rebounds are measured
in those high-energy experiments, confirming the hypothesis that the
rebounds are caused by the former configuration used and did not
correspond to limitations of the nonlinear effect.

Although no long term stability measurements can be performed due to
the laser chain repetition limitations, several shots (≈ 5 per configuration)
were performed for every temporal shapes without any clear change of
behaviour. In addition, it was possible to obtain simultaneously and with
good stability proper temporal and spatial fidelity together with high
reflectivity and wavefront compensation for every pulse shape studied.
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5.5 . Conclusion

The previous theoretical and experimental studies allowed us to design
high energy experiments with high confidence. The key points found in the
previous experiments: a short focal lens to avoid compression, together with
the pedestal introduction to avoid ionisation allowed us to reach the highest
input energies ever demonstrated in an SBS cell. In addition to this, we
identified during the experiments several detrimental effects not mentioned
in the literature:

• A high level of spherical aberration can generate a highly peaked hot
spot in the reflected beam. The parametric study of this process
would require simulation tools compatible with arbitrary spatial
profile description (As the one presented in Sec.2.5). This aberration
correction limit was found to be about an order of magnitude above
the competing solutions. Further studies are needed to establish a
limit for different optical configurations.

• Decreasing the power density inside the cell during SBS initiation
through the use of temporal shaping allowed us to avoid the spatial
fidelity degradation during the input energy increase.

Using this information, it was possible to reflect energies of 122 J on the
cell, with excellent spatial and temporal fidelity. More than 10 shots were
performed with energy above 100 J and no failed shot was identified. The
reflected wavefront was properly phase conjugated and corrected the full
aberration of the focusing lens used.

Furthermore, the temporal modulation capacities of the laser chain used
allowed us to experimentally confirm the capabilities of the SBS PCM to
properly reflect arbitrary temporal pulse shapes, at the cost of having to
introduce a sacrificial pedestal before the leading edge of the main part of
the impulsion.

No fundamental limits on the input energy were identified other than
the input fluence on the cell input window. We now confidently believe
phase conjugation to be compatible with multi-kilojoule class lasers and with
temporal shaping. The fundamental limit remains the spectrum properties
as the SBS effect is still limited to extremely narrow linewidth ≈ 100 MHz

and hence to rise and fall time on the nanosecond time-scale. This restrains
the potential uses of SBS for application where sharp rise times are needed
such as some experiments of dynamic shock compression. However, the
overall performance of the component make its use particularly relevant
and convenient for the wavefront correction of high energy laser chains.
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Conclusion

This thesis is the synthesis of a research work performed conjointly
between LULI, Laboratoires Charles Fabry and Amplitude laser group. The
studies aimed to develop and make compatible SBS mirrors with
high-average power, high-energy laser sources. In particular, two kinds of
lasers were identified that could benefit from the development of SBS-PCM.
Firstly, “high-energy, high-repetition-rate” lasers with energy > 10 J and
average power > 1 kW, and secondly “very high energy” lasers of the
kilojoule class and above.

To this aim, we first studied the theory of the SBS effect and presented
the formalism of the nonlinear effect. In the second part, several numerical
models of increasing complexity (and accuracy) were developed and used to
understand the dynamics of the nonlinear interaction. Those simulation
results were used to find optical configurations that offered good fidelity
during reflection. In particular, the interaction distance inside the liquid,
dependent on the focal length, was identified as a crucial property that could
deform the temporal pulse shape. A long focal length can in certain cases
lead to compression of the pump pulse and optical damage to the
components of the setup.

In a third part, we described the state of the art of existing SBS-PCM. We
found that because of the temporal compression phenomenon presented
above, the focal lens used in phase conjugation experiments were always
relatively short (150 mm to 300 mm). This led to major issues during the
energy increase as the power density near the focus point before SBS
initiation led to ionization of the liquid used for the experiments. To this aim,
we offer the innovative solution of using temporal shaping to reduce the
input power before reaching SBS steady state. This additional step prevents
liquid ionization even for higher input energy as the main part of the pulse
cannot propagate to the tightly focused region, near focus spot. The study of
the state of the art as well as the numerical simulations allowed the different
entities involved in the thesis to establish experimental goals for the
research that are reminded here:

• Investigate the limits of the SBS-PCM in terms of aberration correction
capacities.

• Investigate the capacity for the SBS cell to become compatible with
arbitrary temporal shaping solutions, required for a large range of
applications.

• Confirm the fidelity of the reflection properties over long period of
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time, and in particular asses the complete absence of rogue waves over
several hundreds of thousands of shots.

• Improve the energy load of the components to make SBS-PCMs
compatible with kilojoule class lasers.

To this aim, we developed and presented two separate test-beds to
investigate the mirror properties. On the contrary to state-of-the-art studies,
we investigated the cells’ behaviour while placed at the output of a laser
system to better control and understand the individual contribution of the
SBS reflection. Each of the test beds was adapted to particular objectives: a
relatively low energy laser (≈ 5 J) with high repetition rate was developed
for the preliminary studies and the stability objectives while experiments at
LULI’s HERA laser chain were dedicated to the energy scale-up. Then, the
experiments on the two setups were performed and presented.

The first experiments were performed on the low-energy high repetition
rate laser source at Amplitude laser on a custom laser source built and
dedicated to those experiments. This study confirmed the significant
influence of the input pulse temporal profile on the quality of the reflection.
A too sharp rise time lead to ionization and degradation of the nonlinear
medium, and to a reflectivity drop. Furthermore, a detrimental effect never
mentioned in the state of the art was identified: when the temporal profile
was not homogeneous over the beam aperture, a stochastic degradation of
the spatial fidelity of the PCM was observed, with cold and hot spots
appearing in the reflected beam spatial profile. This effect was particularly
visible in our setup, at the end of the laser chain, where saturation-induced
spatiotemporal inhomogeneities were present. Suppressing this issue led to
a reduction of the available energy down to 1 J.

This updated laser chain was then used to confirm all the other
properties of the beam. The SBS-PCM was shown able to reflect laser pulses
with high efficiencies > 93 % and high stability. The spatial profile was
properly conserved during the reflection, and it was shown that arbitrary
temporal profile conservation was possible, although highly dependent on
the focal length used. Spherical aberration and astigmatism were artificially
introduced inside the beam to evaluate the cell correction capacities and the
cell was able to perfectly correct all the introduced aberrations. Two
detrimental effects were identified: Firstly, the higher the input aberration
introduced, the lower the wavefront shot to shot stability was, although the
resultant stabilities were always within acceptable ranges. Secondly, when
introducing very high aberration amount (namely, astigmatism in our case),
the spatial fidelity dropped and patterns were visible on the reflected beam.
The physical processes in action that lead to the apparition of this second
phenomenon is to this day not perfectly understood and requires further
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developments on advanced numerical simulation models.
Stability measurements were performed over a million shots and the

reflection properties were found to be stable in time, barely reducing the
laser stability. In particular, no missed shots were ever identified, and no
significant hot spots appeared in the reflected beam. The main difficulty
identified was the ionization of the liquid when SBS initiation was performed
with too high and too steep pump intensity. In this case, the chemical
constitution of the liquid changed, and the ionization threshold was
irreversibly reduced, therefore inducing more frequent occurrences of
further ionization. Integration of an SBS cell inside a laser within a laser
therefore has to be done with care to never ionize the liquid.

This first successful experiments gave us insights for the energy scale-up.
We therefore designed the second experimental layout accordingly, with
short focal lens and high contrast temporal shaping capability. The high
energy led to high beam diameter and hence large aperture, the focusing
lens exhibited a high numerical aperture (F/3) and induced a large amount
of spherical aberration (≈ 9 λRMS of spherical aberration). The high
spherical aberration level was found to cause the apparition of a hot spot in
the centre of the beam. This highlighted, once more, one of the limits of
aberration correction of the SBS-PCM: the degradation of spatial fidelity
when the input aberration (here, spherical) level is too high. Although this
limit is found to be about an order of magnitude above competing
wavefront correction systems. To the best of our knowledge, this is the first
mention of such phenomenon in the state of the art.

The hot spot was eliminated by changing the focusing lens. This allowed
one to increase the energy up to an unprecedented level of 122 J while
conserving the high reflectivity, spatial and temporal fidelity. Several pulse
shapes of interest were also properly conserved for the first time, even at
very high energy level. This demonstrated the good understanding and
design capacity of the physical process in action and unlocked high energy
SBS conjugation. Those high energy results increased the maximum energy
sent inside the cell by an order of magnitude compared to the state of the
art and no fundamental limit on the energy scale up was identified.

Those two experiments removed most of the technical locks preventing
the use of SBS-PCMs for high-energy laser systems. Several prospects for
better understanding of the remaining parasitic phenomenons are
proposed, including the development of simulation models taking into
account the full transverse dimension. Next experimental studies should
also address the behaviour of such a component under high-power load and
the mitigation of the thermal accumulation inside the cell due to the residual
absorption of the liquid used. However, some of the solutions developed in
this work (low propagation distance, SBS initiation with minimal power with
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temporal shaping) already reduce the overall absorbed energy by the cell
and hence minimize the thermal load on the cell for a fixed power load. We
thus believe that significant improvements compared to state of the art
solutions can already be reached by employing the developed solutions. In
the scope of the work, no laser source compatible with high energy and high
repetition rate was accessible, and those studies could not be performed.

A significant effort of development and industrialization remains to be
done to implement the component in a commercial laser system. The
requirements for high quality SBS reflection (beam quality, temporal shaping
for proper nonlinear initiation, lack of temporal profile inhomogeneities
across the beams, ...) indicate that a phase conjugate mirror is not an easy
solution to implement and that a system making use of this solution should
be properly designed for it. In particular, the nonlinear effects dynamics in
action should be understood by the laser designers prior to its
implementation.

Furthermore, a whole range of laser systems are unable to make use of
SBS phase conjugation because of its intrinsic limitations. Broadening the
acceptable linewidth to make use of SBS for shorter pulses seems to this
date to represent a difficult challenge. Some studies of the accessible
nonlinear medium could possibly improve the current limits by an order of
magnitude (at most), but the application of SBS to proper pico-second class
lasers would require extensive research. Furthermore, making a laser
utilizing SBS for phase conjugation inherently makes the laser inoperable for
experiments where SBS is an issue for the laser application (laser plasma
instabilities, transverse SBS in large optics,...), hence, reducing the
application range of the component.

However, a laser system implementing a proper phase conjugation
mirror definitely has an edge over competing solutions as the simplicity of
the alignment, the overall cost, and the reliability of the component over
unusual operating condition (varying repetition rate) remains unmatched.
Industrial laser systems requiring one-demand shots at high (but varying)
repetition rate, or over-cadencing without warm-up time, can definitely
drastically improve their performances making use of it.

In conclusion, SBS-PCMs are found to be an excellent alternative to
deformable mirrors for a large range of nanosecond laser systems, albeit
requiring narrow bandwidth and relatively slow rise time (of about 1 ns) to
properly function. They particularly shine for systems that require varying
repetition rate and provide an ease of alignment, maintenance and reduced
cost compared to deformable mirrors, making them an attractive solution
for industrials and laboratories alike.
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Abstract: A simple and straightforward technique is presented as a novel temporally controllable
front-end for nanosecond very-high energy laser systems. It is based on an original utilization
of a semiconductor optical amplifier (SOA) used as an intensity modulator. The essential
characteristics of the component are analyzed in order to evaluate potential limitations. Various
parameters of interest for standard operation are displayed, demonstrating its usability and its
effectiveness. We demonstrate arbitrary and controllable pulse temporal profiles with duration
ranging from 1 nanosecond to 100 nanoseconds and a temporal precision of 1.1 ns. A high
extinction ratio is also achieved ensuring a modulation contrast up to 53 dB. The SOA is then
integrated into an existing operating system in an ultra-compact, reliable all-fibered system. It is
used to seed a 2*200 J laser system, exhibiting excellent performance, and validating its usability
under operation conditions without any detrimental effects.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The development of high-energy lasers in the nanosecond regime is a subject of significant
interest for numerous scientific and industrial applications. These lasers enable precise energy
deposition on targets with high temporal and spatial concentration. Lasers ranging from the 100s
of mJ energy level and beyond are used for material treatment processes [1], enhancing metal
resistance to deformation and corrosion. Additionally, they are also the most widely used pump
source for Ti:Sa femtosecond [2,3] and OPCPA [4,5] laser amplifiers. Laser sources with energy
levels ranging from the joule level up to several kilojoules find application in plasma physics
and shock physics experiments, as they allow generation of extreme pressure and temperature
conditions during short amount of time [6,7]. Recent advancements have shown that combining
hundreds of kilojoule class lasers is one of the most promising ways for achieving controllable
nuclear fusion by inertial confinement fusion [8].

Laser sources for the aforementioned applications are mainly based on a moderate-energy
front end followed by increasing amplifiers (in size and in energy). The temporal properties of
the entire chain are usually imposed by its front end. Two classical front-end architectures are
typically used: energetic Q-switch lasers or low-energy modulated seeder. Q-switched lasers are
the easiest way of achieving high energies with a simple optical configuration and good extraction
efficiency. However, the properties of the output laser beam can be hard to control. In particular,
the temporal profile of the laser, and with that, the energy deposition through time on target, is
largely determined by the cavity geometry, the pumping power, and the gain medium. Several
temporal profiles of interest are therefore inaccessible with this kind of design. On the other hand,
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Journal © 2024 Received 14 May 2024; revised 5 Jul 2024; accepted 8 Jul 2024; published 7 Oct 2024



Research Article Vol. 32, No. 22 / 21 Oct 2024 / Optics Express 37960

a low-energy laser impulsion (seed) with tailored properties can be subsequently amplified to
reach the desired energy. Most of the properties of the output high energy pulses are then mainly
dependent on the seeders and are easily controllable at low energy. In particular, it is possible
to control the output pulse temporal profile using several modulation techniques while taking
into account the gain saturation compensation in the amplifiers [9]. Despite a higher complexity,
the controllable seeders offer more versatility than Q-switched lasers and are often required or
preferred for several applications such as dynamic shock compression [10], damage threshold
testing [11], laser material processing [12] or diverse parametric study of laser matter interaction
and nonlinear effects in the transient regime. Several components and techniques are available in
the literature to perform temporal modulation [13–21]. The main characteristics of interest sough
after each of these components are the following: The modulation speed of a component defines
the pulse shape accuracy and the minimal rise and fall time of the generated temporal shapes. For
some applications, the requirements range from a few nanoseconds down to a hundred picosecond.
The modulation contrast characterizes the difference between the minimal and maximal power
achievable and should be maximized. The components spectral properties are also significant
and to be considered since applications can demand either narrow spectrum properties [16], or
broader bandwidth. To date, the solution used in most high energy laser facilities consists of
acousto-optic modulators (AOM) and electro-optics modulators (EOM) placed in series. AOMs
present high contrast (70 dB) with slow modulation time (10 ns) [17,18], while EOMs are able to
modulate light in the range of 35 dB with fast modulation time (100 ps). A typical oscillator
using those components consists of a CW laser gated by an AOM, generating flat-top pulses of
desired duration and high contrast. The light is then further modulated by one or several EOMs
to reach the desired temporal shape with high modulation speed and significant contrast. Such
systems have been experimentally demonstrated and present outstanding performances in many
high-energy laser facilities albeit relatively high complexity and costs [19,20].

Here, we present a novel modulation technique for high energy lasers based on a Semiconductor
Optical Amplifier (SOA) [22]. This component is composed of a semiconductor gain medium
with anti-reflection coating at both ends. By placing it at the output of a CW laser system, the
SOA acts as an amplifier when driven with current above semiconductor threshold and as a
high-extinction-ratio absorber when not alimented. Combining those two modes of operation
(amplifier and absorber) allows to generate arbitrary temporal pulse shapes with high contrast
and address all the described applications with a cost several times lower than state-of-the-art
solutions and easy implementation.

2. SOA for gain modulation

In order to use an SOA as seeder in a high energy master oscillator power amplifier system (MOPA),
its properties are checked to ensure the absence of detrimental effects during the propagation of
the laser pulse in the amplifiers. In this work, the SOA and driver used are a PPL512-SOA-1064
from PicoQuant which integrates an SOA-1060-90-PM-30 DB from Innolume. A schematic of
the system as well as a picture of the fiber part of the system is shown in Fig. 1.

Firstly, the spectral properties are checked. In particular, two properties are deemed of
significant importance: the spectral bandwidth accessibility of the component and the conservation
of spectral purity. On the one hand, a large gain spectral bandwidth is crucial for broad spectrum
amplification used for plasma smoothing in fusion experiments [23] or to avoid transversal
stimulated Brillouin scattering in large scale optical components [24]. Large spectral bandwidth
also allows for amplification of incoherent amplified stimulated emission (ASE) without spectral
narrowing or FM-AM conversion. In the case of the SOA, the amplification spectrum bandwidth
is measured by direct observation of the unseeded SOA’s ASE in an optical spectrum analyzer
(MS9740A from Anristu with 0.03 nm resolution bandwidth).
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Fig. 1. (a) Schematics of an SOA used as an all-fibered temporal-shaper MOPA seeder.
(b) Picture of the compact, integrated all-fibered optical arbitrary waveform generator SOA
system used in this experiment. On the right, a distributed feedback narrow-linewidth (DFB)
laser diode with 100 kHz linewidth and an SMSR of 45 dB, on the left, an SOA modulator.
The optical signal in the seeder system is transmitted by PM980-fibers to be simply injected
at the input of the chain (free space injection not shown in the picture)

The spectrum bandwidth is found to be extremely large with a FWHM of 39.2 nm as shown in
Fig. 2(a). In particular, the component is compatible with the 1030 nm, 1053 nm and 1064 nm
lines and is able to amplify broadband signals with an optical bandwidth well above alternative
solutions. This is experimentally confirmed using a pulsed diode generating square pulses with
0.4 nm bandwidth and further modulating it using an SOA. In this case, the output spectrum
shows great fidelity with the input (Fig. 2(b)). The SOA is thus able to temporally shape light
with conservation of the spectrum across the pulse. While the modulation by the SOA induces
dispersion, no particular artifacts in the temporal profile are measured after the shaping of this
broadband pulse.

Fig. 2. Normalized spectrum measurements of (a) ASE of the SOA alimented with current
of 300 mA. The shift in central wavelength versus current is negligeable (<1 nm over the
full current dynamic) compared to the bandwidth of the ASE (b) Pulsed laser diode with a
spectrum width of 0.42 nm FWHM at the SOA input and at the SOA output after temporal
modulation (c) of the DFB laser at the SOA input and at the SOA output after temporal
modulation. Both spectrum widths are below the OSA resolution of 0.03 nm

On the other hand, the conservation of the spectral purity of narrow linewidth cw injection is
also important for some applications requiring interferometry. This property is measured using
both a RPMC R1064SB0300 PA laser diode with side mode suppression ratio (SMSR) of 45 dB
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and a NP Photonics fiber laser with 66 dB SMSR (shown in Fig. 2(c)). In both cases, the spectrum
is measured before and after temporal modulation by the SOA. Albeit a slight degradation of
the SMSR ratio of 6 dB, the spectrum remains pure, limited by the spectrometer resolution as
shown in Fig. 2(c). The coherence length of the signal at system output is also tested using a
custom-build Michelson interferometer and the fringes visibility stayed above 0.95 even with
1 m of optical path difference, making the SOA system compatible with most interferometric
applications.

The maximum output power of the seeders is also an important consideration for high energy
laser chains seeders. In particular, more input power at the seeder level allows to reduce the total
gain needed in the further amplifying stages and generally improves the signal to ASE ratio of
the full system. This maximum output power is determined by both the maximum input power
and the maximum gain.

Firstly, the input power is limited by the saturation of the absorption of the semiconductor
energy bands. While absorption-induced heating in the semiconductor medium could lead to
a power acceptance of the order of few hundreds of milliwatts or more, too much input power
also leads to the saturation of the absorption and a behavior close to transparency resulting in a
loss of modulation contrast, as shown in Fig. 3(a). In this case, a part of the continuous wave
(cw) signal starts to leak through the component and the total modulation contrast is drastically
reduced. Typical input peak powers are therefore in practice limited to a few milliwatts (10 mW
in our use case). Under those conditions, the absorption of the un-alimented SOA reaches 53 dB
and the output power at maximum current reaches 20 mW (3 dB gain). In particular, Fig. 3(b)
shows that the amplitude of the modulation capacities of the system (from maximum absorption
to maximum gain) decrease with input power. The user should therefore make a compromise
between the total contrast of the system and the output peak power. On the system presented
in this work, an emphasis is placed on the nominal temporal profiling capacities to avoid the
amplification of temporal profile artifacts.

Fig. 3. (a) Maximum absorption of our SOA system. Measurements of the difference
between input and output power spectra (absorption) achieved using the OSA with a span of
1 nm and a 30 pm resolution (b) Normalized output power of the SOA as a function of the
driving current. The modulation capacity is above 50 dB for input powers below 10 mW and
is reduced for higher input power. Input signal: CW-DFB laser diode.

The maximum available gain of the SOA also shows a trade-of. Indeed, to guaranty temporal
profile purity the maximum driving current and therefore the maximum gain accessible has to be
reduced. This is mainly due to the capacities of the electronic current drivers accessible that
presents higher temporal accuracy for lower currents. Figure 4 shows some examples of pulse
shaping in this regime with electronic driver limited to peak current of 300 mA corresponding to
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a maximum gain of 3 dB. For alternative priority, higher output peak power using SOA (up to
few hundreds of milliwatts) with good conservation of the absorption are also demonstrated by
increasing the driving current as shown in Fig. 5, with another SOA and driver system. The total
gain is improved to values up to 20 dB and output powers above 300 mW with peak current of 1
A, leading to 60 dB full modulation capacity (absorption+ gain) corresponding to the point of
the green curve Fig. 5(a). for lowest input power. This increase in gain is done at the expense of
artefacts in the temporal profile (Fig. 5(b) and Fig. 5(c)). The total output power can be further
improved by increasing the input power, at the cost of the total modulation capacity, both due to a
gain discrepancy and absorption discrepancy.

The SOA is capable of acting either as an attenuator or an amplifier depending on the current
applied. This can be useful for high-contrast pulse shaping by modulating the current. Its
modulation capacities are analyzed, and several typical arbitrary temporal shapes are demonstrated.
The jitter between the optical output of the component and an external asynchronous square
trigger signal was limited by the electronical driver and measured to be below 66 ps RMS. The
temporal resolution of the component is below 1 ns with rise and fall time as low as 1.1 ns in case
of square pulses. Shapes such as square, triangle and offseted-exponential are shown in Fig. 4.
The main drawback of the system is its low modulation speed compared to EOMs. This limitation
is for now caused by the existing electronic drivers, which struggle to provide sharp current rise
time with good temporal shape accuracy, but no measurements to find the intrinsic limitation of
the SOA have been performed. However, literature from the telecommunication industry let us
think going well below this limitation will prove to be difficult [25]. If needed, SOAs could be
used conjointly with EOMs for easy access to high contrast and high-speed temporal shaping.
The component used in this article is limited to 100 ns by the electronic driver, yet SOAs can
generate modulated pulses up to tens of microsecond with nanosecond resolution. In this last
case, the main limitation is the heating caused by the average current sent inside the component
and the capacities of the electronic driver.

Fig. 4. Examples of temporal shapes generated with SOA modulation system with peak
current limited to 100 mW. (a) 100 ns square pulse, (b) 17 ns ramp-shaped pulse and (c) 17 ns
offseted-exponential pulse. Temporal shapes averaged over 4 pulses to reduce electronic
noise, acquired with a 25 GHz fibered photodiode and a 20 GHz oscilloscope. Small periodic
ripple oscillations are visible every 7 ns in the top of the square pulse and the ramp pulse
due to residual imperfections in the driver electronical signal.

Considering the spectral properties, temporal shaping capabilities and the peak power accessible,
the component is shown to be adapted to high energy laser seeding. We will then present in detail
experimental outcomes of a 200 J laser chain employing an SOA as waveform-generator seeder.
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Fig. 5. Results for an SOA driven by a high current square pulse. (a) SOA isolation and gain
for high current operation of 1 A. More than 300 mW of output peak power was achieved
with 60 dB modulation capacity using an input power of 3 mW. The blue curve represents
the same information as shown in Fig. 3(a) for a different SOA component and present the
same general shape of the saturation of the absorption (b) Output temporal shape obtained at
SOA output for a driving current of 500 mA of 100 ns duration. The optical pulse shape
follows the current pulse shape. Command sent to the driver was square (c) Output temporal
shape obtained at SOA output for a driving current of 1 A of 100 ns duration. The optical
pulse shape follows the current pulse shape.

3. SOA as arbitrary waveform generator seeder in a high-energy laser system

The laser chain on which this apparatus is implemented is a 2*200 J, single-shot shot every 20
min - 1053 nm Nd:Glass laser system. This laser chain, called HERA, is currently operational
at the LULI facility in Ecole Polytechnique for conducting high-energy experiments primarily
for shock applications. It typically provides squared-shape laser pulses with arbitrary duration
from 3 ns to 15 ns and tunable energy. Following the MOPA classical architecture, we simply
modified the laser system by replacing the standard seeder by the SOA-based arbitrary waveform
generator seeder. As shown in Fig. 6, it is used to inject with low energy the amplifiers of the
MOPA chain. The seed pulse is then amplified to millijoule level in a Nd:YLF diode-pumped
regenerative amplifier. The amplified pulse then passes through a series of additional single and
double pass amplifiers of increasing size to reach the desired level of energy. The laser pulse is
split at the middle of the amplification process to generate 2 separate lasers pulses that can be
delayed using a delay line placed before the target chamber.

In this laser chain, the SOA is used for both temporal gating and temporal shaping. It is injected
by the aforementioned laser diode providing narrow linewidth cw laser radiation. Because of the
contrast properties of the SOA, the actual power of the diode is limited to 10 mW to guarantee a
good optical contrast before and after the pulse. The output peak power of the fiber system after
SOA amplification is therefore 20 mW. The seed pulse is then sent into a regenerative amplifier
using a fiber to free space coupler. Because of the cavity length of 8 m, the maximum duration
of the input pulses is limited to 17 ns (taking into account the Pockels cell rise and fall time).
Since the peak power of the pulses injected in the regenerative amplifier is limited around 20 mW,
the maximum seed energy is in our configuration 340 pJ. The regenerative amplifier allows to
guarantee and stabilize the output energy at millijoule level without constrain on the input energy
and whatever the pulse duration and shape by simply changing the number of passes in the cavity.
After extraction, the contrast of the amplifier is further increased by a pulse cleaner Pockels cell
removing all the ASE, pre-pulses and post-pulses leaking from the cavity with a 30 dB contrast
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Fig. 6. Schematics of the HERA laser. AWG: Arbitrary current Waveform Generator,
DFB-CW laser: DFB laser diode, SOA: Semiconductor Optical Amplifier, FI: Faraday
Isolator, HWP: Half-waveplate, PBS: Polarizing Beam Splitter, DP-AMP: Diode-pumped
Amplifier, PC: Pockels cell, FP-AMP: Flash-pumped Amplifier, QR: Quartz Rotator, FR:
Faraday Rotator

ratio. The pulse energy after extraction and the pulse cleaner reaches 1 mJ with energy stability
of 0.7% RMS before injection in the amplifying stages.

The full system reached energies above 2*200 J. The low thermal conductivity of glasses
as well as the use of flash pumping reduces the repetition rate to 1 shot per 20 min at laser
output. Despite the high saturation fluence of the amplifiers, the temporal saturation in the
amplifier is still high. The full square pulse distortion of the system is above 70% and required
pre-compensation at seeder level to reach a square pulse at output. A comparison of the input
temporal profile and laser chain output is shown in Fig. 7. Output rise time is experimentally

Fig. 7. Comparison of the temporal shape at the seeder level and at the laser chain output.
Measures taken with an EOT-3500 photodiode and a 2 GHz bandwidth oscilloscope. Typical
operation mode of the HERA laser chain producing 2*200 J square pulses.
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measured to be 1.1 ns compatible with most shock experiments. The pulse shaping capabilities
of the seeder system allow to easily tune the pulse duration from 1.5 ns (quasi-gaussian-shaped
due to the limited rise and fall time) to 17 ns. Furthermore, ramp shapes and other non-standard
temporal shapes are accessible with high modulation contrast. Some examples are presented
Fig. 8.

Fig. 8. Temporal shapes generated at the laser chain output using SOA temporal modulation.
In those figures, 13 dB of the 53 dB of modulation dynamics have been exploited. (a)
Linearly increasing ramp for shock experiments (50 J) (b) Two step temporal shape (50 J).
Measures acquired using EOT-3000 photodiodes and a 2 GHz bandwidth oscilloscope.

The introduction of the beam splitting, and the 2 channels make this laser chain very flexible.
The total system capabilities of 2*200 J synchronized with arbitrary temporal profiling make
this laser chain compatible with a wide range of shock experiments. The SOA represents a
good add-on for reaching arbitrary temporal profiles with state-of-the-art contrast as long as the
rise-time requirements stays above the nanosecond time scale.

4. Conclusion and prospects

We investigated and experimentally validated the capability of the SOA component to be used as a
temporal shaper seeder for high-energy laser systems employing MOPA architecture. This system
is compact, user-friendly, offering over 50 dB modulation dynamic with moderate modulation
speed. We demonstrate that the SOA system operates nominally with clean temporal shapes in
the 10 mW peak-power range. We were able to generate arbitrary shapes from standard square to
exponentially increasing peaks that presents a great interest for the plasma community. The SOA
arbitrary waveform generator is ultra-compact and reliable thanks to an all-fibered architecture.
Moreover, it can be easily implemented into existing laser chains as its fiber output can be
injected into the laser chain without drastic modifications. We demonstrate its application on
a 2× 200 J system and highlight its potential. The system truly shines through its wide gain
bandwidth, making it a promising choice for ICF systems requiring bandwidth in the range of
several tens of nanometers. However, the main limitations of the system lie in its modulation
speed and restricted peak power accessibility. Those limitations could potentially be addressed
by developing new electronic drivers with higher modulation speed, higher peak current, lower
jitter and cleaner temporal shapes.
Funding. Bpifrance (DOS0153842/00, DOS0153845/00); Centre National de la Recherche Scientifique.

Acknowledgments. The authors thank PicoQuant GmbH for the conjoint development of the SOAs applied to
high energy laser chain seeding. The authors would like to thank all the technical teams at LULI for their valuable
assistance, especially Sandra Dorard from the mechanical group.



Research Article Vol. 32, No. 22 / 21 Oct 2024 / Optics Express 37967

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

References
1. M. Munther, T. Martin, A. Tajyar, et al., “Laser shock peening and its effects on microstructure and properties of

additively manufactured metal alloys: a review,” Eng. Res. Express 2(2), 022001 (2020).
2. R. S. Nagymihály, F. Falcoz, B. Bussiere, et al., “The petawatt laser of ELI ALPS: reaching the 700 TW level at

10 Hz repetition rate,” Opt. Express 31(26), 44160–44176 (2023).
3. U. Schramm, M. Bussmann, A. Irman, et al., “First results with the novel petawatt laser acceleration facility in

Dresden,” J. Phys.: Conf. Ser. 874, 012028 (2017).
4. N. Ekanayake, M. Spilatro, A. Bolognesi, et al., “Design and optimization of a high-energy optical parametric

amplifier for broadband, spectrally incoherent pulses,” Opt. Express 31(11), 17848–17860 (2023).
5. A. Wang, P. Xue, X. Liu, et al., “Characteristics of broadband OPCPA based on DKDP crystals with different

deuterations for the SEL-100 PW laser system,” Opt. Express 32(3), 3597–3605 (2024).
6. J. Lütgert, J. Vorberger, N. J. Hartley, et al., “Measuring the structure and equation of state of polyethylene terephthalate

at megabar pressures,” Sci. Rep. 11(1), 12883 (2021).
7. Y. Raffray, B. Jodar, J.-C. Sangleboeuf, et al., “Zr-based metallic glasses Hugoniot under laser shock compression and

spall strength evolution with the strain rate (> 107 s-1),” International Journal of Impact Engineering 181, 104755
(2023).

8. A. B. Zylstra, O. A. Hurricane, D. A. Callahan, et al., “Burning plasma achieved in inertial fusion,” Nature 601(7894),
542–548 (2022).

9. L. M. Frantz and J. S. Nodvik, “Theory of Pulse Propagation in a Laser Amplifier,” J. Appl. Phys. 34(8), 2346–2349
(1963).

10. J.-A. Hernandez, N. Sévelin-Radiguet, R. Torchio, et al., “The high power laser facility at beamline ID24-ED at the
ESRF,” High Pressure Res. 1, 1–28 (2024).

11. M. Veinhard, O. Bonville, S. Bouillet, et al., “Parametric study of laser-induced damage growth in fused silica optics
with large beams at 351 nm. Part 1: stochastic approach,” Appl. Opt. 59(31), 9643–9651 (2020).

12. A. Cournoyer, D. Gay, P. Turbis, et al., “Maximizing laser ablation efficiency of silicon through optimization of the
temporal pulse shape,” in Laser Applications in Microelectronic and Optoelectronic Manufacturing (LAMOM) XIX
(SPIE, 2014), Vol. 8967, pp. 125–136.

13. R. M. Malone, J. R. Bower, D. K. Bradley, et al., “Imaging VISAR diagnostic for the National Ignition Facility (NIF),”
in 26th International Congress on High-Speed Photography and Photonics (SPIE, 2005), Vol. 5580, pp. 505–516.

14. K. T. Vu, A. Malinowski, D. J. Richardson, et al., “Adaptive pulse shape control in a diode-seeded nanosecond fiber
MOPA system,” Opt. Express 14(23), 10996–11001 (2006).

15. S. Hocquet, D. Penninckx, E. Bordenave, et al., “FM-to-AM conversion in high-power lasers,” Appl. Opt. 47(18),
3338–3349 (2008).

16. R. Zhang, M. Li, J. Wang, et al., “Experimental research on an arbitrary pulse generation system for imaging VISAR,”
Opt. Laser Technol. 43(1), 179–182 (2011).

17. M. Beyer, J. C. Roth, E. Edwards, et al., “Frequency-doubled Nd:YAG MOPA laser system with programmable
rectangular pulses up to 200 microseconds,” Opt. Express 29(13), 20370–20378 (2021).

18. Q. Xiao, X. Pan, J. Guo, et al., “High-stability, high-beam-quality, and pulse-width-tunable 1319 nm laser system for
VISAR applications in high-power laser facilities,” Appl. Opt. 59(20), 6070–6075 (2020).

19. R. A. Meijer, A. S. Stodolna, K. S. E. Eikema, et al., “High-energy Nd:YAG laser system with arbitrary sub-nanosecond
pulse shaping capability,” Opt. Lett. 42(14), 2758–2761 (2017).

20. C. Dorrer, R. Roides, R. Cuffney, et al., “Fiber Front End With Multiple Phase Modulations and High-Bandwidth
Pulse Shaping for High-Energy Laser-Beam Smoothing,” IEEE J. Sel. Top. Quantum Electron. 19(6), 219–230
(2013).

21. A. Malinowski, K. T. Vu, K. K. Chen, et al., “High power pulsed fiber MOPA system incorporating electro-optic
modulator based adaptive pulse shaping,” Opt. Express 17(23), 20927–20937 (2009).

22. H. Tang, C. Yang, L. Qin, et al., “A Review of High-Power Semiconductor Optical Amplifiers in the 1550 nm Band,”
Sensors 23(17), 7326 (2023).

23. S. Skupsky and R. S. Craxton, “Irradiation uniformity for high-compression laser-fusion experiments,” Phys. Plasmas
6(5), 2157–2163 (1999).

24. J. R. Murray, J. R. Smith, R. B. Ehrlich, et al., “Experimental observation and suppression of transverse stimulated
Brillouin scattering in large optical components,” J. Opt. Soc. Am. B 6(12), 2402–2411 (1989).

25. A. Assadihaghi, H. Teimoori, and T. J. Hall, “6 - SOA-based optical switches,” in Optical Switches, B. Li and S.
J. Chua, eds., Woodhead Publishing Series in Electronic and Optical Materials (Woodhead Publishing, 2010), pp.
158–180.



Research Article Vol. 32, No. 26 / 16 Dec 2024 / Optics Express 47347

High fidelity phase conjugation in a stimulated
Brillouin scattering cell at 122 J

RAPHAËL HUMBLOT,1,2,3,* BRANLY STÉPHANE,2 MEIGNIEN
LOÏC,3 AUDEBERT PATRICK,3 AND DRUON FRÉDÉRIC1

1Université Paris-Saclay, Institut d’Optique Graduate School, CNRS, Laboratoire Charles Fabry, 91127
Palaiseau, France
2Amplitude Laser Group, 2 rue du bois Chaland, 91090 Lisses, France
3LULI, CNRS, Ecole Polytechnique, CEA, Universite Sorbonne, Institut Polytechnique de Paris, 91128
Palaiseau CEDEX, France
*raphael.humblot@institutoptique.fr

Abstract: We demonstrate a passive and automatic correction of high-energy laser wavefront
using stimulated Brillouin scattering (SBS) based phase conjugating mirror (PCM) establishing
a new record in terms of input energy level of 122 J together with an extremely high reflectivity,
leading to efficiencies of 99 % with both high temporal fidelity and good spatial profile
conservation. For this achievement, we developed an innovative design of high-energy SBS-PCM
based on high numerical aperture focusing and on the temporal shaping of the input pulse,
guaranteeing good SBS initiation before the arrival of the main part of the pulse. An original
approach was introduced compared to previous works where the temporal fidelity was a limitation
for energy scale-up. This approach allows, for the first time in an SBS cell, perfect conservation
of the input pulse temporal profile, demonstrated for several temporal pulse shapes of interest.
Pulsed laser sources with nanosecond duration and energy levels above the kilojoule represent
a crucial tool for a wide range of plasma and shock physics experiments. This work will
unlock a crucial bottleneck by addressing the correction of the wavefront distortions due to the
accumulating thermal load in these lasers and opens the way to higher repetition rate kilojoule
systems.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High energy laser sources have been a topic of interest for the past 50 years, allowing to reach
outstanding temporal and spatial concentration of energy. Several laser systems have since been
built and gave insightful results on the behavior of matter under high pressure and temperature
conditions. Now a wide range of plasma physics and dynamic-shock-compression experiments
[1–3] is being performed at the several high-energy laser facilities available to the community. In
particular, significant advances have recently been performed at the National Ignition Facility
on the generation of controllable inertial confinement fusion [4]. High energy lasers also find
applications in the industry for material treatment processes [5], or as pumping source for
high-energy optical parametric amplifiers [6,7] and for Titanium:Sapphire amplifiers lasers [8]
that are in turned used for several scientific experiments including electron and proton acceleration
[9,10]. In all these diverse application domains, one limiting factor is the repetition rate of the
laser sources, currently limited to a few shots per second down to few shots a day, depending on
the energy level it operates at and the technology used. Increasing this repetition is now a major
work axis for the community.

This repetition rate limitation for high-energy lasers in the nanosecond regime is mostly
caused by heat accumulation inside the active laser medium shot after shot. Imperfect and
inhomogeneous energy deposition and heat removal between shots create temperature gradients
inside the amplifiers and therefore generates wavefront distortions [11]. For large beam size, these
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inhomogeneous distortions can lead to deleterious hot spots damaging the optical components of
the laser source. Several work axis are currently being tackled by the different laboratories and
companies of the field, including uses of new gain media and new cooling architectures [12–14]
to extract the stored heat more efficiently.

Correction of the residual aberrations is usually done by using a wavefront sensor controlling
a deformable mirror but this approach is expensive and often limited in the total correction
amplitude to a few waves PV [15], especially for very localized aberration such as spherical
aberrations. Furthermore, the fast feedback loop required to properly compensate for airflow
perturbation is still in development phase [16]. Therefore, an alternative way of correcting
aberration using stimulated Brillouin scattering based phase conjugating mirror (SBS-PCM)
has been investigated. This component is able to reflect narrow-linewidth nanosecond laser
pulses with high efficiency, reversing the wavefront in the process. All the aberrations introduced
in the middle of a round-trip multi-pass amplifying scheme can therefore be automatically
self-corrected using this component. SBS-PCM mirrors operating at significant energy level
have been reported previously [17,18] but little information on the quality, the recurrence of the
results and the stability of the reflection fo the component is available for SBS systems working
at very high energy. In particular, SBS-PCMs are known to introduce deformations of the input
pulse’s temporal profile during the reflection and the only input temporal pulse shapes used to
date were Gaussian. The components was therefore thought-of as not adapted to all the range of
experiment requiring arbitrary temporal profiles.

In this paper, high-energy SBS-PCM is carried out for the first time using a laser system above
100 Joules. The study focuses on the precise and extensive characterization of the fidelity of
the SBS-PCM by characterizing it independently. To this aim, the component is placed at the
laser system output and not in the middle of the round-trip of the multi-pass amplifier as usually
done to take advantage of the phase conjugation. The optical configuration used is optimized to
maximize spatial and temporal fidelity. An innovative optical design based on a high numerical
aperture focusing in the PCM as well as SBS effect initiation with high-dynamic temporal shaping
at the seeder level is implemented. The effect of this new configuration on spatial and temporal
fidelity is demonstrated. In particular we demonstrate proper conservation of several temporal
profiles of interest. An SBS-PCM operating at this energy level in an actual laser system would
be compatible with high repetition rate, aberration free, several-kilojoule laser with kilowatt
class average power by being inserted in the middle of a round-trip kJ-amplification system for
intermediate wavefront corrections.

2. Innovative design of an SBS-PCM for high energy operation

2.1. Theoretical and numerical model

Phase conjugation by SBS is a widely documented topic [19] and can be described by the
interaction between the Pump (incident) beam, the Stokes (reflected) beam, and a Phonon (an
acoustic wave). The relative amplitude and coupling between those three waves can be described
using the standard SBS equations [20] with temporal, and 3D spatial dependence.(︃
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with AP, AS and ρ the complex envelope amplitude of the pump, stokes and acoustic waves
respectively. n, γe, ρ0 and ΓB diverse parameters of the nonlinear medium. ω andΩ the frequency
of the optical and sound waves and f the thermal noise term in the medium.

Those equations are typically not solvable in the general case and even numerical simulations
struggle to provide results in the full 4D (x, y, z, t) case, taking into account the transverse
dimension. Most of the numerical models available therefore chose to only treat the 2D case (z,
t) [21,22] thereby neglecting the transverse derivative in the left-hand side of Eqs. (1) and (2).
Some models implement a modal decomposition to simulate a quasi-3D (r, z, t) description of
the effect [23]. In this work, the input beam is a high-order nearly-flattop supergaussian beam.
Hence, the optimal approach consists in utilizing the 2D modal (and adapting the intensity versus
beam size at every longitudinal position to simulate the focusing). Indeed, nearly flattop beam
are relatively consistent with the 2D model away from focus and the number of transverse modes
necessary to accurately represent the transverse distribution of the energy is deemed too high to
be properly simulated.

The first goal in this model development was to find an optical configuration guaranteeing
the lack of temporal compression. Because the initiation of the SBS effect happens at focus,
the reflecting zone appears at a certain depth inside the PCM and the reflected Stokes light
subsequently stimulates acoustic waves to the entire area in the medium between the entrance
window and the focus spot. The reflecting zone therefore moves at relativistic speed from focus
to PCM entrance during the initiation of the SBS effect and this movement is able to compress
the pump pulse. This effect, widely used in the literature [24–27], would lead to immediate
damage of the optical components in case of a high-energy pulse compression.

The SBS mirror’s longitudinal contra-propagating displacement tends to temporally compress
all the energy present in the cell between entrance window and the focus point during SBS
initiation. Therefore, two parameters have the potential to mitigate this compression: the volume
of the interaction zone and the fraction of the pump energy present before SBS initiation should
both be minimized. The interaction volume can be minimized by reducing the focal length of the
focusing system placed before the PCM, therefore reducing the propagation distance between cell
entrance and focus. And the pump energy sent in the PCM before SBS initiation can be reduced
by adequate temporal shaping of the pump pulse with a high dynamic range.

A study was first conducted on the focal length of the focusing system placed before the PCM.
Numerical simulations were run to find the Stokes and pump peak power ratio (compression
ratio) as a function of focal length and are presented Fig. 1. Results show a clear dependence of
the Stokes-pulse temporal profile with the focal length used. Reducing the focal length decrease
the interaction-zone length and leaves a smaller margin for compression. Conversely, choosing a
propagation distance long enough for the entire pump pulse to be present in the cell before the
Stokes wave has time to exit through the entrance window, allows for the compression of the
entire duration of the pump pulse. In our case, this is achieved for focal lengths above 1.5 m and
led to compression ratio above 40. In the case of high energy reflection, this should be avoided,
and the focusing lens should be chosen as small as possible, ideally guaranteeing insertion depth
< 250 mm for our nonlinear medium.

2.2. Nonlinear effect initiation

Because the compression effect can not be completely suppressed by only reducing the volume
of the interaction zone (by adapting the focal length) and that a too-short focal length would
lead to peak intensity inside the PCM much higher than ionization threshold, it is also necessary
to diminish the amount of energy compressed by shaping the pump temporal profile in order
to initiate the SBS-mirror with a sufficiently-low-power seeder before the arrival of the main
energetic part of the pump pulse. This approach was studied at low-energy by the geometric
separation through polarization of the beam into a main pulse and a prepulse [28]. In this article,
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Fig. 1. Simulation of Stokes/Pump peak power ratio as a function of the focusing-lens focal
length. Simulations based on a 2D model for a pump energy of 50 J, with a diameter of 93
mm at cell entrance. Input temporal profile is a 10 ns square temporal shape with 1 ns rise
time.

the solution is simplified and applied for the first time to high energy SBS phase conjugation.
The prepulse is included directly into the main part of the pulse through a temporal shaping at
the oscillator level, therefore being easily tunable with high contrast, and becoming independent
to the temporal pulse shape.

Because typical SBS threshold effect starts at the millijoule level, reflection of 100 J can be
properly initiated using less than 0.1% of the available input energy, as long as the temporal
modulation capacities of the laser system permit it, especially in terms of dynamic range. This
preparation is done by adding an additional low-energy background in front of the pulse, that we
call pedestal in the following. This pedestal serves only for SBS initiation purposes and should
be intense enough to properly initiate SBS effect and long enough that the acoustic wave have
time to reach back the entrance of the cell (from the focus), thereby allowing SBS stationary
operation for the main energetic pulse. Overall, the introduction of this pedestal presents five
advantages compared to classical solutions reported up to now in the literature:

1. The sharpening of the front edge due to cell transparency before the response time of the
SBS medium does not impact the main and useful part of the pump pulse. 2. The residual
compression applies only on the pedestal and is thus completely invisible on the reflected temporal
pulse shape no matter the actual focal length used. 3. The first few ns usually transmitted by
the SBS mirror only contains a minimal amount of energy and the overall reflectivity of the
mirror is maximized. 4. As the nonlinear effect is already initiated when the majority of the
pulse energy arrives in the cell, the acoustic field has already propagated toward cell entrance
and the reflecting zone is well before focus (with a large area). The power density inside the cell
is thus minimized and parasitic nonlinear effects (self-focusing, ionization,. . . ) do not occur.
5. Because the main part of the pump pulse is reflected very close to cell entrance, the overall
absorbed energy in the SBS-medium is also minimized and we believe this could largely increase
SBS-PCM average power load in the future high repetition rate experiments.

Thus, carefully controlling the pedestal contrast allows for an arbitrary rise time (between
pedestal and main impulsion) without degradation of the spatial fidelity [29,30], as long as it
stays above response time of the liquid.

Numerical simulations comparing temporal fidelity of SBS reflection for 100 J pulses, with
and without pedestal are shown Fig. 2 and demonstrate the increase of temporal fidelity for
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several temporal pulse shape with the introduction of the pedestal. Those simulations have
been made under the 2D model and therefore simulate perfects un-aberrated beams, confined on
diameters calculated for TEM00 beams. In particular, this leads to smaller focal spots compared
to corresponding experiments. Therefore the simulated SBS mirror efficiency near focus is so
strong that it can be numerically considered as perfect in the simulation model. This condition
leads to coupling strength way above experimental values and create those oscillations seen in the
reflected pulse after the initial compression spike [31] by regular extinction of the pump pulse
seen at focus just after a compression spike. Those parasitic low-intense and fast oscillations
have never been observed in experiments and can considered as numerical artifacts.

Fig. 2. Numerical simulations for SBS reflection of an input pump pulse with and without
pedestal. The pedestal influences and smooths the leading edge of the reflected pulse. The
Stokes overshoot is also significantly reduced. a) Gaussian pulse, 100 J input energy b)
Square pulse shape, 100 J input energy.

In conclusion, the theoretical framework described in the paper allows to identify proper
working operation of a high energy SBS cell. The numerical simulation demonstrates that the
focusing optical component must be chosen to minimize the insertion depth of the focus spot
inside the cell to prevent compression. For the configuration chosen, significant compression
started to appear for focusing lens of focal length 200 mm corresponding to interaction distance
of 254 mm (considering the optical index of the liquid used). Additionally, the simulations show
that compression can be further reduced to an insignificant part of the pulse by introducing a
pedestal before the leading edge of the main pulse. This pedestal also simultaneously helps
mitigating ionization inside the liquid hence solving the main issue of tight focusing of high
energy pulses inside the nonlinear medium.

2.3. Experimental optical setup

Following the simulation results, completely avoiding compression would require a distance,
between the cell entrance and the beam focus, of 100 mm. The 100 J input beam having a
93 mm diameter, this nominal regime would require a lens aperture about F/1, thus hard to
manufacture and introducing a high level of aberrations. Subsequently, the propagation distance
is chosen as a compromise between lens aperture and minimization of temporal deformation
during reflection. And a final propagation distance of 300 mm is chosen. Two focusing lenses
with similar focal length but introducing different aberrations levels (mainly spherical aberration)
are used during the experiments to study the effect of the apparatus aberrations on the quality of
phase conjugation. At full aperture, the two lenses L1 and L2 induce respectively ∆1 = 30λ PV
and ∆2 = 4λ PV of Zernike’s spherical aberration (our main aberration of interest beside defocus
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since the hardest to compensate for in typical laser systems) per pass. Both lenses lead to a focus
spot at 300 mm propagation depth in liquid.

The laser source used to perform the experiments is a Nd:Glass laser system based on the
Master Oscillator Power Amplifier (MOPA) architecture capable of delivering pulses up to 200 J
at 1053 nm with arbitrary temporal profile in the nanosecond time-scale [32]. It is seeded by a
CW laser diode with narrow spectrum, temporally shaped by a high-dynamic Semiconductor
Optical Amplifier (SOA) pulse-shaper and subsequently amplified to high energy. The high
dynamic-range capacities of the oscillator (above 50 dB) as well as the high saturation fluence of
the gain medium used allows for precise and highly contrasted control of the pump temporal
shape. In particular, it is possible to generate pedestals of very low power and arbitrary duration.
The already-operating laser system is such that the output pulse is spatially and temporally filtered
to insure good beam quality.

The cell itself is 600 mm long and filled in class-100 clean room with ultra-filtered Fluorinert
FC770 [33]. Since an SBS-PCM in a kilojoule class laser system would typically be used in the
middle of multipass amplifier round trip (with typically at the 100-J level of amplification at this
point), we aim to identify and measure the individual contribution of the PCM in the following.
It is therefore placed at the one-trip output of the laser chain and the Stokes beam are analyzed
directly after reflection, without being subsequently amplified backward.

Experimental data acquisition is performed for every shot for input and output pulses
simultaneously. For this matter, a plano glass plate AR-coated on only one face is placed inside
the optical path of the input beam and is used to extract 4 % of the input beam energy and of
reflected beam energy, as shown in Fig. 3. A fold mirror is initially placed before the cell to
calibrate the 100 % reflectivity for both gentec QE95LP-S-MB-D0 calorimeters 1 and 2 (Fig. 3).
The photodiodes (EOT ET-3000 rise time 175 ps) allow for simultaneous measurement of input
and reflected pulses and thus temporal pulse shape comparison.

Fig. 3. Optical layout of the experiment and the associated metrology. In the preparatory
phase, a "fold mirror" is used to either analyze pump pulse aberrations and calibrate
calorimeters. It is removed after qualification to send pump beam into the SBS cell.

3. Experimental results

3.1. Overcoming critical spatial issues

For cell operation with L1 (the lens with the most spherical aberration), a high intensity hot
spot is observed at the center of the reflected Stokes beam spatial profile as shown in Fig. 4.
The position, shape and relative intensity (visibility) of the hot spot remains constant along
propagation axis over 10 m and thus does not correspond to a parasitic ghost focus spot. Moreover,
the visibility of this hot spot is strongly dependent on the beam aperture as shown in Fig. 4(a).
It is therefore correlated to the spherical aberration level of the beam sent into the cell. To
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validate this hypothesis, we perform an additional experiment: when operating with L1 at small
aperture but with a translation offset compared to the optical axis of L1, the aberration level is
increased again and the hot spot re-appears still on the optical axis but slightly changes shape
(due to symmetry breaking) as shown in Fig. 4(b). The strong dependence on aperture as well
as the hot spot spatial shape indicates the influence of the spherical aberration on the near field
spatial profile conservation. While the simulation model would require a precise description
of the transverse component of the optical and acoustic waves to quantitatively describe this
phenomenon, we propose the following explanation: The high amplitude spherical aberration
makes the marginal rays focus at shorter insertion depth than the rest of the rays. They then
generate a parasitic deleterious acoustic grating inside the cell, interacting with the paraxial rays
and creating this spatial hot spot in the reflected beam profile. Although the visibility of the
hot spot is found to decrease with input energy, our experimental configuration prevented us to
investigate further on the influence of other kind of aberrations and on the dependence of other
parameters such as input beam diameter or focusing conditions. Reducing spherical aberration
of the apparatus is then a key point in this experiments : it allows to drastically reduce the hot
spot visibility. Its complete disappearance appears for spherical aberrations below 14λ PV on
Zernike basis. For safety considerations, no high energy experiments (> 3 J) has been done with
L1 to avoid any damages in the experimental setup.

Fig. 4. a) Hot spot visibility as a function beam aperture on focusing optic for L1 and L2.
Camera images are given for several points of interest. b) Burn paper for reflected beams
using L1 at full aperture and corresponding spatial profiles for a 50 mm aperture centered
and uncentered.

It is interesting to note that, despite those strong near-field hot-spot due to the spherical
aberration inside the cell, no significant increase in WaveFront reversal Error (WFE) is detected
during the experiments and the resultant at the cell output is still clean, devoid of spherical
aberrations. The PCM in a double pass is thus capable of correcting more than 2∆1 = 60λ PV
(Zernike basis) of spherical aberration at the cost of near field spatial profile perturbation and
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14λ PV without any detrimental effects. This limit is about an order of magnitude above classical
wavefront correction solutions in high-energy laser chains [15].

In the following, all the high-energy experimental results presented will be for the L2 focusing
length, with aberration level below the hot-spot-apparition threshold and therefore presenting
high spatial-quality Stokes beam. A typical reflected beam profile at low energy and full aperture
for the L2 focusing lens is shown included in Fig. 4(a).

A secondary detrimental effect on the reflected spatial profile appears when increasing the
energy. As stated in the literature [34], initiation of the SBS effect with intensity much higher than
the threshold intensity allows for large cell volume to act as a stokes wave source terms. Hence
several noise modes can be amplified, sometimes competing with the perfectly phase conjugated
mode. The output spatial profile can therefore be distorted. This leads to energy structures
with local cold and hot spots appearing in the reflected Stokes beam. We demonstrate here that
this effect can be efficiently eliminated by an appropriate shaping of the input pulse temporal
profile, by optimally adapting the pedestal level to just above SBS threshold. Experimentally, this
optimization is done by progressively reducing the pedestal level shots after shots down to the
disappearance of the patterns on the reflected beams. In our optical configuration, the duration of
the pedestal was at 3 ns, and its total energy was 100 mJ, independent of the temporal shape and
total energy of the main pulse. This value represents less than 1% of the energy for input pulses
> 10 J, and down to 0.1% for the > 100 J pulses. The pedestals are therefore not visible in the
pulse temporal pulse shapes measured with photodiodes. Once the correct pedestal level found,
more than 10 shots at high energy are performed without any degradation of spatial fidelity.

Burns patterns relative to pedestal contrast for different energies are shown in Fig. 5 showing
the importance of controlling the contrast of the pedestal on the quality of the output spatial
profile.

We demonstrated with those experiments that SBS phase conjugation can lead to degradation
of the spatial fidelity if not designed properly. The maximum aberration level sent inside the
cell have to be monitored and is, in our experimental setup, limited to ≈ 7λ PV (for spherical
aberration on Zernike basis). The input temporal profile, and in particular, the pulse power
during SBS initiation also have to be properly monitored and are found to lead to spatial fidelity
degradation (hot and cold spots apparition) in case of SBS initiation with power density much
high than SBS threshold. Conversely, proper management of this power density though temporal
profile control leads to excellent beam profile conservation no matter the input energy in the cell
as long as the pedestal is optimized in this matter. In the following, we will describe the other
properties of the SBS conjugation at high energy under optimal operating conditions.

3.2. High energy operation

The maximum output energy of the laser is 200 J but the temporal shaping as well as the limited
size on the cell input window 65 mm limits the input energy to ≈ 120 J. During the experiment,
more than 120 shots were fired with energy ranging between 350 J and 122 J including over
ten shots at energy above 100 J. The reflectivity data for all shots performed with Gaussian
temporal profile is shown in Fig. 6(a). The low repetition rate leads to a high incertitude on the
absolute reflectivity of the cell. The calorimeters are frequently calibrated during the experiment
using the fold mirror in place of the cell. However, there is still a notable degree of uncertainty
associated with the joule-meters, typical for this kind of high-energy single-shot measurements.
This explains the seemingly aberrant measurement points with > 100 % reflectivity. For all input
energy, the measured reflectivity is > 95 %. A calorimeter with trigger level of 300 J is placed to
detect input energy going through the cell and no energy was ever detected even for input energy
level > 100 J. Taking into account the liquid absorption and the parasitic reflections at optical
surfaces, the reflectivity is then > 99 % at high energy.
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Fig. 5. Spatial fidelity of SBS reflection as a function of energy and pedestal optimization.
Spatial profiles acquired by directing the reflected beam toward burn papers. Increasing the
input energy without changing the pedestal contrast (red arrows) deteriorates the reflected
near field beam quality and requires a reduction of the pedestal level to near SBS threshold
(green arrows) to retrieve good spatial fidelity.

Fig. 6. Experimental results for high energy SBS phase conjugation using L2 focusing
lens. a) Reflectivity of the cell versus input energy for Gaussian pulse shape. b) Main
aberrations coefficients values for pump beam using a classical mirror instead of the cell
(blue), Stokes beam (red) and the residual phase calculated using Eq. (6). The expected
spherical aberration value after a double pass in the L2 lens and without phase reversal is
displayed in dashed pink. The first 4 aberrations coefficients only shows that no significant
aberration is introduced by the cell during the reflection. The correction capacities of the
cell are only visible on the spherical aberration part (red rectangle) where the cell effectively
corrects more than 2λ RMS (≈ 7λ PV) of Zernike’s spherical aberration.
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To the best of our knowledge, this input energy and this reflectivity are the highest recorded for
any SBS mirror. This particularly-high reflectivity is mainly attributed to the accurate temporal
shaping limiting the transmitted part of the pulse to the pedestal only and therefore containing
minimal energy.

To evaluate the performance of the wavefront reversal, we compare the input and reflected
beam wavefront. Firstly, the Stokes beam is perfectly retro-reflected and collimated after its
second pass in the focusing lens, demonstrating perfect correction of tilts and focus aberrations.
To measure the higher order aberration, the Pump beam is imaged, after its reflection by a
conventional plano-mirror, by a convergent-convergent-lens telescope and sent on a wavefront
sensor (Phasics, SID4-V) imaging the glass plate.

This experimental layout slightly differs from most of the state of the art setups where a clean
beam wavefront is observed before and after reflection, with some aberrations placed in the
double pass. Here, the initial wavefront coming from the laser is unknown and typically present
some low amplitude aberrations that will be measured positively for input wave and negatively
for output wave. Furthermore, since the high energy beam has large diameter, an imaging system
has to be introduced before the wavefront sensor, and the experimental conditions and available
optical components make this system highly aberrant. The reliability of our measurement lies in
the fact that the dominant spherical aberration source was the focusing lens L2 and hence the
WFE for this particular aberration can be measured.

In this setup, the measurement of the wavefront of the pump beam ϕpump is the sum of the
laser wavefront ϕlaser and the imaging system aberrations ϕimaging.

ϕpump = ϕlaser + ϕimaging (4)

Conversely, the measurement of the stokes, phase conjugated wavefront was the reversed laser
wavefront −ϕlaser plus the imaging system aberration ϕimaging plus the WFE of the cell ∆cell.

ϕstokes = −ϕlaser + ϕimaging + ∆cell (5)

It is convenient to use the pump wavefront as a reference to suppress the contribution of the
imaging system. In this case, the residual wavefront measured after reference subtraction is

ϕresidual = −2ϕlaser + ∆cell (6)

However, the strong aberration level of the imaging system prevents validation of the reversal
efficiency of the SBS cell. Because the wavefront of the input laser is unknown, but no significant
amount of aberration should be present (low repetition rate and low beam spatial modulations in
propagation), the dominant aberration at cell entrance is the spherical aberration of the lens L2.
Therefore this particular aberration coefficient is used to validate the cell correction efficiency. It
is also the only component that effectively perceive the double pass and whose aberration can
be corrected by SBS reflection. The WFE is then evaluated only using the residual spherical
aberration and comparing it to the theoretical calculated aberration assuming a complete lack
of wavefront reversal. The results are shown in Fig. 6(b) where ϕpump, ϕstokes, and ϕresidual are
shown respectively in blue, red and pink and the expected spherical aberration level is displayed
in dashed line. The WFE for the spherical aberration is found to be extremely low and the lens
aberration is fully corrected.

Finally, we study the conservation of the temporal profile of the reflected pulse. The two
photodiodes analyze the temporal fidelity of the PCM on-shot and the reflectivity of the PCM
along time is calculated such as IS(t)/IP(t), ideally constant equal to 1. Because of the low
repetition rate and low energy stability of the laser chain, no averaging of the pulse shapes is
possible and the electronic noise is clearly visible on the temporal profile measurements, hence
limiting the precision of the measurement and calculation of the reflectivity of very low signal
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Fig. 7. Temporal fidelity during high energy SBS reflection. Main graph: comparison of
the input (Pump) and output (Stokes) temporal pulse shapes during SBS reflection. Inset
graphs represent the pump temporal pulse shape in solid blue as well as the reflectivity of
the PCM along time plotted for pump value above 10% of peak. A straight line over the
pump pulse duration means a perfect conservation of the temporal shape during reflection a)
Gaussian pulse for input energy of 122 J . b) Square pulse for input energy of 40 J c) two
step “fusion-like” shape for input energy of 40 J.

(IP<10%IPmax). Temporal fidelity of the PCM is analysed for several pulse shapes (Gaussian,
square, fusion-shape,. . . ) and is shown in Fig. 7.

In all cases, no overshot and no compression spikes are observed. The reflectivity along time
is almost constant for the whole duration of the pulse, limited -especially on the edges where
the intensities are very low- by the electronic noise of the photodiodes. The reflectivity curve
is manually set to 0 outside of the pulse for better visibility. The SBS mirror can effectively
reflect any pulse shape if the rise and fall time do not exceed the SBS frequency bandwidth and
are not sharper than the response time of the nonlinear medium (≈ 1 ns for the classical liquids
used). Those results remain true over the whole energy range studied, down to about 1 J where
the pedestal’s energy becomes comparable with the main pulse’s energy and is visible in the
temporal profiles measurements.

4. Conclusion

We demonstrate the usability of SBS-PCMs systems for ultra-high energy laser systems. Operating
points with good spatial and temporal fidelities were achieved with input energy on the PCM
as high as 122 J. In a multi-pass laser system, this energy at the middle of the round-trip could
lead to several kilojoules of energy at laser output after backward amplification. Those results
were obtained due to an innovative design of the PCM geometry. The choice of a focusing lens
with very high aperture, as well as the introduction of an optimal pedestal for SBS initiation
before the arrival of the main part of the pulse removed the energy limit at the SBS-PCM input.
We originally demonstrated that limiting the intrinsic spherical aberrations and optimizing the
pedestal level allows for efficiently removing the deleterious hot-spot and opening a route to SBS
cells operating at higher energy. In the apparatus, this input energy is now limited by the LIDT
(Laser-Induced Damage Threshold) of the input cell window and, consequently, by the transverse
size of our cell, even though we did not observe any damage during the entire demonstration.
This LIDT, for a glass window, is of the same order of magnitude than the LIDT of the typical
optical components of the laser chain and, thus, does not represent an additional limitation for
the full laser system. The energy limitation for SBS cell operation is then effectively removed.
Additionally, the nonlinear effect initiation allowed to reflect for the first time arbitrary temporal
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pulse shapes with minimal distortion. This system now represents a simpler, cheaper, and more
powerful alternative to deformable mirrors applicable for narrow-linewidth high energy lasers.
Funding. Association Nationale de la Recherche et de la Technologie (Cifre 2021/1470).

Acknowledgements. The authors thank LULI’s HERA staff. In particular Joanna De Sousa, Cyril Rapeneau
for their valuable assistance during the experiment weeks and Sandra Dorard from LULI’s mechanical group for her
contribution to the laser chain adaptation for the experiment. We also thank Ivan Delgado from Amplitude laser group
for the cell design.

Disclosures. Raphaël Humblot: Amplitude laser (F,E,P). Stéphane Branly: Amplitude laser (F,E,P). Loic Meignien:
LULI-CNRS (P). Frédéric Druon: Laboratoire Charles Fabry (P)

Data Availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

References
1. R. J. Trainor, J. W. Shaner, J. M. Auerbach, et al., “Ultrahigh-pressure laser-driven shock-wave experiments in

aluminum,” Phys. Rev. Lett. 42(17), 1154–1157 (1979).
2. P. M. Celliers, G. W. Collins, L. B. Da Silva, et al., “Accurate measurement of laser-driven shock trajectories with

velocity interferometry,” Appl. Phys. Lett. 73(10), 1320–1322 (1998).
3. J. K. Wicks, R. F. Smith, D. E. Fratanduono, et al., “Crystal structure and equation of state of Fe-Si alloys at

super-Earth core conditions,” Sci. Adv. 4(4), eaao5864 (2018).
4. H. Abu-Shawareb, R. Acree, P. Adams, et al., “Lawson criterion for ignition exceeded in an inertial fusion experiment,”

Phys. Rev. Lett. 129(7), 075001 (2022).
5. C. B. Dane, L. A. Hackel, J. Halpin, et al., “High-throughput laser peening of metals using a high-average-power Nd:

glass laser system,” U.S. Department of Energy Office of Scientific and Technical Information (1999).
6. I. N. Ross, P. Matousek, G. H. C. New, et al., “Analysis and optimization of optical parametric chirped pulse

amplification,” J. Opt. Soc. Am. B 19(12), 2945–2956 (2002).
7. S.-W. Bahk, I. A. Begishev, R. Roides, et al., “Effect of the pump beam profile and wavefront on the amplified signal

wavefront in optical parametric amplifiers,” Opt. Express 30(8), 12995–13008 (2022).
8. J. P. Zou, C. L. Blanc, D. N. Papadopoulos, et al., “Design and current progress of the Apollon 10 PW project,” High

Power Laser Sci. Eng. 3, e2 (2015).
9. R. Assmann, M. Weikum, T. Akhter, et al., “EuPRAXIA Conceptual Design Report,” Eur. Phys. J. Spec. Top.

229(24), 3675–4284 (2020).
10. F. Kroll, F.-E. Brack, C. Bernert, et al., “Tumour irradiation in mice with a laser-accelerated proton beam,” Nat. Phys.

18(3), 316–322 (2022).
11. V. Sazegari, M. R. J. Milani, and A. K. Jafari, “Structural and optical behavior due to thermal effects in end-pumped

Yb:YAG disk lasers,” Appl. Opt. 49(36), 6910–6916 (2010).
12. J. Yi, B. Tu, X. An, et al., “9 kilowatt-level direct-liquid-cooled Nd:YAG multi-module QCW laser,” Opt. Express

26(11), 13915–13926 (2018).
13. M. D. Vido, G. Quinn, D. Clarke, et al., “Demonstration of stable, long-term operation of a nanosecond pulsed

DPSSL at 10 J, 100 Hz,” Opt. Express 32(7), 11907–11915 (2024).
14. R. S. Nagymihály, F. Falcoz, B. Bussiere, et al., “The petawatt laser of ELI ALPS: reaching the 700 TW level at 10

Hz repetition rate,” Opt. Express 31(26), 44160–44176 (2023).
15. P. Mason, S. Banerjee, J. Smith, et al., “Development of a 100 J, 10 Hz laser for compression experiments at the

High Energy Density instrument at the European XFEL,” High Power Laser Sci. Eng. 6, e65 (2018).
16. J. B. Ohland, N. Lebas, V. Deo, et al., “From Astronomy to Laser-Labs: Real-Time Wavefront Stabilization at

Apollon,” in High-Brightness Sources and Light-Driven Interactions Congress (2024), paper HTh3B.5, (Optica
Publishing Group, 2024), p. HTh3B.5.

17. H. Yoshida, V. Kmetik, H. Fujita, et al., “Heavy fluorocarbon liquids for a phase-conjugated stimulated Brillouin
scattering mirror,” Appl. Opt. 36(16), 3739–3744 (1997).

18. V. Kmetik, H. Yoshida, H. Fujita, et al., “Very high energy SBS phase conjugation and pulse compression in
fluorocarbon liquids,” in SPIE, M. Osinski, H. T. Powell, and K. Toyoda, eds. (2000).

19. R. W. Boyd, Nonlinear Optics, Third Edition (Academic Press, Inc., USA, 2008), 3rd ed.
20. A. Heuer and R. Menzel, Principles of Phase Conjugating Brillouin Mirrors (John Wiley and Sons, Ltd, 2003).

Publication Title: Phase Conjugate Laser Optics Section: 2.
21. R. Chu, M. Kanefsky, and J. Falk, “Numerical study of transient stimulated Brillouin scattering,” J. Appl. Phys.

71(10), 4653–4658 (1992).
22. X. Xu, C. Feng, and J.-C. Diels, “Optimizing sub-ns pulse compression for high energy application,” Opt. Express

22(11), 13904–13915 (2014).
23. S. Afshaarvahid and J. Munch, “A Transient, Three-Dimensional Model of Stimulated Brillouin Scattering,” J.

Nonlinear Opt. Phys. Mater. 10(01), 1–27 (2001).
24. D. T. Hon, “Pulse compression by stimulated Brillouin scattering,” Opt. Lett. 5(12), 516–518 (1980).



Research Article Vol. 32, No. 26 / 16 Dec 2024 / Optics Express 47359

25. H. Yoshida, T. Hatae, H. Fujita, et al., “A high-energy 160-ps pulse generation by stimulated Brillouin scattering
from heavy fluorocarbon liquid at 1064 nm wavelength,” Opt. Express 17(16), 13654–13662 (2009).

26. C. Feng, X. Xu, and J.-C. Diels, “Spatio-temporal characterization of pulses obtained from a high-energy sub-
nanosecond laser system,” Appl. Opt. 55(7), 1603–1612 (2016).

27. H. Yuan, Y. Wang, C. Zhu, et al., “Investigation of sub-phonon lifetime pulse amplification in active frequency
matching stimulated Brillouin scattering,” Opt. Express 27(12), 16661–16670 (2019).

28. J. W. Yoon, J. S. Shin, H. J. Kong, et al., “Investigation of the relationship between the prepulse energy and the delay
time in the waveform preservation of a stimulated Brillouin scattering wave by prepulse injection,” J. Opt. Soc. Am.
B 26(11), 2167–2170 (2009).

29. C. B. Dane and L. A. Hackel, “High-pulse-energy phase conjugated laser system,” in Phase Conjugate Laser Optics,
(John Wiley and Sons, Ltd, 2003), pp.147–204.

30. M. Ostermeyer, H. J. Kong, V. I. Kovalev, et al., “Trends in stimulated Brillouin scattering and optical phase
conjugation,” Laser Part. Beams 26(3), 297–362 (2008).

31. R. V. Johnson and J. H. Marburger, “Relaxation oscillations in stimulated Raman and Brillouin scattering,” Phys. Rev.
A 4(3), 1175–1182 (1971).

32. R. Humblot, L. Meignien, J. D. Sousa, et al., “Semiconductor optical amplifier used as fibered arbitrary waveform
generator for high energy applications,” in High-Brightness Sources and Light-Driven Interactions Congress (2024),
paper JTu4A.9, (Optica Publishing Group, 2024), pp.JTu4A.9.

33. H. Yoshida, V. Kmetik, H. Fujita, et al., High Performance of Phase Conjugated Stimulated Brillouin Scattering
Mirror Based on High Purity Liquid Heavy Fluorocarbons (AIP, 1996).

34. C. B. Dane, W. A. Neuman, and L. A. Hackel, “Pulse-shape dependence of stimulated-Brillouin-scattering
phase-conjugation fidelity for high input energies,” Opt. Lett. 17(18), 1271–1273 (1992).


	Acronyms and Symbols
	Introduction
	Phase conjugation by backward Stimulated Brillouin Scattering
	Introduction
	Stimulated Brillouin Scattering
	Nonlinear optics
	Electrostriction
	Coupled equations

	CW regime
	Brillouin gain
	SBS initiation
	Reflectivity
	Interaction length
	Limits of the model

	An introduction to the transient regime
	Losses by transmission
	Temporal modulation bandwidth
	Compression

	Phase conjugation
	SBS in the literature

	Numerical simulations
	Introduction
	2D model
	Strategy
	Calculation

	Results
	Propagation of optical waves
	Result accuracy
	Response time of the nonlinear medium
	Compression
	Suppressing compression

	Modal decomposition model
	Description of the transverse dimension
	Calculation
	Results
	Conclusion for the modal simulation

	Split step model
	Description of the transverse dimension
	Calculation
	Results
	Conclusion on the split-step model

	Conclusion on the simulations

	Design and realisation of an SBS-PCM
	Existing Brillouin cells in the state of the art
	Average power
	Efficiency
	Focusing condition

	Experiment motivations
	Nonlinear medium
	Medium choice
	Filtration
	Purity analysis

	Experimental setups
	Requirements
	Medium repetition rate source for parametric experiments
	High-energy source
	Metrology experimental layout

	Conclusion

	SBS-PCM characterisation at the joule energy level
	Introduction
	Experimental optical layout
	First experimental results
	Optical Breakdown
	High energy reflectivity

	Spatial fidelity
	Statistical description of near field
	Spatiotemporal effects
	Spatiotemporal effects suppression
	Conclusion

	Wavefront reversal
	Wavefront analysis
	Spherical aberration
	Astigmatism
	Aberration correction limits
	Conclusion

	Temporal fidelity
	Requirements
	Interaction length dependence
	Jitter
	Arbitrary temporal shapes
	Temporal shapes stability

	Long term stability measurements
	Reflectivity
	Transmitted energy
	Wavefront

	Conclusion

	High energy characterisation
	Introduction
	Experiment design
	Focusing conditions
	Focusing lens design
	Experimental layout

	Low-energy experiments
	Hot spot
	Hot spot mitigation

	High-energy experiments
	Reflectivity
	Spatial fidelity
	Wavefront reversal
	Temporal fidelity

	Conclusion

	Conclusion
	Scientific publications associated with the thesis

