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Chapitre 1
Introduction

1.1 Contexte scientifique
Les travaux que j’ai menés ou dirigés depuis 2005 s’articulent autour de deux thématiques :
l’optique non linéaire et la physique ultra-rapide. Si l’optique non linéaire est une discipline
clairement établie en optique, la physique ultra-rapide l’est moins – du moins en langue
française. Le terme anglo-saxon d’« ultrafast technologies » est plus explicite et englobe
les aspects théoriques, technologiques, métrologiques et applicatifs des impulsions ultra-
brèves [1].

Pour se conformer à l’usage en vigueur, on caractérise d’ultra-brève une source optique
pulsée dont la durée d’impulsion est comprise entre quelques femtosecondes (10−12 s) et
quelques picosecondes (10−12 s). Cette plage correspond à deux limites physiques : d’une
part celle de la période du cycle optique (2.7 fs à 800 nm), de l’autre celle du temps
caractéristique de propagation des phonons acoustiques sur une distance inter-atomique
dans un solide 1. Ces deux bornes délimitent un régime d’interaction dans lequel on peut,
en première approximation, tout à la fois réduire l’impulsion optique à un paquet d’onde de
porteuse bien définie, et négliger les déplacements atomiques lors de l’interaction lumière-
matière.

Résumer l’histoire des sources ultra-brèves en quelques lignes est probablement impossible
mais on peut néanmoins en citer les grandes étapes de développement [2].

1. Sources de première génération. Dans les années 1970, le blocage de modes dans
les lasers à colorant produit les premières impulsions de durée sub-picoseconde [3]
puis de quelques dizaines de femtoscondes [4–6]. Cependant, la très faible fluence de
saturation de ces lasers limitent l’amplification de ces impulsions à des énergies de
l’ordre de quelques microjoules et à des puissances crêtes de quelques MW [7,8].

2. Sources ultra-brèves de seconde génération. L’énergie par impulsion augmente
significativement à la fin des années 1980 grâce aux milieux laser solides [9, 10], ca-
ractérisés par une fluence de saturation supérieure mais aussi par de meilleures

1. La vitesse du son dans un solide étant de l’ordre de 1 000 m · s−1, le temps caractéristique de
propagation sur 1 pm est de 1 ps

1



Chapitre 1. Introduction

propriétés thermo-opto-mécaniques (milieux cristallins). La mise en place de l’am-
plification à dérive de fréquence ou « chirped pulse amplification » (CPA, [11]),
notamment dans les chaînes d’amplification à base de laser saphir dopé au Titane
(Ti:Saphir, ≃800 nm), ouvre la voie à des domaines de recherche nouveaux, tels que
la science attoseconde [12], l’accélération de particules par laser [13] ou la physique
nucléaire par laser [14]. Parmi les exemples les plus spectaculaires et les plus récents
de ces sources de seconde génération (Ti :Saphir) on peut citer le 4 PW (83 J, 19.4 fs)
du GIST en Corée du sud [15], le 10 PW (339 J, 21 fs) du SIOM en Chine [16], ou
encore le 2x10 PW d’ELI-NP en construction en Roumanie. En raison de la limi-
tation en puissance moyenne du Ti:Saphir 2, les lasers solides dopés Ytterbium 3 se
développent en parallèle, notamment sous l’impulsion des applications industrielles.
Les lasers fibrés dopés Ytterbium ainsi que les lasers solides Yb:KGW et Yb:CaF2
voient le jour. Les lasers picosecondes Yb:YAG de type « thin-disk » et « slab »
atteignent des puissances moyennes de plusieurs centaines de W voire de quelques
kW.

3. Au début des années 2000 commencent à apparaître les sources ultra-brèves de
troisième génération. Ces dernières ne sont plus seulement des lasers mais une
combinaison de lasers et d’optique non linéaire. Deux tendances se dessinent :

• d’une part, les techniques de post-compression (filamentation, fibres photo-
niques, fibres creuses, passages multiples dans des lames ou des cellules de gaz,
plasma. . .) qui permettent de raccourcir les impulsions tout en conservant la
même porteuse optique,

• d’autre part, l’amplification paramétrique optique à dérive de fréquence (OPCPA
pour Optical Parametric Chirped Pulse Amplification), qui permet de convertir
un laser picoseconde/nanoseconde en une source femtoseconde. Cette conver-
sion de fréquence s’accompagne, en général, de propriétés émergentes que ne
possède pas le laser de « pompe » : accordabilité en longueur d’onde, contraste
temporel élevé, relation de phase constante entre l’enveloppe de l’impulsion et
la porteuse optique. Deux critères distinctifs des sources de troisième généra-
tion sont la durée picoseconde du laser de pompe (un laser de forte énergie
et/ou de forte puissance moyenne) et le mécanisme de génération des nouvelles
longueurs d’onde (via élargissement spectral du laser de pompe).

Mon activité scientifique, à laquelle est consacrée cette synthèse, s’inscrit dans ce vaste
contexte, notamment à la charnière entre les sources de seconde et de troisième génération.

1.2 Contexte industriel
Une particularité du travail exposé dans ce mémoire est son contexte industriel et commer-
cial. L’ensemble des travaux décrits dans ce mémoire ont été réalisés au sein de l’entreprise
Fastlite entre 2005 et 2022.

La société Fastlite a été créée en 1999 par Daniel Kaplan et Pierre Tournois, tous deux
alors retraités du groupe Thales 4. Lorsque j’ai rejoint la société après ma thèse en 2005,

2. caractérisé par un défaut quantique relativement large (laser à quatre niveaux)
3. caractérisés par un très faible défaut quantique (lasers à « quasi » trois niveaux)
4. Thompson, à l’époque

2



1.2. Contexte industriel

la société comptait quatre salariés. Elle emploie aujourd’hui vingt-trois salariés, dont neuf
docteurs en physique, cinq ingénieurs et trois doctorants. J’anime l’équipe de R&D op-
tique de Fastlite depuis 2012 et suis directeur adjoint de la société depuis 2016. Fastlite
conçoit, développe et commercialise des instruments et des sources ultra-brèves pour la
communauté scientifique nationale et internationale. Son marché est presque exclusive-
ment scientifique et ses clients sont des laboratoires de recherche ou des industriels. Le
portfolio commercial compte aujourd’hui quatre principales lignes de produits, que l’on
retrouve plus ou moins directement dans les thèmes de recherche développés dans ce
document :

• des façonneurs d’impulsions (« pulse shapers ») acousto-optiques (Dazzler™)
• des spectromètres infrarouges (Mozza™)
• des instruments de caractérisation du profil temporel de ces impulsions (Wizzler™)
• des sources ultra-brèves de troisième génération (Starzz™ et twinStarzz™)

Il m’est difficile de conclure cette partie sans commenter qu’elle a été ma perception
de la recherche en entreprise - à Fastlite tout du moins. A la différence de la recherche
académique, la recherche en milieu industriel est une recherche que je qualifierai : :

• d’opportuniste 5 : à l’exception des contrats d’étude subventionnés et des collabora-
tions informelles avec des laboratoires académiques, le financement de la recherche
est financé sur affaire, c’est à dire par la vente d’un produit spécifiquement déve-
loppée pour un client particulier - donc sans filet de sécurité autre que la marge de
manœuvre commerciale,

• de contrainte : les délais sont nécessairement courts, soit pour honorer les dé-
lais de livraison annoncés, soit pour des raisons économiques 6. Par ailleurs, le se-
cret industriel ou les délais imposés par la mise en place d’une propriété intellec-
tuelle/industrielle décalent souvent les recherches de leur publication,

• appliquée/polyvalente : le temps du chercheur est pris sur celui de l’ingénieur et
l’arbitrage n’est pas toujours favorable au premier.

Certains diront sans doute qu’il n’y là rien de très spécifique et que la recherche publique
actuelle évolue dans un contexte similaire, ou, en tout cas, en voie de le devenir. C’est
probablement vrai en raison de la contractualisation croissante de la recherche publique. A
ce jour, des différences demeurent. Je me risquerais à attribuer à la recherche en entreprise
une forme d’équation d’état à trois variables, les trois variables d’état étant :

• une pression interne : la performance collective, l’exigence de retour sur investisse-
ment, la stratégie de l’entreprise,

• une température : le contexte réglementaire national (fiscalité, crédit impôt-recherche),
les taux d’emprunts bancaires, la concurrence des autres entreprises et, parfois, des
laboratoires,

• un volume : les effets cumulés des modalités et de l’ampleur du financement de
la recherche publique, les politiques internationales (restrictions aux frontières en

5. Opportunisme : attitude consistant à régler sa conduite selon les circonstances du moment, que l’on
cherche à utiliser toujours au mieux de ses intérêts. L’opportunisme désigne aussi la politique de prudence
et de réalisme prônée par Gambetta, Jules Ferry et les républicains modérés entre 1879 et 1895.

6. Un retour sur investissement minimum est requis.
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Chapitre 1. Introduction

temps de Covid-19 par exemple), les évolutions des besoins de la communauté scien-
tifique. . .

La recherche en entreprise bénéficie aussi d’avantages indéniables : une grande souplesse
administrative (au regard de la recherche publique), des procédures simples pour les
achats, un accès simple et direct à des bureaux d’étude (mécanique, électronique ou lo-
giciel), une large palette de sujets de recherche dans des domaines très variés. Le crédit
impôt recherche (CIR) français tempère également l’exigence de retour sur investissement
des dépenses de R&D 7. La liberté de pouvoir « piocher » dans un large stock de ma-
tériel disponible facilite aussi la mise en œuvre d’expériences. Enfin, l’exposition à des
laboratoires et de chercheurs de tous horizons et sur tous les continents est une vraie
richesse.

Toutes ces caractéristiques de la recherche en entreprise ont, d’une façon ou d’une autre,
structuré mes travaux de recherche. Ces derniers sont sans doute moins approfondis et
plus morcelés que s’ils avaient été menés dans un cadre académique mais probablement,
aussi, plus variés. Ce manuscrit n’est d’ailleurs pas exhaustif et je n’ai sélectionné qu’une
partie des thèmes de recherche : ceux impliquant des collaborations et/ou des situations de
direction ou d’encadrement. J’ai, par exemple, écarté la métrologie d’impulsions courtes
(Wizzler™ [17, 18], chirp scan [19], Phazzler™ [20]) ainsi que les extensions à l’infrarouge
thermique des twinStarzz™.

1.3 Guide de lecture
Le chapitre 2 est dédié au façonnage d’impulsions courtes soit par filtre acousto-optique
dispersif programmable (AOPDF), soit par des assemblages de réseaux et de prismes
(grismes). Le chapitre 3 présente les applications des AOPDF à la spectroscopie ultra-
rapide, par des méthodes linéaires ou non linéaires. Le chapitre suivant décrit l’étude et
le développement de sources optiques ultra-brèves relevant de la technologie d’amplifica-
tion paramétrique optique à dérive de fréquence. Enfin, le dernier chapitre aborde une
thématique de recherche plus récente : les cristaux liquides pour l’optique ultra-rapide.

Chaque chapitre est organisé de la manière suivante : après une brève introduction, je
rappelle les collaborations, contrats et étudiants liés à cette thématique. Je résume ensuite
les principaux résultats scientifiques obtenus. Les publications les plus significatives sont
incluses en fin de section ou de chapitre.

7. Peut-être au détriment de la recherche publique mais c’est un autre débat.
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Chapitre 2
Façonnage d’impulsions optiques ultra-brèves

2.1 Le filtre acousto-optique programmable
Le façonnage d’impulsions optiques par filtre acousto-optique dispersif programmable
(AOPDF pour « Acousto-Optic Programmable Dispersive Filter »), inventé et breveté
par Pierre Tournois en 1996, est à l’origine du succès de la société Fastlite. Les usages
de ce filtre sont multiples [21] mais sa principale application demeure la compression
d’impulsions dans le contexte du CPA. Je détaille ici brièvement la physique de ce filtre
auquel il est fait référence de nombreuses fois dans ce manuscrit.

Les collaborations auxquelles j’ai pris part sont indiquée dans le tableau 2.1, ainsi les
contrats pour lesquels j’ai été en situation de responsabilité. Le tableau 2.2 synthétise les
stages encadrés et les thèses co-encadrées.

Type Acronyme Laboratoire/entreprise Rôle Date

Contrat ASTRE - LOA (PCO) Participant 2010-2012

Collaboration informelle MPQ Participant 2006
Collaboration informelle TUW Participant 2009
Collaboration informelle LOA-PCO Participant 2008
Collaboration commerciale Femtolasers Participant 2014

Table 2.1 – Contrats et collaborations.

Cadre Type Nom Date Direction Laboratoire

Thèse CIFRE Stéphanie Grabielle 2007-2011 Olivier Gobert CEA
Stage M2 Romain Lavalard 2011 Nicolas Forget Fastlite

Table 2.2 – Thèses que j’ai co-encadrées et stages dirigés.
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Chapitre 2. Façonnage d’impulsions optiques ultra-brèves

2.1.1 Principe et propriétés
Un fitre acousto-optique dispersif programmable repose sur une interaction acousto-optique
particulière :

• le cristal acousto-optique est anisotrope (il est biréfringent optiquement et acousti-
quement)

• l’onde optique incidente est polarisée linéairement suivant l’une des deux directions
principales de polarisation (polarisation ordinaire ou polarisation extraordinaire)

• l’onde acoustique est une onde de cisaillement,
• la coupe du cristal est telle que les vecteurs de Pointing optiques et acoustiques sont

colinéaires (ou quasi-colinéaires).

2.1.2 Équations des ondes couplées
Soit Em les amplitudes complexes d’un ensemble d’ondes électromagnétiques planes pro-
gressives de pulsations ωm et de vecteurs d’onde km se propageant dans un cristal biré-
fringent en présence d’une onde acoustique intense. On note em les polarisations associées
à ces ondes. Le champ électrique total est :

E(r, t) =
∑
m

Em exp i (ωmt − km.r)em + c.c. (2.1)

L’onde acoustique est, elle, représentée par un champ de déformation, c’est-à-dire un
tenseur de rang 2 :

S(r, t) = S exp i (Ωmt − K.r)s + c.c. (2.2)
Cette onde de déformation induit une polarisation nonlinéaire microscopique PNL telle
que :

PNL = ϵ0χ
(4) : S.E = ϵ0∆χ.E (2.3)

Le tenseur χ(4), de range 4, est le tenseur nonlinéaire de susceptibilité acousto-optique.
Il couple chaque composante du champ de déformation avec chacune des polarisations
électriques. ∆χ = χ(4) : S est le tenseur de rang 2 obtenu par contraction de χ(4) et de
S. D’un point de vue formel, la réponse non linéaire acousto-optique prend donc la même
forme que la réponse linéaire du matériau sous l’effet du champ E. On comprend donc
que le champ de contrainte S induit une modification de la surface des indices et donc,
en général, ne préserve pas les directions propres de polarisation. ce qui a pour effet de
coupler les ondes, même si leurs polarisations d’origine sont différentes. Tous calculs faits,
pour une propagation paraxiale suivant une direction z quelconque et avec une seule onde
non nulle à l’entrée du cristal (Em = 0 pour m ̸= 0), on arrive à l’équation des modes
couplés, qui, comme son nom l’indique couple l’onde m aux ondes m − 1 et m + 1 [22] :

dEm

dz
− i∆kmEm(z) = k2

m

4k′
mz

pS
[
n2

m−1Em−1(z) − n2
m+1Em+1(z)

]
E0(0) = E0, Em̸=0(0) = 0

(2.4)

où k′ = k0 + mK est le vecteur d’onde diffracté d’ordre m. k′
mz est la projection de ce

vecteur d’onde suivant z et nm l’indice de réfraction associé. Le nombre p, qui dépend
de ∆χ et des polarisations em est le coefficient acousto-optique effectif. Ces équations
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2.1. Le filtre acousto-optique programmable

couplées font intervenir le terme de désaccord de phase longitudinal ∆km = ∆kmz = k′
mz −

kmz, lequel vient déphaser le terme source (membre de droite de 2.4) de la propagation. Le
désaccord de phase transverse est, lui, nécessairement nul, ce qui complète la description
vectorielle. Le désaccord de phase longitudinal est en général non nul car k′ ne vérifie
pas nécessairement la relation de dispersion |k|2 = n(ωm, e)2ω2/c2. En pratique, l’accord
de phase exact ou approché ∆kmL ≪ 1 ne peut être réalisé que pour deux champs, par
exemple, E0 et E1 (ou, de manière équivalente, E0 et E−1 ), si bien que seules ces deux
ondes vont être couplées efficacement dans un cristal épais. C’est le régime de diffraction de
Bragg (un seul ordre de diffraction), par opposition au régime de Raman-Nath (multiples
diffractions). Tous calculs faits [22], dans la limite des ondes planes monochromatiques et
des conditions de Bragg, l’efficacité de diffraction η varie comme 1 :

η = |E1(L)|2/|E0(0)|2 =
(

v

2

)2
sinc2

√
ζ2 +

(
v

2

)2
(2.5)

v = 2π

λ cos θ

√
M2

2 PaL (2.6)

ζ = ∆k1L/2 (2.7)
∆k1 = (k1 − k0 − k) .uz (2.8)

où Pa est la densité surfacique de puissance acoustique dans la colonne acoustique, L est
l’épaisseur du cristal, et où M2 ne dépend que des caractéristiques du matériau acousto-
optique. Le terme M2 fait intervenir l’inverse de la densité du cristal ainsi que l’inverse de la
vitesse acoustique. Des matériaux denses et des ondes acoustiques à faible vélocité, comme
les ondes de cisaillement, maximisent donc le facteur de mérite M2 et donc l’efficacité de
diffraction. La formule 2.5 indique que l’efficacité de diffraction est maximale à l’accord
de phase (∆k1L ≪ 1). On peut également retenir que pour η ≪ 1 on a simplement :

η ∝ sinc2
(

∆k1L

2

)
PaL2 (2.9)

2.1.3 Accord de phase acousto-optique
Il est intéressant de développer le terme de désaccord de phase ∆k1 = ∆k au voisinage
de l’accord de phase. Au premier ordre en ∆ω = ω − ω0 et ∆Ω = Ω − Ω0 on obtient :

∆k(∆ω, ∆Ω) = ∂∆k

∂Ω ∆Ω + ∂∆k

∂ω
∆ω (2.10)

Comme l’efficacité de diffraction chute sensiblement lorsque ∆kL ≃ 1 pour un cristal
d’épaisseur L, on peut définir des valeurs limites ∆Ωm et ∆ωm pour lesquelles ce désaccord
maximal est atteint indépendamment. On trouve ainsi :

1/∆Ωm = L

(
∂k1

∂ω
− ∂K

∂Ω

)
.uz =

(
1
vg

− 1
V

)
L (2.11)

où vg et V sont, respectivement, la vitesse de groupe optique et acoustique suivant la
direction de diffraction z. En réalité les dérivées partielles sont des gradients que l’on

1. sinc(x) = sin x/x dans ce document.
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Chapitre 2. Façonnage d’impulsions optiques ultra-brèves

peut relier aux vecteurs de Pointing, lequels sont colinéaires dans les AOPDFs. La vitesse
acoustique étant beaucoup plus lente que la vitesse de la lumière, l’expression de ∆Ωm

est simplement :
∆Ωm = V

L

Autrement dit, pour une fréquence optique donnée, la résolution spectrale acoustique est
égale à l’inverse du temps de propagation. Pour un cristal de Te02 de 25 mm, la résolution
spectrale acoustique est de l’ordre de quelques dizaines de kHz, soit une valeur très faible
devant la porteuse acoustique (entre 30 MHz et 100 MHz typiquement). Le même type
d’analyse conduit à :

∆ωm = c

|∆ng|L

où ∆ng est la différence entre la vitesse de groupe extraordinaire et la vitesse de groupe
ordinaire suivant la direction de diffraction. Pour un cristal de Te02 de 25 mm, on trouve
une résolution spectrale optique de l’ordre de 0.1 THz.

Les résolutions optiques et acoustiques sont reliées par :

α = ∆Ωm

∆ωm

= |∆ng|V
c

Comme la vitesse acoustique est indépendante de la fréquence acoustique entre 10 MHz
et quelques centaines de MHz, le ratio α ne varie que faiblement avec la longueur d’onde
optique et il peut être considéré, en première approximation, comme une constante qui ne
dépend que du matériau et de la direction des vecteurs de Poynting. Pris ensemble, ces
trois résultats indiquent que la diffraction acousto-optique induit une relation linéaire et
quasi-bijective entre fréquence acoustique et fréquence optique diffractée. Bien que non
démontré ici, il en va de même angulairement.

2.1.4 Diffraction d’un paquet d’ondes
Le dernier point de la démonstration prend en compte des paquets d’onde (en optique
et en acoustique). En raison du réservoir gigantesque de phonons disponibles, la diffrac-
tion acousto-optique ne modifie pas l’onde acoustique et la diffraction acousto-optique est
linéaire du point de vue optique. Dans la limite d’une diffraction faible (paquet d’onde
optique incident « non déplété »), le paquet d’onde diffracté s’écrit simplement, par linéa-
rité 2 :

E1(ω1, L) ∝
∫

S(Ω)E0(ω0) sinc
(

∆k1(ω0, ω1, Ω)L
2

)
δ(ω1 − ω0 − Ω)dΩdω0 (2.12)

Les fréquences acoustiques (typiquement <1 GHz) étant négligeables devant les fréquences
optiques (typiquement dans la gamme THz-PHz), le décalage Doppler ωd − ω = Ω est
négligeable et l’on peut faire l’approximation ω1 ≃ ω0 ≃ ω). Comme, de plus, l’accord
de phase est très étroit 3 par rapport aux largeurs spectrales optiques et acoustiques

2. et d’un changement de phase à l’origine.
3. du fait de la grande longueur d’interaction L
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2.2. Précision du façonnage

impliquées, on peut également faire l’approximation que le terme en sinc2 se réduit à
δ(ω − αΩ), ce qui permet de simplifier l’équation précédente en :

E1(ω, L) ∝ S(αω)E0(ω) (2.13)

Autrement dit, dans le domaine temporel, l’AOPDF opère une simple convolution entre
l’onde optique incidente et l’onde acoustique, à une mise à l’échelle temporelle de l’onde
acoustique par le facteur α près :

E1(t, L) ∝ S(t/α) ∗ E0(t) (2.14)

Une prise en compte un peu moins simpliste du terme de désaccord de phase consiste
à réduire celui à une dépendance en ω − αΩ au voisinage de l’accord de phase exact
∆k1 ≃ −(ω − αΩ)/V . Il vient alors :

E1(ω, L) ∝ E0(ω)
∫

S(Ω)sinc
[

ω − αΩ
2

L

V

]
dΩ (2.15)

La transformée de l’expression précédente est alors :

E1(t, L) ∝ Ŝ(t/α) ∗ E0(t) (2.16)

où Ŝ(t) est l’amplitude (complexe) de l’onde acoustique dont le support est limité à une
fenêtre de largeur totale T = L/V : Ŝ(t) = S(t)Π(t/T ) où Π est la fonction porte valant
1 entre −1/2 et 1/2 et zéro ailleurs. Une prise en compte plus détaillée de ce terme de
désaccord de phase met en évidence un certain nombre d’effets fins : variation de la réso-
lution spectrale avec la longueur d’onde, dispersion différentielle avec le temps de groupe
moyen etc.

Les publications de référence sur les AOPDF sont celles de Frédéric Verluise [23] et de
Daniel Kaplan [24] pour le TeO2 (visible et proche infrarouge), de Sébastien Coudreau [25]
pour le KDP (ultra-violet) et de Raman Maksimenka [26] pour le Calomel (infrarouge
moyen).

2.2 Précision du façonnage
La calibration d’un AOPDF, c’est-à-dire la correspondance entre fréquence acoustique
et fréquence optique, dépend de trois facteurs : la coupe cristalline choisie, l’orientation
relative du composant et du faisceau optique incident et la connaissance des propriétés
optiques du matériau. Cette dernière se résume, pour l’essentiel, à celle de la biréfringence
et de sa dépendance en longueur d’onde. L’orientation cristallographique du cristal ainsi
que la réalisation du composant font appel à des techniques de grande précision (rayons X)
et la direction de propagation acoustique est un excellent critère 4 de vérification de la
coupe cristalline. L’orientation du composant par rapport au faisceau incident est ajus-
tée expérimentalement par autocollimation sur la face d’entrée. Paradoxalement, la plus

4. la propagation acoustique dans certains plans est extrêmement anisotrope dans un cristal comme
la paratellurite.
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Chapitre 2. Façonnage d’impulsions optiques ultra-brèves

Figure 2.1 – Comparatif des formules de Sellmeier pour le TeO2.

grande incertitude est celle des indices de réfraction. En effet, les formules de Sellmeier
des matériaux acousto-optiques comme TeO2 ne sont pas nécessairement connues avec
une précision suffisante dans le visible ou le proche infrarouge, ni même bien déterminées
dans l’infrarouge moyen. Les formules publiées pour la paratellurite [27–29] présentent
ainsi des écarts et/ou ne sont pas établies sur les mêmes plages spectrales. La publication
de Berny de 1972 [29] avait été initialement ignorée par Fastlite car peu référencée et uni-
quement publiée en français. La littérature cite principalement les travaux d’Uchida [27]
et Hillman [28]. Cette dernière est celle utilisée par Fastlite depuis une quinzaine d’année
pour ses logiciels commerciaux. Les différentes formules donnent des résultats proches,
notamment d’Uchida et Hillman, mais non identiques - et en particulier au-delà de 1 µm.

Dans son travail de thèse [30] (CIFRE), dirigé par Olivier Gobert (CEA, Saclay) et que
j’ai contribué à co-encadrer, Stéphanie Grabielle a mené une étude précise de la fidélité
du façonnage spectral à 800 nm. Un AOPDF de 25 mm en coupe HR est placé dans
le bras test d’un interféromètre de type Mach-Zhender et la phase spectrale de l’onde
diffractée est déterminée par interférométrie spectrale. Le résultat principal de l’étude
est qu’après calibration, il subsiste une erreur systématique de ≃0.5% entre les temps de
groupe programmés et mesurés. Cet écart ne peut s’expliquer que par une erreur sur les
formules de Sellmeier. La dispersion des valeurs de biréfringence publiées est d’ailleurs de
cet ordre de grandeur. Une erreur systématique aussi faible peut paraître dérisoire mais
elle conduit à des erreurs parfois non négligeables en spectre large compte tenu de la
grande dispersion optique (passive) d’un AOPDF de 25 mm. Le calcul de cette dispersion
est requise pour auto-compenser l’insertion du cristal dans une source femtoseconde. Ce
calcul de dispersion étant basé sur les dérivées premières et secondes des indices optiques,
ce calcul est extrêmement sensible à la formule utilisée. Plus généralement, certaines
applications métrologiques comme la spectroscopie 2D ou la caractérisation temporelle
d’impulsions par la technique SPIDER nécessitent une précision meilleure que 0.1% pour
des temps de groupe de ≃1 ps.

L’ambiguïté sur les Sellmeier est aggravée dans l’infrarouge moyen car la formule donnée
par Hillman diverge vers 4.2 µm. Néanmoins la formule d’Uchida, proche de Hillman
mais non divergente, ne reproduit pas non plus fidèlement les résultats expérimentaux.
La solution retenue initialement avait été de simplement tabuler la correspondance entre
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fréquence acoustique et fréquence optique à partir d’une connaissance a priori de la réponse
spectrale d’un étalon Fabry-Pérot en Silicium vers 2 µm. Cette approche pragmatique est
néanmoins insatisfaisante car elle présuppose une parfaite connaissance de l’épaisseur et
de l’indice du Silicium. De plus, la difficulté de ce travail repose sur le fait que l’orientation
du filtre acousto-optique est un paramètre critique dont l’effet est d’ajouter ou retrancher
une constante sur les courbes de correspondance entre fréquence acoustique et optique. Il
est donc nécessaire de comparer non les valeurs mais les variations des valeurs et ainsi,
pour être suffisamment précis, de réaliser des mesures sur une plage spectrale la plus large
possible.

Des mesures systématiques sur un corps noir ont été entreprises sur TeO2 dans le cadre
du stage de M2 de Romain Lavalard (Paris-Sud) que j’ai encadré en 2011. J’ai ensuite
complété ces données à Antibes en 2017 avec un analyseur de spectre optique (OSA)
de façon à couvrir l’ensemble de la plage 650-1700 nm. Ces mesures ont confirmé que
la formule de Berny conduit à une bien meilleure conformité entre théorie et expérience
qu’Uchida ou Hillman (écart réduit d’un facteur 4), et ce de 0.5 µm à 5 µm. Le détail de
ces résultats n’a pas été rendu public et est toujours considéré comme un secret industriel.

2.3 Compression d’impulsions
La durée minimale d’une impulsion est classiquement limitée par son support spectral. En
pratique, la relation de phase entre les différentes composantes spectrales - la phase spec-
trale - ne permet pas toujours d’atteindre cette durée minimale. Cette phase spectrale,
qui joue un rôle équivalent aux aberrations optiques en imagerie (aberration sphérique,
coma. . .), résulte le plus souvent d’imperfections dans les systèmes lasers produisant ces
impulsions. C’est en particulier le cas dans les systèmes laser exploitant le concept d’am-
plification à dérive de fréquence (CPA). Les composants et systèmes permettant de ma-
nipuler ou de corriger la phase spectrale sont cruciaux dans ce contexte et les AOPDFs
sont appréciés pour leur compacité et leur simplicité d’utilisation. Les AOPDFs ne font
cependant, en général, pas partie intégrante du CPA et sont insérés postérieurement à la
construction du système laser.

Le problème se pose différemment dans les amplificateurs paramétriques optiques à dérive
de fréquence (OPCPA) infrarouges où les étapes d’étirement et de compression sont moins
évidentes que dans le proche infrarouge. La raison principale de cette difficulté est, qu’à
durée constante, le nombre de cycles optiques sous l’enveloppe diminue lorsque la lon-
gueur d’onde augmente. Dit autrement, la bande spectrale relative ∆ω/ω0 augmente, ce
qui implique de considérer des phases de plus en plus complexes. Par ailleurs, les réseaux
de diffraction et les miroirs dispersifs sont d’autant plus inefficaces que la bande spectrale
s’approche de l’octave (∆ω ≃ ω0). Pour ces raisons, un étirement et/ou une compression
par des matériaux massifs est souvent recherchée. En 2006 j’ai collaboré avec le MPQ
(Garching, Allemagne) à un OPCPA à 2 µm [31] conçu autour de ce concept. Puis, avec
le TUW (Vienne, Autriche), j’ai prolongé ce travail dans le cadre des techniques de post-
compression à 1.5 µm [32–37]. Pour ces deux collaborations, l’AOPDF était inséré dans en
début de chaîne OPCPA et était utilisé pour précompenser la dispersion des matériaux
et/ou comprimer finement les impulsions en sortie de système. L’usage de l’AOPDF dans
le système à 2 µm [31] est particulièrement intéressant car celui-ci joue un double rôle :
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Chapitre 2. Façonnage d’impulsions optiques ultra-brèves

celui d’étireur et de façonneur d’impulsion. De plus, cette publication est la première
démonstration que l’AOPDF préserve la phase porteuse-enveloppe (CEP). A bien des
égards, l’OPCPA décrit dans [31] peut être considéré comme un précurseur des sources
femtosecondes infrarouges de troisième génération [2], dont les AOPDFs constituent au-
jourd’hui l’une des pierres angulaires.
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We demonstrate an optical parametric chirped-pulse amplifier producing infrared 20 fs (3-optical-cycle)
pulses with a stable carrier-envelope phase. The amplifier is seeded with self-phase-stabilized pulses ob-
tained by optical rectification of the output of an ultrabroadband Ti:sapphire oscillator. Energies of �80 �J
with a well-suppressed background of parametric superfluorescence and up to 400 �J with a superfluores-
cence background are obtained from a two-stage parametric amplifier based on periodically poled LiNbO3
and LiTaO3 crystals. The parametric amplifier is pumped by an optically synchronized 1 kHz, 30 ps,
1053 nm Nd:YLF amplifier seeded by the same Ti:sapphire oscillator. © 2006 Optical Society of America

OCIS codes: 190.4970, 320.5520, 140.3070.

Rapid advances in high-field physics have been
achieved in recent years, particularly in the repro-
ducible generation of isolated soft-x-ray attosecond
pulses,1 as a result of the development of drive lasers
with specialized pulse properties. These properties
include ultrahigh peak intensity, quasi-monocycle
duration, and reliable control over the carrier-
envelope phase (CEP).2 While existing drive lasers
operate near 0.8 �m, in the gain region of the Ti:sap-
phire, operating at longer, infrared wavelengths
would be advantageous because the ponderomotive
energy scales with �2. Therefore, the intensity of
driving laser pulses needed to attain higher-order
harmonic generation at a given x-ray photon energy
can be substantially lower in comparison with the
0.8 �m case.3–5 The use of IR drive pulses should ex-
tend the cutoff energy of x-ray photons and yield even
shorter attosecond x-ray pulses. From the standpoint
of laser technology, the longer duration of the IR op-
tical period reduces the number of cycles for a given
pulse envelope and, therefore, relaxes the require-
ment for amplifier gain bandwidth.

The concept of optical parametric chirped-pulse
amplification6,7 (OPCPA) could be ideal for future de-
velopment of intense ultrashort-pulse higher-
harmonic generation drive sources. Recently, several
OPCPA systems delivering few-cycle 0.8 �m pulses
were reported.8–11 Femtosecond IR OPCPA systems
have also been demonstrated,12–14 but not in the few-
cycle pulse range. In this Letter we describe a proto-
type few-cycle CEP-stabilized IR OPCPA based on pe-
riodically poled crystals.

A schematic of our two-stage OPCPA is presented
in Fig. 1. The pump laser consists of a home-built
30 ps, 1053 nm Nd:YLF regenerative amplifier and a
4-pass postamplifier, delivering pulses up to 10 mJ at
1 kHz repetition rate. The pump pulses are optically
synchronized with the seed pulses of OPCPA by injec-
tion seeding from a broadband Ti:sapphire
oscillator.15 The output spectrum of the 5 nJ, 6 fs all-
chirped-mirror Ti:sapphire oscillator is given
elsewhere.16 The oscillator pulse energy within the
fluorescence bandwidth of Nd:YLF at 1053 nm, di-
verted for optical seeding of the regenerative ampli-
fier, is �2 pJ.

IR seed pulses for the OPCPA are produced by
difference-frequency generation (DFG) of the output
of the Ti:sapphire oscillator in a 1 mm long MgO-
doped periodically poled LiNbO3 crystal (PPLN) with
a quasi-phase-matching period of �QPM=13.9 �m.
The resultant DFG spectrum is shown as a dashed
curve in Fig. 2. The estimated energy in the IR seed
pulse is 4 pJ without heating the DFG crystal. The
three-wave mixing process in DFG is identical to op-

Fig. 1. Schematic of the IR OPCPA. AOPDF, acousto-optic
programmable dispersive filter (Dazzler; Fastlite, Ltd.);
PPLN, periodically poled LiNbO3 crystal; PPLT, periodi-
cally poled LiTaO3 crystal. All periodically poled crystals
were obtained from HC Photonics, Ltd.
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tical rectification, therefore, the pulses generated via
DFG carry a constant CEP offset.17–19 Unlike DFG
schemes that mix two frequency-shifted pulses,19

DFG between short- and long-wavelength compo-
nents of a single broadband pulse removes the neces-
sity to maintain a constant time delay between the
mixing pulses. Consequently, there is no delay-
related source of CEP jitter in our system.

Our optical parametric amplifier (OPA) operates
near the degeneracy point of the three-wave mixing
to ensure the broadest possible gain20 in periodically
poled nonlinear crystals. The first stage of the two-
stage amplifier employs a 3 mm thick periodically
poled MgO-doped LiNbO3 crystal (PPLN OPA I in
Fig. 1, �QPM=30.2 �m). The crystal is heated to
200°C to minimize the parasitic photorefractive ef-
fect. In the second-stage amplifier we use a periodi-
cally poled MgO-doped LiTaO3 crystal (PPLT OPA II
in Fig. 1, �QPM=31.4 �m). Compared with PPLN, the
PPLT crystal has a lower nonlinear coefficient and,
for the same crystal thickness, a slightly narrower
phase-matching bandwidth. However, PPLT exhibits
a higher damage threshold and has considerably
smaller photorefractivity. The ultimate gain band-
width potentially obtainable in our system is illus-
trated by the spectrum of parametric superfluores-
cence (dotted curve in Fig. 2) measured behind OPA I.
For this measurement, the external OPA seed was
blocked and a higher pump intensity was applied to
switch to the regime of the optical parametric genera-
tor. The Fourier-limited pulse duration of this spec-
trum is �12 fs.

In both OPA stages we introduced a 1.5° noncol-
linearity angle (internal) between the pump and the
seed beams. A small crossing angle is required for
spatial separation of the otherwise degenerate signal
and idler waves and to prevent their mutual interfer-
ence. The 1/e2 pump beam diameters are �150 and
�350 �m for the first and the second OPA stages, re-
spectively. In OPA I, the signal pulse is amplified to
1.35 �J with a 40 �J pump. In OPA II, the signal en-
ergy is boosted to 0.4 mJ using a 5 mJ pump pulse.
The pump energy in this case is limited by optical

damage to the PPLT crystal. The stability of the am-
plified pulse energy is 5% rms. Prior to amplification,
the seed pulse was stretched to �10 ps in a 50 mm
long antireflection-coated silicon block to maximize
the efficiency of the pump energy conversion. The cor-
responding amplified spectrum is shown in Fig. 2
(solid curve). Gain saturation causes substantial
broadening of the injected seed spectrum. A single-
pass parametric gain in excess of 106 can be easily ob-
tained in our system. However, this amplification re-
gime corresponds to a nonnegligible amount of
superfluorescence that competes with the injected
seed pulse. Therefore, for further amplification, the
signal has to be injected into subsequent parametric
amplifier stages with correspondingly increased
pump pulse energies.

Several options for the pulse stretcher–compressor
pair can be considered. Both the pulse stretcher and
the compressor of an IR chirped-pulse amplifier could
be based on bulk-dispersion materials,21 because sev-
eral types of glass (fused silica, fluoride glass, etc.)
exhibit negative dispersion in this spectral range.
However, it is impossible for compression from
�10 ps to �20 fs, which is a few cycles for IR pulses,
since the sign of the third-order dispersion is the
same for the materials with both positive and nega-
tive linear dispersion. To achieve few-cycle operation
in this work, we employ an IR acousto-optic program-
mable dispersive filter Dazzler (Fastlite, Ltd.) as a
pulse stretcher in front of the OPA and recompress
the pulse in the above-mentioned 50 mm thick Si
block. Because of the low material dispersion in the
IR in comparison with the typically used near-IR
spectral range, our 1.3–2.5 �m Dazzler can fully
compensate for both the internal dispersion of a 45
-mm TeO2 crystal and its dispersion of the Si block.
The diffraction efficiency of the broadband Dazzler is
�10%, which dramatically reduces the seed energy
supplied to the OPA. Therefore, the pump energies of
both OPA stages have to be reduced correspondingly
to suppress amplification of superfluorescence. As a
result, the usable signal energy at the output of OPA
II is decreased to �80 �J.

The amplified pulse is compressed in the Si block
without significant loss. The pulse width is measured
with an autocorrelator based on two-photon-induced
photocurrent22 in an InGaAs photodetector. The mea-
sured interferometric autocorrelation trace is shown
in Fig. 3. The pulse appears to be compressed nearly
to its theoretical limit, i.e., �20 fs, or 3 cycles at
FWHM. Since the wavelength range supported by
the Dazzler is blueshifted with respect to the OPA
gain bandwidth, the resultant amplified spectrum
(Fig. 3, inset) is clipped around 2.5 �m. Therefore,
further reduction of the pulse duration is expected
with a modified Dazzler that will cover the entire
bandwidth of interest.

To characterize the CEP stability of the OPCPA
system, we measured f-to-3f spectral interferograms
in a specially designed nonlinear interferometer. A
1 mm thick type I phase-matching �-barium borate
crystal for third-harmonic generation23 was placed in
one arm of the interferometer, and a 2-mm-thick sap-

Fig. 2. Summary of spectral properties of the IR OPCPA.
Solid curve, amplified signal spectrum after the second
OPA stage; dashed curve, spectrum of the seed pulse gen-
erated by difference-frequency mixing; dotted curve, super-
fluorescence spectrum in a 3 mm thick PPLN. Inset, elec-
tric field of the pulse calculated for the solid curve
assuming ideal pulse compression.
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phire window for white-light generation in the other.
The resultant spectral fringes, observed around
680 nm, are depicted in Fig. 4. The CEP dependence
was verified by varying the glass thickness in front of
the nonlinear interferometer. The residual phase ex-
cursions, seen in Fig. 4(b), are attributed to the
amplitude–phase noise coupling in the white-light
generator of the nonlinear interferometer.

In summary, we have demonstrated what is to our
knowledge the first CEP-stable chirped-pulse para-
metric amplifier that currently produces 3-cycle
pulses at the central wavelength of 2.1 �m. The laser
output is directly scalable with pump pulse energy
and crystal size.24 This scheme presents a promising
route toward constructing a high-peak-power IR
drive laser for high-field and attosecond applications.
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Fig. 3. Adaptive pulse compression using a Dazzler. Thick
curve, measured interferometric autocorrelation based on
the two-photon-induced photocurrent in an InGaAs photo-
diode; thin curve, calculated autocorrelation trace assum-
ing ideal pulse compression. Inset, signal pulse spectrum.

Fig. 4. Examination of CEP stability by nonlinear spectral
interferometry. (a) Single-shot f-to-3f interferogram (solid
curve) and an average over 1 s (dashed curve). (b) Single-
shot interferograms for successive laser shots. See text for
details.
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Chapitre 2. Façonnage d’impulsions optiques ultra-brèves

2.4 Contrôle et stabilisation de la phase enveloppe-
porteuse

Si la plupart des interactions lumière-matière ne sont sensibles qu’à l’éclairement optique
(ie au flux de puissance surfacique instantané), certains phénomènes comme la génération
d’harmoniques élevées dépendent directement du champ électrique. L’étude de ces phé-
nomènes requiert donc des sources ultra-brèves dont le champ électrique est contrôlé et
reproductible d’une impulsion optique à l’autre. Il s’agit donc non seulement de produire
des impulsions optiques de même énergie, de même durée et de même profil tempo-
rel/spatial, mais aussi avec la même relation de phase entre le champ électrique et son
enveloppe. Cette phase enveloppe-porteuse – CEP pour « carrier-envelope phase » - n’est
pas triviale à caractériser ni même à stabiliser. L’amplification laser étant insensible à la
CEP, les lasers ne produisent pas naturellement des impulsions de CEP stable. Plusieurs
solutions techniques sont possibles pour contourner cette difficulté. L’une d’elle consiste à
exploiter le fait que la dispersion optique induit un glissement de l’enveloppe par rapport
à la porteuse. En contrôlant avec précision la dispersion intracavité d’un oscillateur fem-
toseconde (via une contre-réaction sur la puissance de pompe par exemple) celle-ci peut
être réglée de manière suffisamment précise pour que la CEP varie périodiquement et
qu’un large sous-ensemble d’impulsions partagent une même valeur de CEP. Par sélection
électro-optique (par exemple) on forme ainsi un train d’impulsions de même CEP. En
pratique, cette opération de décimation n’est pas sans conséquence et tend à « replier » le
bruit haute fréquence vers les basses fréquences. De plus, les variations de chemin optique
induits lors de la propagation ou de l’amplification réintroduisent des fluctuations de CEP.
La stabilité thermique et/ou mécanique des étireurs et des compresseurs dans les CPA,
qui sont nécessairement très dispersifs, est une cause majeure de dérive lente de la CEP.
Une boucle de rétroaction « lente » est donc nécessaire pour maintenir la stabilité de la
CEP.

Les AOPDFs fournissent, là encore, une solution élégante à ce problème pour contrôler
et stabiliser la CEP. La phase absolue acoustique étant transférée à l’onde diffraction, le
contrôle de la première permet celui de la seconde. Or, la phase de l’onde RF (qui induit
l’onde acoustique via un transducteur) est générée point par point de manière arbitraire.
Les AOPDF autorisent donc un contrôle indépendant de l’enveloppe temporelle et de
la phase de la porteuse optique. Une quantité quelconque de CEP peut être ajoutée ou
retranchée sur l’onde diffractée. Cette propriété est d’autant plus intéressante que ce
contrôle de phase n’est pas borné, à la différence des systèmes de correction dispersifs :
une dérive monotone de la CEP peut être continûment corrigée sans limitation de durée.
Enfin, le contrôle de CEP est complètement découplé de celui de l’enveloppe temporelle.
Une mesure de la dérive de CEP, par un interféromètre f-2f par exemple, reste néanmoins
nécessaire pour bâtir une boucle de stabilisation.

Les premières démonstrations de stabilisation de CEP ont été menées en collaboration avec
l’équipe PCO au LOA (ENSTA, Palaiseau) d’abord sur une chaîne Ti:Saphir [38, 39] en
2008-2009 puis dans le cadre du développement d’un double CPA de classe 10 mJ, à la fois
stable en CEP et à haut contraste temporel. Le développement des grismes de compression
(section 2.5) a également permis de réduire la dérive de CEP par construction [40]. La
collaboration avec le LOA sur la stabilisation de la CEP s’est étendue sur plusieurs thèses :
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2.5. Grismes

celles de Lorenzo Canova [41], Aurélien Ricci [42] et de Hermance Jacqmin [43]. Bien que
n’ayant pas encadrer ces thèses au quotidien, j’ai eu l’occasion de travailler fréquemment
avec eux et notamment avec Lorenzo Canova.

L’application des AOPDFs à la stabilisation de CEP s’est poursuivie avec une collabora-
tion industrielle avec Femtolasers (Vienne, Autriche). Grâce à une mesure rapide (10 kHz)
de la dérive de CEP, j’ai pu démontrer avec Vincent Crozatier (Fastlite), et Fabian Lü-
cking (doctorant à Femtolasers à l’époque) que les AOPDFs permettent d’atteindre des
valeurs records de stabilité de CEP (non moyennée) dans les systèmes laser Ti:Saphir en
2014 : 100 mrad rms sur 1 mn [44]. Le principe de la mesure rapide et l’asservissement sont
détaillées dans un chapitre de revue [45]. Une très large part des sources femtosecondes
de 3ème génération, qu’elles soient commerciales ou construites par des laboratoires de
recherche, intègre aujourd’hui une stabilisation active de la CEP via un AOPDF.

2.5 Grismes
Dans un contexte connexe, nous avons proposé, avec Pierre Tournois et Vincent Crozatier,
un nouveau type de compresseur : les « grismes de Bragg » [46, 47]. Cet assemblage de
prismes et de réseaux en transmission permet de comprimer efficacement (moins de 30%
de pertes) des impulsions ultra-brèves tout en combinant dispersion quadratique négative
(GVD 5 négative) et dispersion cubique également négative (TOD 6 négative) - une com-
binaison habituellement impossible à atteindre avec des réseaux seuls. Les compresseurs
à grismes sont ainsi bien adaptés à la compensation de la dispersion de matériaux massifs
(caractérisés par un chirp positif et un troisième ordre positif). Une extension aux phases
quartiques à également été démontrée [48] en collaboration avec Laszlo Weisz au Max-
Planck-Institut für Quantenoptik (MPQ, Garching, Allemagne) puis au Département de
Physique de l’Université d’Umeå (Umeå, Suède).

Les grismes ont été principalement développés avec le groupe PCO du LOA, dans le cadre
du contrat ASTRE 2010 coordonnée par Rodrigo Lopez-Martens (programme du Conseil
Général de l’Essonne). Ce contrat a permis l’étude détaillée d’une nouvelle configuration
d’étirement-compression pour les lasers femtosecondes dont la CEP est stabilisée. Ce
schéma, basé sur la combinaison d’un étireur verre (SF57, géométrie en « billard ») et
d’un compresseur composé de prismes en SF57 et de réseaux en transmission a permis
l’étirement à 50 ps puis la compression à 20 fs d’impulsions de 10 mJ, 1 kHz. Le dispositif
préserve la CEP [40,49]. Ma contribution a porté sur les calculs de dispersion, la conception
de l’étireur et des grismes et la coordination de la partie Fastlite de ce programme de
recherche.

5. Group Velocity Dispersion
6. Third Order Dispersion
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Abstract We design a grism compressor based on

transmission gratings and high refractive index prisms to

compensate for both the second- and third-order disper-

sions of SF57 glass at 800 nm. The use of transmission

gratings eases the geometrical constraints, allows a final

recombination of the spectral components out of the bulk

of the prisms and suggests a potential application of these

grims to high-energy pulse compression. The dispersion

law of this grism compressor is measured in double-pass

configuration and negative third-order dispersion is

achieved. We demonstrate efficient operation with an

overall throughput [60% over a 100 nm bandwidth.

1 Introduction

Chirped-pulse amplification (CPA) requires optical devices

characterized by large group delay dispersions (GDD) to

stretch/compress the ultrashort pulses before/after the

amplification stage. In the first embodiment of CPA [1] in

1985, the laser pulses were stretched in a fused silica fiber

with positive GDD and compressed by a pair of reflective

gratings arranged to provide negative GDD (Treacy con-

figuration [2, 3]). However, as both fused silica and grating

pairs introduce a high level of positive third-order dispersion

(TOD) in the near infrared, the dispersion of the grating pair

was not perfectly opposite to the dispersion of the fiber [4]

and the pulses could not be recompressed to their Fourier-

transform limit. To solve this issue and achieve a perfect

matching between stretcher and compressor, an open-space

stretcher combining reflective gratings and an imaging

afocal telescope of magnification -1, introduced by Martinez

[5] in 1987, can be used. Since then, Treacy compressors

and Martinez/Öffner stretchers [6] have been extensively

used in CPA laser systems.

The use of bulk stretchers made of highly dispersive

glass rods simplifies the overall design of CPA sources and

improves their long-term stability. These devices are

indeed immune to vibrations, mechanical or thermal drifts

and offer the highest throughput and bandwidth. If grating-

based stretchers have been favored in the earlier years of

CPA because of their larger GDD, the recent spread of

ultrabroadband sources ([50–100 nm) brings a renewed

attention to bulk stretchers and to the issue of TOD com-

pensation. In 1969 [7], it was already pointed that TOD

could be canceled or inversed by replacing reflective

gratings by a combination of gratings and prisms [8].

However, these very first grisms were designed far from

the Littrow incidence and suffered from low diffraction

efficiency. Besides, the highest peak power was reached in

the bulk of the prisms which induced a high level of non-

linear effects such as self-focusing and self-phase-modu-

lation. In practice, these drawbacks prevented the practical

use of these grisms as pulse compressors. Since then sev-

eral other grism designs based on reflective gratings have

been proposed and demonstrated [9–13]. By working clo-

ser to the Littrow angle, the diffraction efficiency of the

gratings could be enhanced to that of conventional grating

compressors [14]. Yet, the issue of nonlinear effects was

not solved, which limited the applications of grisms to low-

energy pulse compression in up-chirped CPAs [15] or pulse

stretching in down-chirped CPAs [9]. Although out of the

scope of this paper, grisms have also found applications in

research fields such as pulse-shaping devices [16, 17],

achromatic phase-matching schemes in nonlinear optics

N. Forget (&) � V. Crozatier � P. Tournois

FASTLITE, Centre scientifique d’Orsay - Bât.503,

Plateau du Moulon, 91401, Orsay, France

e-mail: forget@fastlite.com

123

Appl. Phys. B (2012) 109:121–125

DOI 10.1007/s00340-012-5126-2

Author's personal copy



[18], confocal microscopy [19] or nonlinear endomicros-

copy [20].

In this letter, we study a grism compressor comprising

two parallel Bragg gratings between which two anti-par-

allel, right-angle, high-index prisms are placed (Fig. 1). As

opposed to designs based on reflective gratings, the use of

transmission gratings simplifies the geometrical constraints

and allows to work at the exact Littrow angle, where the

diffraction efficiency and bandwidth are optimal. With this

geometry, the distance between the optical components can

also be varied arbitrarily and the resulting GDD and TOD

can be continuously tuned from 0 to a value only bounded

by the transverse dimension of the optics. Last, an air gap

can be introduced between the first grating and the first

prism, which enables a final recombination of the spectral

components out of the bulk of the prisms. This key feature

could considerably reduce the level of nonlinear effects and

suggest a potential application of these grisms to high-

energy pulse compression. As a proof of concept, we

experimentally characterize a grism compressor designed

to compensate for both the GDD and TOD of an SF57 glass

rod at 800 nm.

2 Principle

Let r be the groove density of the gratings and a be the

apex angle of the prisms of refractive index n: The prisms

are inserted between the gratings with the outer faces

parallel to the grating surfaces. Let L be the distance

between the outer faces of the prisms, G ¼ G1 þ G2 be the

total air gap between the grating and the prisms, H be the

perpendicular distance between the prism apices, measured

as the projection of the segment linking the apices along

the grating surface. The distance between the inner surfaces

of the prisms is d ¼ L cosðaÞ � H sinðaÞ. The total length

of the device is Gþ L. Light propagates from left to right

and the input beam direction is hi with respect to the

normal to the grating surfaces. The first Bragg order is

diffracted in air with a positive angle hd given by the

grating rule:

sinðhdÞ � sinðhiÞ ¼ c
r
m

ð1Þ

where m is the optical frequency and c is the velocity of

light in vacuum. The diffracted beam is then refracted by

the first air–glass interface and propagates in glass with an

angle r1 with respect to the input face. Let r2 be the

incidence angle at the output glass–air interface and i2 be

the propagation direction in air after the second refraction

with respect to the normal to the glass–air surface. The

angles hd, r1, r2, i2 and a are linked by

n sinðr1Þ ¼ sinðhdÞ
r2 ¼ r1 � a
n sinðr2Þ ¼ sinði2Þ

8
<

:
ð2Þ

The beam travels in air the distance d= cosði2Þ, is refracted

by the second prism, diffracted by the second grating and

exits parallel to the input beam direction. We now consider

the total group delay sp added by the grism pair to a plane

wave propagating between the reference planes defined by

the two prisms apices and the direction hi. Let N be the

group delay index of the prisms. All interfaces being two-

by-two parallel, it is clear that the total group delay

depends neither on the incident position of the input beam

nor on the repartition of the air gaps between the gratings

and the prisms. For the sake of simplicity, it is therefore

convenient to assume, without any loss of generality, that

the first grating is engraved on the first prism and that the

input light ray hits the first prism at the apex. The absolute

group delay sp is then equal to the sum of the group delays

of the three consecutive propagating segments, in air (d),

glass (second prism) and air again:

c:sp ¼
d

cosði2Þ
þ L

cosðr1Þ
N � sinðhiÞ

cosðr2Þ
sinðaÞ

� �

� 1� d

L

cosðaþ i2Þ
cosði2Þ

� �

þ G
1� cosðhi � hdÞ

cosðhdÞ

ð3Þ

It is easy to check that these three terms are always posi-

tive, as can be expected for absolute group delays. As can

be shown by numerical investigation, the total third-order

dispersion of a grism pair becomes negative when r2 is

close to the critical angle for total internal reflection. As a

general trend, for given G, H and L values, large apex

angles correspond to negative TOD, whereas small apex

angles correspond to positive TOD. From a design point of

view, once the groove density and the optical indices have

been defined, the dispersion law of the grism compressor

depends on five independent geometrical variables. How-

ever, since hi has to be equal to the Bragg incidence

(2 sin hi ¼ �cr=m0) there remains, in fact, only four inde-

pendent geometrical parameters: the apex angle a, the

iθ dθ
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σ
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1r 2r
2i

n
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1r
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Fig. 1 Single-pass grism setup
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geometrical parameters g ¼ G=L, h ¼ H=L and the scaling

length L. It is also worth noting that the contribution of the

air gap G (last term of Eq. 3) to the total dispersion is minor

when compared with the other terms and that negative

TOD values can also be reached if G ¼ 0. As for pairs of

prisms or gratings, a pair of grism exhibits in single pass a

lateral chromatism since all the optical rays exit the grism

pair with the same direction but at frequency-dependent

location. In the experiments described below, a roof-top

mirror was used to double-pass the grism pair and com-

pensate for this effect.

3 Experimental results

A grism compressor was assembled from 10 � 20 mm2

fused-silica gratings with a groove density of 1,250 g/mm

(Ibsen Photonics, damage threshold [40 GW/cm2 http://

www.ibsen.dk/highpower) and 25 � 25 mm2 SF57 prisms

with a apex angle of 42.5�. Broadband anti-reflection

coatings were deposited on the substrate sides of the

gratings as well as on the three facets of the prisms. The

apex angle a = 42.5� and the geometrical parameters

g = 0.32 and h = 0.8 were chosen. For practical reasons,

the selected geometrical parameters were G ’ 10 mm,

H ’ 25 mm and L ’ 31 mm. The dispersion law of the

corresponding compressor in double-pass configuration is

shown in Fig. 2 together with a sketch of the compressor.

the The total size of the compressor was 25 � 40 mm2,

which is a little smaller than a grating compressor with the

same GDD. The dispersion law of the grism pair was

measured, in double-pass configuration, by spectral inter-

ferometry: the grism compressor was inserted in one arm of

a dispersion balanced Michelson interferometer and the

interference pattern was recorded with a spectrometer

(AvaSpec2048L from Avantes, spectral resolution of

0.1 nm). However, given the large dispersion of the grism

compressor and the finite resolution of the spectrometer, it

was not possible to resolve the interference pattern over the

complete spectral range. Rather than retrieving the spectral

phase piecewise, we measured directly the group delay as a

function of frequency, using the method described by [9]:

due to the high dispersion of the grisms, the interferogram
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exhibits chirped fringes with a flat fringe localized at the

wavelength for which the group delay is equal on both

arms (Fig. 3). By varying the length of the reference arm

and recording the coincidence wavelength, the group delay

of the grism compressor could be retrieved with �60 fs and

�0.3 THz accuracies over the full bandwidth of a ’12 fs

mode-locked oscillator (740–840 nm).

A polynomial fit of the group delay as a function of

angular frequency was then used to extract the GDD and

TOD values. As shown in Fig. 4, for the experimental

parameters G1þ G2 ’ 8 mm, H ’ 25 mm, L ’ 31 mm

and hi ’ �32:5� the measured GDD and TOD were equal

to �1.62 � 105 fs2 and �0.94 � 105 fs3, in good agree-

ment with the theoretical values (�1.64 � 105 fs2 and

�0.91 � 105 fs3) given the fit accuracy (�0.03 � 105 fs2

and �0.18 � 105 fs3). The corresponding experimental

TOD/GDD ratio was comprised between ?0.47 and

?0.69 fs and the corresponding chirp ratio was of ’0.5 ps/

nm. Although not demonstrated here, such GDD values

would be large enough to compensate for the dispersion of

an SF57 rod of approximately 73 cm. By translating one of

the prism parallel to the gratings it was possible to vary the

TOD/GDD ratio from �0.5 fs to ?0.7 fs, encompassing

the value of ?0.63 fs necessary to compensate for the

TOD/GDD ratio of SF57. As shown in Fig. 4, the curva-

ture of the group delay as a function of frequency

decreases from positive to negative as H is decreased. For

H ’28 mm, the TOD nearly vanishes and the dispersion of

the grims compressor is almost completely linear with

frequency.

The total throughput of the grism compressor was

’ 65% at 800 nm,[60 % over the 740–840 nm bandwidth

and[50 % over the 710–875 nm bandwidth (Fig. 5). As it

can be noticed, the latter bandwidth (’165 nm at 790 nm)

is large enough to sustain Gaussian pulses of ’12 fs

FWHM. Assuming a perfect compression at the output of

the grism compressor, the group delay function at the

output of the last prism (first prism in double-pass con-

figuration) is given by the last term of Eq. 3 for G ¼ G1.

For the experimental parameters, the calculated group

delay spreads from �2.0 to ?2.9 ps over the 700–900 nm

bandwidth and indicates that for ’12 fs pulses, the shortest

pulse duration in the bulk of the prism would be about

1.8 ps FWHM (Fig. 6). With G1 ¼ 8 mm and G2 ¼ 0, this

value could even reach 3.6 ps FWHM.

4 Conclusion

Grism compressors based on Bragg transmission gratings

and high refractive index prisms open the path to efficient

and broadband compression scheme with adjustable third-

order dispersion phase. Such compressors could be

designed to match and compensate for the GDD and TOD

of bulk stretchers, with chirp ratii large enough to sustain

\15 fs, mJ-level, amplified pulses.
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We present the first carrier-envelope-phase stable chirped-pulse amplifier (CPA) featuring high temporal contrast
for relativistic intensity laser–plasma interactions at 1 kHz repetition rate. The laser is based on a double-CPA ar-
chitecture including cross-polarized wave (XPW) filtering technique and a high-energy grism-based compressor.
The 8 mJ, 22 fs pulses feature 10−11 temporal contrast at −20 ps and a carrier-envelope-phase drift of 240 mrad root
mean square. © 2014 Optical Society of America
OCIS codes: (320.7090) Ultrafast lasers; (320.5520) Pulse compression; (190.7110) Ultrafast nonlinear optics.
http://dx.doi.org/10.1364/OL.39.003774

Relativistic optics has opened the way to compact
plasma-based particle accelerators and extreme ultravio-
let (XUV) and x-ray sources [1–4]. Currently, several
trends can be recognized in experimental facilities dedi-
cated to intense laser–matter interactions. On the one
hand, multiterawatt femtosecond lasers with ultrahigh in-
tensity can be used to drive compact plasma-based par-
ticle accelerators [1,2]. On the other hand, the ability to
generate waveform-controlled few-cycle light pulses has
provided brand new tools for investigating ultrafast elec-
tronic processes in atoms, molecules, or solids [4]. More
recently, few-cycle pulses with relativistic intensity, but
without carrier-envelope-phase (CEP) control, have been
used to study electron-bunch acceleration from gas jets
or high-harmonic generation from solid targets [5,6]. At
Laboratoire d’Optique Appliquée (LOA), a pioneering ex-
perimental platform has been developed (Salle Noire)
that merges these two trends and is dedicated to the
study of laser–plasma interactions in the few-cycle re-
gime at 1 kHz repetition rate. Until now, the wave-
form-controlled laser source delivered 1.2 mJ, 5 fs
pulses with a relative CEP drift of 250 mrad root mean
square (RMS) and a temporal contrast of 10−7 [7]. It
was based on a Ti:Sa CPA system followed by postcom-
pression in a gas-filled hollow-core fiber. When focused
down to a spot size of 2 μm FWHM, the laser pulses could
reach typical intensities on the solid target just below
1018 W∕cm2. Recent results obtained with this system in-
clude attosecond control of collective electron motion in
plasmas, the generation of synchronized isolated attosec-
ond pulses from plasma mirrors and the acceleration of
energetic ions [8–10].
In this Letter, we present the upgrade of the Salle Noire

laser system to pass into the relativistic intensity regime,
i.e., with intensities on target well above 1018 W∕cm2 at
800 nm wavelength. It involves increasing both the pulse
energy as well as the temporal contrast by several orders
of magnitude, while maintaining high repetition rate and
full waveform control. Two major techniques are now
widely used to decrease the intensity of the amplified

spontaneous emission (ASE) background of existing
chirped-pulse-amplifier (CPA) systems. Plasma mirrors
can efficiently clean the pulse at the output of the laser
chain at the expense of the available energy [11,12]. An-
other option is to insert a temporal filter inside the laser
chain, with subsequent reamplification enabling recovery
of the energy losses. In this case, efficient temporal
cleaning is provided by a nonlinear effect, which calls
for a double-CPA architecture [13]. At LOA, we have de-
veloped and qualified a nonlinear filter relying on cross-
polarized wave (XPW) generation [14]. XPW generation
is an achromatic and degenerated four-wave mixing
process relying on the anisotropy of the χ3 tensor in iso-
tropic crystals. A linearly polarized input beam is focused
onto a nonlinear crystal placed between crossed polar-
izers and generates an orthogonally polarized wave.
The cubic dependence between output and input inten-
sities improves temporal contrast that is limited only by
the extinction ratio of the crossed polarizers (3–4 orders
of magnitude). Currently, XPW filters have become wide-
spread in high-peak-power laser systems [12,15–17].

Therefore, we modified the laser system to a double-
CPA architecture with an XPW filter. Another challenge
was associated with this upgrade. As the final goal is to
postcompress the laser pulses down to the few-cycle re-
gime, CEP stability is needed. Consequently, the increase
of the output energy requires specific dispersion manage-
ment in the second CPA to reduce B integral during
amplification while preserving the CEP stability.

As a result, we demonstrate the realization of the first
double-CPA CEP-stable laser system featuring 8 mJ,
22 fs, 1 kHz pulses with a temporal contrast of 10−11.
The overall layout of the laser system appears in Fig. 1.

A detailed description and characterization of the
high-contrast injector can be found in [18]. It consists
of a commercial 1 kHz CEP-stabilized CPA (CPA1, Fem-
topower Compact Pro CE Phase, Femtolasers GmbH)
followed by an XPW contrast filter. The oscillator pulses
(Rainbow) are CEP-locked via pump-laser amplitude
modulation and stretched in a 20-cm-long SF57 block
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before amplification up to 1.9 mJ in a 10-pass Ti:Sa am-
plifier including an acousto-optic programmable disper-
sive filter (AOPDF) (low-jitter Dazzler HR800, Fastlite).
The amplification stage is pumped by 11 W from a
1 kHz frequency-doubled Q-switched Nd:YLF laser
(JADE, Thales). The 7-ps-long amplified pulses are then
compressed through a transmission-grating compressor
(TGC) with an overall efficiency of 85%. The TGC con-
sists of a pair of 1280 l∕mm gratings used at the Littrow
incidence angle (30.8°) and separated by 10 mm. The
compressed-pulse duration is 28 fs.
The pulses are then sent to the XPW filter which is an

optimized version of the energy-scalable device de-
scribed in [19]. It consists of a 47 cm, 250 μm inner-diam-
eter hollow-core waveguide providing efficient spatial
filtering (75% transmission), followed by two thin, 1.5-
mm-thick, BaF2 crystals with holographic crystallo-
graphic orientation, all under vacuum. The beam is then
expanded to go through the output Glan polarizer ena-
bling XPW pulse selection, with an extinction ratio of
3–4 orders of magnitude. Pulses of 300 μJ are routinely
generated, corresponding to an XPW internal efficiency
of 33% (fiber transmission and reflection losses on crys-
tals deducted ) and a global energy transmission of 22%.
At this stage, the spectral bandwidth supports sub-10-fs
duration [Fig. 2(a)]; the pulse presents a good spatio-
temporal quality; the energy stability is ∼2% RMS over
several hours; and the CEP drift can be kept below
200 mrad RMS [18].
For the second CPA (CPA2), the issue of dispersion

management must be carefully addressed. So far, in or-
der to minimize the CEP drift, a compact stretcher (e.g.,
bulk) and compressor are preferred [20,21]. The com-
pressor has to present minimum optical-beam path while
an AOPDF can help to compensate for the spectral phase
of the stretcher and amplifier material. The stretching
factor should give a moderate B-integral value during am-
plification and nonlinear effects in the compressor
should be avoided. The solution applied to CPA1 consists
in a bulk stretcher and a TGC, whose chromatic disper-
sions do not match [the third-order dispersion/group-

delay dispersion (TOD/GDD) ratios are of the opposite
sign]. Consequently, the finite pulse-shaping capability
of the AOPDF limits the stretching factor to about
0.1 ps∕nm, thus preventing efficient amplification be-
yond a few millijoules. Recently, we proposed an
efficient and compact grism compressor design (combi-
nation of prisms and TG) able to match the first orders of
the chromatic dispersion introduced by the bulk
stretcher and amplifier and therefore relaxing the con-
straints on the AOPDF [22]. CEP stability was also dem-
onstrated. The use of transmission gratings eases the
geometrical constraints and the position of the prism pair
between the two can be used to tune the TOD/GDD ratio
[23]. An air space between the prism and TG avoids final
wavelength recombination inside the bulk and thus limits
nonlinear effects. Here, we present a grism design opti-
mized for high-energy pulses and a larger stretching fac-
tor. An unfolded configuration is implemented to use
smaller gratings, with a total footprint of 40 cm × 27 cm.
The arrangement is shown in Fig. 3(a). It consists of
35 mm × 30 mm and 70 mm × 30 mm, 1282 l∕mm TG
used at Littrow incidence, coupled to AR-coated SF57
prisms (70 mm × 50 mm, apex 43.5°). Transmission of
78% is measured over 750–850 nm spectral bandwidth.
The introduced group delay was measured by inserting
the grism into the arm of a Michelson interferometer
[Fig. 3(b)]. The stretching factor is 0.75 ps∕nm, seven
times larger than in CPA1, with a TOD/GDD ratio of
0.3 fs. The chromatic dispersion can be decomposed
as follows: −260; 000 fs2, −80; 000 fs3, and −1.6e6 fs4.
This huge amount of fourth-order dispersion (FOD)
has to be compensated by the AOPDF and is the limit
of the current design.

The amplifier stages were first bypassed to check the
validity of the compression without any amplification.
The XPW beam is sent to the stretcher, a 75-cm-long
SF57 bulk with a snooker design (117.8 mm×
151.5 mm × 25 mm, six total internal reflections) with

Fig. 1. Experimental scheme of high-contrast, 8 mJ, 22 fs,
1 kHz CEP-stable double-CPA system. (TGC, transmission
gratings compressor; PC, Pockels cell; CM, chirped mirrors).
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Fig. 2. (a) Evolution of the spectrum along the laser chain:
after the FemtoPower (black), after XPW (red), after stretcher
(bulk and Dazzler) of CPA2 (blue), after power amplifier
(purple), and after the compressor (green). (b) Far-field spatial
quality of the compressed pulse. Temporal measurement of the
compressed 8 mJ pulse (Wizzler), (c) spectral amplitude and
phase, and (d) temporal intensity profile.
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70% transmission. The XPW beam diameter (20 mm) is
sufficient to avoid any nonlinearity. The bulk is followed
by a double-pass AOPDF (low-jitter Dazzler HR45,
Fastlite). Although the Dazzler is able to transmit the full
XPW spectral bandwidth, the FOD amount needed for
compression imposes significant spectral clipping, as
can be seen in Fig. 2(a). The overall transmission
(bulk� Dazzler) is then 10% and the stretched-pulse
duration is about 45 ps FWHM. The pulse was then
compressed in the grism to its Fourier limit of 18 fs.
Stretched-pulse amplification in CPA2 is achieved in

two stages. Both amplifiers are pumped by a 50 W,
1 kHz frequency-doubled Q-switched Nd:YLF laser
(DM50, Photonics Industries) split into two arms and
are cryogenically cooled under vacuum to 180 K. The
30 μJ seed pulses are first boosted up to 4mJ after six-pass
amplification in an 8 mm Ti:Sa crystal pumped by 18 W.
This booster stage (Femtolasers GmbH) is a confocal
multipass configuration. At this stage, gain narrowing re-
duces the spectral bandwidth [Fig. 2(a)]. The final power
amplifier consists in a homemade, image-relayed two-
pass in a 3 mm Ti:Sa crystal, cut at Brewster angle for
S polarization. With 27 W pump power and both seed
andpumpbeamdiameter at 650 μm(1∕e2), the seedpulses
are typically amplified to 9 and 12.8mJ, respectively, after
each pass. A third pass can provide higher energy (14 mJ)
but at the expense of the spatial beam quality (spatial
modulations inherited from the pump beam profile),
and this last pass is not implemented yet. In any case, gain
saturation is nearly reached with the second pass, and
energy stability is then 1% RMS over hours.
For compression in the grism, the beam size is then

expanded to 22 mm (1∕e2), limited by the gratings size.
To avoid nonlinearity in the last grating substrate, final
compression is achieved by 10 bounces on highly disper-
sive chirped mirrors (−2000 fs2). Therefore, no spectral
modifications occur during compression [Fig. 2(a)]. The
overall transmission of the compressor is then 67%. Com-
pressed-pulse energy is 8 mJ. Self-referenced spectral
interferometry (Wizzler, Fastlite) enables accurate spec-
tral phase compensation via a feedback loop on the
Dazzler. We measure a pulse duration of 22 fs [Fig. 2(d)]
(FT limited).
Far-field spatial quality is shown in Fig. 2(b), and a

beam Strehl ratio better than 0.7 is measured (limited
by astigmatism).
The temporal contrast of the 8 mJ, 22 fs pulses is mea-

sured thanks to a homemade high-dynamic range third-
order autocorrelator. The energy is reduced to 2 mJ
before entering the device. The incoherent contrast
between −100 ps and −15 ps is 10−11, limited by the

detection [Fig. 4(a)]. The improvement of three orders
of magnitude compared to CPA1 laser corresponds to
the extinction ratio of the output polarizer of the XPW
setup. One can notice that the main pulse is surrounded
by a pedestal culminating at 10−5 relative intensity. We
found that these coherent structures are due to a severe
clipping of the spectral bandwidth in the Dazzler of
CPA2. When applying a Gaussian apodization of the Daz-
zler acoustic wave to smooth the edges of the spectrum
at the expense of the final pulse duration (28 fs instead of
22 fs), the symmetric shoulders (�2.5 ps) are decreased
to 10−8 [see inset of Fig. 4(a)]. Same contrast measure-
ments have been obtained using a commercial device
(Sequoia, Amplitude Technologies).

CEP stability of the whole system is the last critical
feature to be characterized. To implement it, a few micro-
joules of the compressed pulse are split off and sent
into a collinear f-to-2f interferometer (APS800, Menlo
Systems). The slow CEP drift of the output pulses at
1 kHz is precompensated by a feedback loop to the
oscillator-locking electronics. Results are shown in
Fig. 4(b). The RMS phase error is 240 mrad over
45 min. This behavior is not affected by the apodization
of the spectrum, nor by the energy level sent into the
compressor.

To conclude, we have demonstrated a prototype laser
source for driving relativistic optics at 1 kHz. We have
shown CEP stabilization of a double-CPA laser system
and demonstrated a compact grism-based compression
design suited to the compression of multi-millijoule
energy pulses. In a next step, postcompression in
hollow-core fiber will be implemented to produce TW
peak-power (4 mJ, 4 fs) controlled few-cycle light wave-
forms [24]. In this postcompression stage, CEP control
is expected to be preserved, if specific care is devoted
to keeping a good spectral and energy stability.
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The demand for ever shorter light pulses presents a challenge to the detection and stabilization of the carrier-
envelope phase (CEP) in amplifier systems. Here we present a combination of single-shot detection and a fast
actuator that is capable of measuring and correcting the CEP in every single shot emitted by a millijoule-scale,
multi-kHz femtosecond laser amplifier. The residual CEP noise within 50 s amounts to 98 mrad rms in-loop (fast
detection, 5 · 105 shots) and 140 mrad out-of-loop (slow detection, 6250 shots), approaching the noise floor of the
f-to-2f measurement. Both values represent a twofold improvement of the CEP stability over previously published
results in comparable systems. © 2014 Optical Society of America
OCIS codes: (320.7090) Ultrafast lasers; (140.3280) Laser amplifiers; (320.7160) Ultrafast technology.
http://dx.doi.org/10.1364/OL.39.003884

The last decade has seen tremendous progress in the
investigation of the fastest processes occurring in the mi-
crocosm. Few-cycle laser pulses with constant carrier-
envelope phase (CEP) constitute a primary tool for
accessing the highly nonlinear interactions underlying
these processes. In order to achieve higher temporal
resolution as well as higher field strengths, much effort
is undertaken to confine the interaction to a single half-
cycle of the driving laser field. Thanks to advancements
in hollow-fiber compression, the duration of pulses used
for attosecond experiments is approaching a single opti-
cal cycle. These developments place rising demands
on the CEP stability of the laser at the front end of
the experimental chain.
Several factors contribute to the overall CEP noise

measured at the output of an amplifier. First, the oscilla-
tor CEP noise integrated over the temporal interval
between two consecutive amplified pulses sets a lower
limit to the pulse-to-pulse variation of the CEP of the am-
plified pulses. This CEP noise floor commonly amounts
to about 100–140 mrad rms (when referring to statistical
deviations from a constant value, rms values are given in
this Letter unless otherwise noted) for stabilization using
feedback [1], and has been shown to reach below 50mrad
using cavity-external frequency shifting in the so-called
feed-forward scheme [2].
However, this limit set by the seed oscillator has

remained a theoretical issue up to now. Rather, the over-
all CEP performance of millijoule-class sources has so
far been dominated by CEP noise added during the
amplification process. These secondary sources of
CEP noise fall into one of two categories. On the one
hand CEP can be affected by changes in dispersion
through mechanical vibration of components (such as
large grating stretchers and compressors) as well as
variation of beam pointing and/or ambient conditions.
These effects dominate at frequencies up to 1 kHz, often
occurring in narrow frequency bands, or with 1∕f -like
noise behavior. On the other hand are effects coupling

pulse intensity to CEP through self-phase modula-
tion (SPM). Intensity noise can be caused by pulse-
switching electronics or pump power fluctuations. Beam
pointing drifts can also act in this fashion by
varying the overlap of the pump and seed beams. Except
for the latter, these effects generate stochastic or high-
frequency noise.

The impact of CEP noise sources from both categories
can be reduced through careful design of the amplifier,
e.g., by using bulk material for pulse stretching, low-
vibration cooling systems, and keeping the accumulated
nonlinear phase low. Furthermore, feedback correction
loops can, in principle, be employed to cancel noise up to
half the amplifier repetition rate. In practice, however,
other limitations come into effect much earlier in both
measurement and actuation. For instance, conventional
CEP detection in a single-shot f-to-2f interferometer
relies on the processing of a spectrogram [3], the acquis-
ition and analysis of which typically takes milliseconds.
This reduces the bandwidth of stabilization loops to
typically a few hundred hertz. Only within the last decade
have methods been invented to determine the shot-to-
shot CEP fluctuations of amplified pulses at a repetition
rate above the kilohertz range. These schemes either
replace the time-consuming spectrogram evaluation in
an f-to-2f interferometer [4,5] or directly measure a
phase-sensitive effect [6].

Faster means of CEP detection also call for faster
actuators. Suitable mechanisms include adding an offset
to the seed oscillator stabilization [7], and shifting the
phase in an acousto-optical programmable dispersive fil-
ter (AOPDF) [8] or an electro-optic crystal [9]. However,
neither fast detection [10], fast actuation [7], nor their
combination [11] have succeeded in reducing the system
CEP noise to less than 250 mrad measured in-loop [4,7]
and 294 mrad out-of-loop [10] on a single-shot basis. In
what follows, we present a 10 kHz, millijoule-class ampli-
fier whose CEP stability approaches the limit set by the
seed oscillator.
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The layout of our experiment is depicted in Fig. 1. The
seed oscillator (rainbow CEP4, Femtolasers) is CEP-
stabilized by frequency-shifting all lines in the laser out-
put spectrum by the measured carrier-envelope offset
frequency f ceo. This is accomplished using an acousto-
optic frequency shifter (AOFS), imparting a Doppler
frequency shift equal to its driving frequency to the
diffracted light. As f ceo cannot be conveniently filtered
to reach the AOFS drive band of 85 MHz, the sum of
f ceo and the repetition rate f rep is used instead. This
equally results in a zero-offset comb in the −1st diffrac-
tion order. The seed laser CEP stability is estimated to be
on the order of 50 mrad based on the previous characteri-
zation of an essentially identical system [12].
About 70 mW of average power within a 100 nm band

centered around 800 nm is used to seed a single-stage
multipass amplifier (Femtopower 10 kHz, Femtolasers).
Bulk SF57 glass is used to stretch the pulses, and an
AOPDF (low-jitter Dazzler HR, Fastlite) provides spectral
shaping and compensation of higher-order dispersion.
Mechanical construction and cooling of the gain medium
were optimized to achieve minimal mechanical vibration.
After 10 passes, the pulses are re-compressed by transmis-
sion gratings, resulting in 0.8 mJ pulses of 25 fs duration.
Beam splitters direct a small fraction of the output

to two collinear f-to-2f interferometers [3]. One of the
devices uses a commercial USB spectrometer running
at 125 Hz, whereas the other is equipped with a prototype
device capable of extracting CEP fluctuations from inter-
ferograms at the full amplifier repetition rate [13]. The
integration times of both allow only one amplifier shot
to contribute to each CEP measurement.
The prototype is based on a typical grating spectrom-

eter. It is built in Czerny–Turner configuration with an
arm length of 75 mm and an entrance slit width of 25 μm.
The detector is a 512 pixel CMOS array with fast-readout
capability (line reading scan time <85 μs) receiving a
30 nm band centered at 520 nm. The f-to-2f interference
pattern is converted into an electronic signal by the
CMOS array. After filtering it appears as a pseudo-
sine wave. Such a signal is easily processed to extract
the phase deviation as an analog voltage. The acquisition

is triggered synchronously with the q-switch of the
amplifier pump laser. The maximum acquisition rate
exceeds 10 kHz and is limited by the detector read-out
and phase extraction process.

In order to correct the CEP jitter induced during
amplification, feedback can be applied in two ways. First,
the error signal provided by the slow conventional
measurement is fed to a Piezo stage, changing the inser-
tion of a prism into the stretcher. The bandwidth of this
feedback loop is limited to half the acquisition rate
(62.5 Hz). The second method exploits both the fast
acquisition device and the acoustic grating phase, a free
parameter previously unused in the CEP stabilization
technique employed here.

In addition to modifying the frequency of the diffracted
light, the acoustic-wave imprints its phase on that of the
optical wave. Thus, by changing the phase of the acoustic
wave, the AOFS can be employed not only to produce
pulses with constant CEP, but also to arbitrarily set its
value. This effect does not rely on material dispersion
and hence does not modify the pulse temporal envelope.
The drawbacks of using material dispersion to influence
the CEP, aggravated with decreasing pulse duration, can
thus be circumvented. In practice, the phase of the AOFS
driving signal is controlled by a standard voltage-
controlled radio frequency (RF) phase shifter (Sigatek),
allowing 360° of electronic phase shift with linear
voltage-to-phase response and a specified modulation
bandwidth of 1 MHz.

In order to test the open-loop performance of both the
fast phase measurement and the actuator, a triggered
square wave at half the amplifier repetition rate was
applied to the RF phase shifter, its amplitude chosen
such as to produce phase jumps of roughly π. The
CEP of every single shot in the output beam was
measured using the fast f-to-2f. The results are depicted
in Fig. 2 (red trace). The experiment illustrates that
the method can be used to choose an arbitrary CEP of
the output pulse from one pulse to the next. One possible
application is lock-in detection of CEP-sensitive effects,
scalable to a much higher repetition rate depending on
the amplifier being seeded. Providing fast CEP control

Fig. 1. Schematic layout of the experiment. A Ti:sapphire oscillator is CEP stabilized by frequency-shifting. Multi-pass amplification
at 10 kHz yields pulses with 0.8 mJ energy and a duration of 25 fs. The CEP of the amplified pulses is measured by two collinear
f-to-2f interferometers at 125 and 10 kHz acquisition rate, respectively. Feedback correction can be applied by varying either the
stretcher dispersion or the RF phase of the AOFS driver signal.Φ, RF phase shifter; PI, proportional-integral controller; PC, personal
computer. Inset, oscilloscope screen-shot of an interferogram acquired by the fast f-to-2f.
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without changing the pulse envelope or introducing addi-
tional losses, this actuator renders the use of dispersive
elements for CEP control obsolete.
Next, the fast control loop was closed using the mea-

surement provided by the fast spectrometer. The error
was processed by a proportional–integral (PI) controller
(integration time constant τi � 0.2 ms) before being fed
back to the RF phase shifter. For this test the target phase
was switched by π∕2 every 10 shots. The blue trace in
Fig. 2 shows the CEP data acquired during the lock
for optimized servo gain. At this setting the closed loop
step response is fast enough to lock to the new target
within 3–4 shots. The response speed indicates a large
feedback bandwidth at the expense of a low damping
factor, as indicated by the overshoot. The deviation of
the CEP from the upper and lower target amounted to
246 and 217 mrad (2 · 104 shots, 2 s).
We then characterized the CEP stability of the ampli-

fied pulses for different configurations of measurement
and actuator. First, the amplifier feedback loop was left
open, yielding the noise power spectral density (PSD) of
the overall system as measured by the fast f-to-2f (Fig. 3,
black trace). The integrated phase noise (IPN) amounts
to 242 mrad within 10 s. As can be seen from the step-like
features of the IPN curve (dashed trace), the dominant
contributions stem from two narrow-band spikes at
100 and 200 Hz as well as from a broad continuum span-
ning from 100 to 500 Hz. These correspond to mains
leakage and acoustic vibration of the mechanical compo-
nents inside the amplifier, respectively.
Second, the loop is closed using the 125 Hz measure-

ment and the prism actuator, with the fast f-to-2f providing
an out-of-loop measurement. As most of the CEP error
accumulates at frequencies beyond that of the in-loop
detection, the difference between open- and closed-loop
performance is marginal. The resulting IPN of 237 mrad
(10 s, dotted trace in Fig. 3, PSD trace not shown) agrees
with the in-loop value to within 10% and can typically be
maintained over tens of hours in everyday operation. The
main purpose of such a low bandwidth loop is to avoid
slow drifts and a long time-scale.

In a third experiment, feedback was applied using the
full repetition rate CEP measurement and the grating
phase actuator. Exceeding 2.5 kHz the estimated loop
bandwidth is sufficient to cancel a significant part of
the CEP fluctuations occurring during amplification. This
is clearly demonstrated by the PSD (red trace) and IPN
(solid black trace) plotted in Fig. 3. Within 50 s, evalu-
ation and correction of the CEP of 5 · 105 shots resulted
in a residual phase error of 98 mrad. No notable steps
occur in the IPN curve in this case. The base level of
the PSD keeps falling from high to low frequency, mean-
ing that the control bandwidth spans the entire measure-
ment range. In the absence of a second fast-acquisition
system, no equivalent out-of-loop comparison could be
performed. Still, using the slow-detection apparatus,
CEP fluctuations were simultaneously measured to be
below 140 mrad. Even for hours-scale datasets, out-of-
loop noise did not exceed 150 mrad. Note that this figure,
although markedly higher than the in-loop value, still
represents a 100 mrad improvement over the residual
noise obtained with the conventional loop.

A closer look at Fig. 3 suggests that the loop still offers
room for optimization. Clearly, the fast-loop PSD level
exceeds that of the free-running system upward of
2 kHz, meaning that the stabilization system actually adds
noise not present in the other cases, which can be ex-
plained as follows. Stochastic shot-to-shot fluctuations
of the amplifier-pump laser energy cause intensity jitter
on the femtosecond output. In an f-to-2f measurement
this jitter is translated to the CEP via SPM [14]. The
measured CEP noise spectrum therefore contains a
white-noise background at high frequency that sets
the measurement noise floor. In the present amplifier,
the shot-to-shot intensity fluctuations were measured
to 0.5% rms. Assuming the coupling constant of
160 mrad/% given in [14], the stochastic noise back-
ground of the measurement can be estimated to 80 mrad,
which is in excellent agreement with the open loop IPN at
high frequencies (Fig. 3). A feedback loop acting on such
a stochastic error adds noise instead of suppressing it,
and the high-frequency integration stage (τi � 0.2 ms)

Fig. 2. Acoustic grating phase actuator in open and closed
loop operation, recorded by fast f-to-2f. Red trace, amplified
pulse CEP switched by 1.2π from shot-to-shot by triggered
square wave applied to RF shifter. Blue trace, closed-loop
operation, target phase switched by π∕2 every 10 shots.

Fig. 3. Fourier transform of the CEP data collected using the
fast f-to-2f device. Black/dashed trace, open loop PSD/IPN;
Dotted trace, IPN of loop closed using 125 Hz f-to-2f and prism
actuator; red/solid trace, PSD/IPN of loop closed using 10 kHz
f-to-2f and grating phase actuator.
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used in our experiment provided gain at a region where
the f-to-2f signal was already dominated by such noise.
Tailoring the loop-filter high-frequency response to the
crossover point of the two PSD curves in Fig. 3 could
result in modest reduction of the CEP jitter. Eventually,
a measurement with a lower noise floor would enable the
use of the fast loop at its full potential, likely pushing the
residual CEP noise closer to the oscillator limit.
Recent analysis of the CEP noise added in hollow fiber

compression [15,16] suggests that further benefit could
result from including these in a fast correction loop.
In conclusion, we have presented a millijoule-scale

femtosecond amplifier system in which fast feedback
elements almost completely compensate for the CEP
noise emerging in the amplification process. It relies
on an f-to-2f device capable of measuring the CEP of
pulses at an acquisition rate exceeding 10 kHz. The cav-
ity-external CEP stabilization technique was augmented
to allow fast CEP modulation, providing arbitrary CEP
shift from one amplifier shot to the next. The resulting
integrated CEP noise of 98 mrad constitutes a substan-
tially improved performance as compared to previous
CEP-stabilized systems. Our results indicate that there
is room for further reduction of the CEP jitter.

The authors would like to thank the group of M. Kling
at LMU for kindly providing equipment and support dur-
ing the experiment. The presented work was partially
funded by the European Research Council (grant agree-
ment no. 238362-ATTOFEL) and the Munich Center for
Advanced Photonics.
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Chapitre 3
Spectroscopie rapide et ultra-rapide

3.1 Introduction

Les lasers femtocondes à haute cadence (>10 kHz) trouvent un nombre toujours croissant
d’applications et ouvrent de nouveaux thèmes de recherche en métrologie et notamment
en spectroscopie. Deux de ces thématiques sont décrites ici :

• la spectroscopie dans l’infrarouge moyen et thermique
• la spectroscopie ultra-rapide (>10 kHz)

Le premier thème de recherche correspond à la spectroscopie de sources optiques pulsées de
longueur d’onde supérieure à 1 µm. Ces sources sont, en général, « secondaires » au sens où
elles sont basées sur la modification, via des effets non linéaires (génération de continuum,
de différence de fréquence etc) d’impulsions optiques « primaires » produites par des lasers
commerciaux dans le proche infrarouge (≃0.8 µm ou ≃1 µm pour l’essentiel). Ces sources
secondaires infrarouges sont caractérisées par une largeur de bande spectrale pouvant
dépasser l’octave, une forte brillance et des cadences souvent élevées. Or, les spectromètres
classiques ne sont pas toujours adaptés à ce type de sources. Le second thème de recherche
est la spectroscopie non linéaire à très haute cadence : spectroscopie multi-dimensionnelle,
échantillonnage électro-optique et imagerie hyperspectrale par diffusion Raman stimulée.

Cadre Type Nom Date Direction Laboratoire

Stage Corps de Mines Antoine Bourget 2012 Nicolas Forget Fastlite
Stage 2A/M1 Raymond Santoso 2012 Nicolas Forget Fastlite
Stage M2 Varvara Chiliaeva 2019 Nicolas Forget Fastlite
Stage M1 Marie Skaljac 2020 Nicolas Forget Fastlite
Thèse CIFRE Ines Martin >2022 Hervé Rigneault Institut Fresnel

Table 3.1 – Thèses co-encadrées et stages dirigés.
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Type Acronyme Laboratoire/entreprise Rôle Date

Contrat RAPID FASOR Fastlite PI 2011-2013
Contrat Eurostars RESPIRE TUW (Autriche) PI 2012-2015
Contrat FEDER SAVOIRS Fastlite Lancement 2021-2022

Collaboration informelle Univ. Regensburg Participant 2013
Collaboration informelle MPQ Participant 2013
Collaboration informelle Institut Fresnel Participant 2018
Collaboration CIFRE Institut Fresnel Encadrant 2022

Table 3.2 – Contrats et collaborations.

3.2 Spectromètres rapides
Il est d’usage de distinguer les spectromètres « dispersifs » ou « sélectifs », reposant sur un
élément permettant de sélectionner les longueurs d’onde, des spectromètres à transformée
de Fourier. Il est également d’usage de distinguer les spectromètres optiques basés sur des
détecteurs ponctuels (mono-canal) de ceux basés sur des détecteurs linéaires ou matriciels
(multi-canaux). Ces derniers sont nettement avantageux par rapport aux premiers car
l’acquisition des composantes spectrales est simultanée (monocoup) et non séquentielle.
Malheureusement, les détecteurs matriciels avec un nombre élevé de capteurs élémentaires
ne sont pas commercialement disponibles dans l’infrarouge moyen – ou à des prix prohi-
bitifs - de telle sorte que les détecteurs ponctuels sont encore largement utilisés dans cette
gamme spectrale. C’est dans ce contexte que se placent les études décrites ici. Un grand
nombre de solutions techniques ont été proposées pour l’acquisition séquentielle :

• spectromètres dispersifs ou sélectifs : rotation d’un prisme, d’un réseau ou d’un
assemblage de ces derniers, ou mouvement équivalent (rotation d’un miroir, dépla-
cement du capteur ponctuel derrière un prisme, un réseau etc), filtre acousto-optique
(AOTF). . .

• spectromètres à transformée de Fourier, basés sur un interféromètre : déplacement
mécanique d’un miroir ou d’une membrane, d’un miroir en toit, d’un prisme à ré-
flexion totale interne, rotation d’un miroir en toit , galvanomètre dans le plan de
Fourier d’une ligne à dispersion nulle. . .

Dans le contexte des sources pulsées et de la mesure temps-réel, certaines de ces solutions
ne conviennent pas, soit en raison de l’inertie des éléments mobiles, soit en raison de la
résolution spectrale et/ou des contraintes d’alignement et de calibration.

3.2.1 L’AOPDF comme monochromateur
L’idée est ici d’utiliser un AOPDF pour réaliser un filtrage spectral rapidement accor-
dable en longueur d’onde pour l’analyse spectrale à la façon d’un monochromateur. J’ai
coordonné et pris part à deux programmes de recherche sur les monochromateurs acousto-
optiques :

• 2011-2014 : RAPID FASOR ()« Filtres Acousto-optiques pour l’analyse et imagerie
Spectrale à haute Résolution »), financé par la DGA.

• 2012-2015 : Eurostars RESPIRE (« REal time acousto-optic based SPectrometer
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Figure 3.1 – Imagerie hyperspectrale d’une flamme de butane-propane. a) et b) Images
visible et thermique de la flamme. c) Image de la base de la flamme à 4.4 µm (émission
du CO2 chaud). d) Spectres mesurés en différents points de la flamme.

for femtosceonde broadband and/or tunable mid-InfraEDd laser sources » 1) avec le
TUW (Vienne) et, en particulier, Audrius Pugzlys et Andrius Baltuska.

La majeure partie du travail expérimental correspondant a été réalisée par deux docteurs
de Fastlite : Raman Maksimenka (FASOR) et Grégory Gitzinger (RESPIRE).

L’étude FASOR se place dans un double contexte : l’imagerie hyperspectrale à haute réso-
lution (quelques cm−1) sur la bande 0.4-2.5 µm et l’imagerie hyperspectrale infrarouge en
bande II (3-5.5 µm) et bande III (8-12 µm). Quatre approches novatrices ont été explorées :

• l’utilisation de géométries colinéaires permettant d’augmenter d’un ordre de gran-
deur la résolution spectrale et d’améliorer la qualité d’image,

• une configuration d’imageur à détecteur matriciel et une procédure d’extraction de
l’image permettant de s’affranchir de la dépendance angulaire de la longueur d’onde
filtrée, dans les configurations où cette dépendance est un facteur limitant,

• l’utilisation, dans la gamme de longueur d’ondes du visible, d’un matériau (Niobate
de Lithium) permettant de combiner ouverture angulaire et géométrie colinéaire
sans nécessiter de procédure d’extraction,

• l’utilisation d’un matériau (Calomel, Hg2Cl2) adapté au domaine spectral de l’in-
frarouge moyen [26]jusqu’à 20 µm en principe

Le programme RESPIRE est la déclinaison adaptée aux sources pulsées de FASOR [50].

Ces deux programmes m’ont amené à encadrer plusieurs stages. Le stage en entreprise d’un
an d’Antoine Bourget (« Imagerie hyperspectrale par filtrage acousto-optique », Corps
des Mines, 2012) et celui de 3 mois de Raymond Santoso (Ecole Polytechnique, 2012).
Ces travaux de recherche n’ont pas donné lieu à publication hormis une présentation de
conférence [50]. Le produit commercial Mozza™ en est cependant l’un des aboutissements,
avec la commercialisation temporaire des AOPDFs en Calomel.

1. On n’est pas toujours inspiré...
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Figure 3.2 – En haut : vue du montage de Varvara Chiliaeva et schéma de principe de
l’interféromètre. En bas : exemple de spectres mesurés sur un OPA accordable.

3.2.2 Spectromètres à transformée de Fourier
L’extension des dispositifs acousto-optique à l’infrarouge moyen au-delà de 5 µm s’étant
heurtée à des problèmes techniques récurrents depuis 2015 (disponibilité des cristaux de
Calomel, inhomogénéité des cristaux, difficulté d’alignement) et fondamentaux (faible ef-
ficacité de diffraction, sensibilité à la polarisation, niveau de bruit des détecteurs), une
solution alternative a été recherchée. Ainsi que mentionné précédemment, la spectrosco-
pie par transformée de Fourier (FTS pour « Fourier-transform spectrometry ») est une
solution technique potentielle au problème posé : la spectroscopie large bande temps-réel
dans le contexte des sources pulsées à haute cadence. La FTS présente des avantages in-
déniables dans l’infrarouge : les avantages de Gellgett (pas de fente) et de Jacquinot (pas
de filtrage spectral).

J’ai entamé un programme de recherche en proposant une solution inventive reposant sur
des miroirs oscillants (galvanomètres). J’ai encadré deux stages sur ce sujet :

• le stage de M2 de Varvara Chiliaeva (« Spectromètre à transformée de Fourier pour
des lasers pulsés dans l’infrarouge moyen », 2019, Université Côte d’Azur)

• le stage de M1 de Marie Skaljac (« Spectromètre à transformée de Fourier », Polytec
Nice-Sophia, Université Côte d’Azur, 2020)

Le projet s’est ensuite poursuivi en entreprise et a débouché sur un produit commercialisé
en 2021. Le principe du système de mesure, de synchronisation et de calibration par
un laser monomode continu ont cependant pu être validé expérimentalement durant ces
stages sur des sources pulsées représentatives (100 kHz) à 1.4-1.5 µm et 5 µm.
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3.3 Lignes à retard AOPDF

3.3.1 Spectroscopie bidimensionnelle
Une forme particulière de façonnage par AOPDF consiste à moduler simultanément l’am-
plitude et la phase afin de produire deux répliques temporelles de l’impulsion d’entrée
(quelle que soit cette dernière). L’intérêt est ici que l’AOPDF se comporte comme un
interféromètre parfaitement stable, avec un contrôle fin de la phase relative entre les deux
répliques. Ce type de paires d’impulsions (« phase-locked ») est non triviale avec des com-
posants optiques usuels, et des systèmes d’asservissement avancés sont nécessaires pour
garantir une stabilité de phase suffisante, notamment dans le domaine visible. Le recours
aux façonneurs d’impulsions, et aux AOPDFs en particulier, simplifie grandement l’im-
plémentation des techniques de mesures nécessitant de telles paires d’impulsions. C’est en
particulier le cas de la spectroscopie bidimensionnelle électronique [51] et infrarouge [52]
et plus généralement celui de la spectroscopie multidimensionnelle.

Combiner deux AOPDFs travaillant chacun sur une polarisation donnée offre la possi-
bilité d’étendre cette technique à des paires d’impulsions avec des états de polarisation
arbitraires. C’est dans ce contexte que j’ai travaillé avec Pooja Tyagi, puis Hélène Seiler
et enfin Samuel Palato, trois doctorants de l’Université de McGill (Montréal, Canada)
dirigés par Patanjali Kambhampati. J’ai eu, en particulier, l’occasion d’encadrer le travail
d’Hélène Seiler durant son séjour de 6 mois à Fastlite en 2012-2013. Ce travail de colla-
boration a mis en évidence, dans le visible, une stabilité de phase relative de l’ordre de
λ/300 entre impulsions produites par un AOPDF et de λ/100 entre deux AOPDFs [53,54]
(cf publication jointe).
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We present a detailed analysis of a setup capable of arbitrary amplitude, phase, and polarization

shaping of broadband visible femtosecond pulses at 1 kHz via a pair of actively phase stabilized

acousto-optic programmable dispersive filters arranged in a Mach-Zehnder interferometer

geometry. The setup features phase stability values around k/225 at 580 nm as well as degrees

of polarization of at least 0.9 for any polarization state. Both numbers are important metrics to

evaluate a setup’s potential for applications based on polarization-shaped femtosecond pulses, such

as fully coherent multi-dimensional electronic spectroscopy. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4929954]

I. INTRODUCTION

In ultrafast optics, the ability to control all degrees of

freedom of optical pulses independently and in a versatile

way hinges on active pulse shaping technology. So far, pulse

shapers such as spatial light modulators (SLMs) or acousto-

optic programmable dispersive filters (AOPDFs) have been

most commonly employed for controlling the spectral phase

and amplitude of femtosecond pulses in chirped-pulse

amplification (CPA) laser systems.1 However, shaping the

polarization degrees of freedom in addition to phase and

amplitude opens a new realm of possibilities in the fields of

coherent control, high-harmonic generation and in coherent

multi-dimensional spectroscopy experiments.2 In the latter

case, for example, there is a strong rationale for adding

full electric field shaping to the existing capabilities of pulse

shapers to generate multiple pulse sequences with well-

defined and controllable phase relationships. This goal is

especially relevant for the observation of multi-quantum

coherences, which can provide information on the many-

body interactions in a system.3 More generally, any multi-

dimensional spectroscopy experiment would benefit from

polarization shaping of each pulse as a flexible tool to high-

light couplings between quantum states.

The most general polarization state of polarized mono-

chromatic light is elliptical and can be completely specified

by the ellipse parameters describing the field. Drawing from

this limiting case, polarization shaping of femtosecond

pulses refers to the process of manipulating the ellipse

parameters for the individual wavelength components pres-

ent in the pulse. This process requires controlling at least

two degrees of freedom, namely, the ellipticity and orienta-

tion of the field. Polarization control of femtosecond pulses

was pioneered by Brixner and coworkers in the early 2000s.4

By placing a double array of SLMs in the Fourier plane of a

compressor folded in a 4f geometry, they were able to shape

the spectral phase and ellipticity of 800 nm pulses. However,

this initial design did not allow for the control of amplitude

or the orientation of the ellipse’s major axis, meaning that

no linear states other than vertical and horizontal could be

created. Since then, other groups have shown partial or com-

plete polarization control of femtosecond pulses.2,5–8

This paper expands on the ideas presented in a previous

contribution by our group.9 Here, we provide a detailed anal-

ysis of our polarization shaping setup that builds upon our

initial work,9 including a description of the calibration steps

required to obtain full polarization control. In addition, we

also introduce two major technical improvements with

respect to the initial setup. The first improvement relates to

the polarization contrast, or degree of polarization, defined

as the fraction of the pulse’s total intensity which has the

desired polarization state.10 It is an essential metric when

considering the potential of a polarization shaping setup for

applications. In Ref. 9, the polarization contrasts obtained

were never higher than 50%. This made the setup impracti-

cable to use in multi-dimensional spectroscopy experiments

featuring polarization-shaped pulses. Thanks to a fully

automatized calibration of our setup, we have now solved

this issue and are able to obtain contrasts above 90% for any

polarization state with minimal user effort. The second

improvement concerns a fast refresh rate of the AOPDFs, up

to 25 kHz. Previously, only 1024 radio-frequency (RF)

waveforms could be stored in the memory of the pulse

shapers and the loading time for these waves could take up

to 2 or 3 min. In the new system, the pulse shapers are

equipped with an additional first in, first out (FIFO) memory

able to play sequentially several tens of waveforms. The

transfer time from the pulse shapers’ static random access

memory (SRAM) to FIFO is on the order of 200 ls. In this

improved setup, a pattern contained in the FIFO is repeated

N times while the next pattern is being uploaded in the driver

SRAM. This allows the user to “stream” sequences of pulses,

a)Author to whom correspondence should be addressed. Electronic mail:

pat.kambhampati@mcgill.ca
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the length of which is only limited by the RAM size of the

computer in which the waveforms are calculated. This results

in a significant increase of the data acquisition speed, there-

fore minimizing the influence of laser drifts. The new

streaming mode enables arbitrary screening at 1 kHz of any

controllable physical parameter of the shaped electric field,

be it polarization, delay or phase between a pair of pulses,

over a set of tens of thousands pulse combinations. The max-

imal delay between pulses in a sequence depends on their

spectral bandwidth, as the larger the spectral bandwidth to be

diffracted the larger portion of the photo-elastic crystal is

required. When pre-compensation for the dispersion coming

from the pulse shapers’ crystal is performed, one is typically

able to achieve 5 ps maximal time delay with a 70 nm band-

width pulse. Combined with its compactness on the optical

table (<30� 30 cm2), its easiness to align compared to

SLMs and its broadband capabilities in the visible, the

improved setup now forms a reliable building block that can

readily be integrated into more complex experiments such as

fully coherent multi-dimensional electronic spectroscopy.

II. EXPERIMENTAL SETUP

A scheme of the setup can be seen in Figure 1. The

incoming beam first travels through an achromatic quarter

wavelength waveplate (B-Halle, air-spaced, flat retardance

over 480 nm–700 nm) before being split by a polarizing cube

(B-Halle, extinction ratio>1:104). A half waveplate is intro-

duced in the horizontally polarized arm of the interferometer,

so that the beam has the desired entrance polarization of the

pulse shaper. The beams are then independently shaped in

amplitude and phase by two AOPDFs (WR25 Dazzlers,

Fastlite, 480 nm–700 nm (Ref. 11)). We refer the reader to

previous publications on the functioning of the pulse

shapers.11,12 A second half waveplate is introduced in the

arm of AOPDF 1 to rotate the shaped beam’s polarization

from horizontal to vertical. Finally, the two orthogonally

polarized shaped beams are recombined in a broadband polar-

izing cube. A pair of wedges is inserted in the arm of AOPDF

2 to compensate for the delay introduced by the waveplates

in the other arm as well as compensate for residual delay.

The transmission of the interferometer is around 30%.

A. Active phase stabilization

Because of small air currents and ambient acoustics, the

relative carrier envelope offset phase of the pulses travelling

optical path lengths of the two arms independently drift over

time. This is undesired since polarization states can only be

formed if there is a fixed, controlled, phase relationship

between the vertical and horizontal components. To remedy

this issue, an active feedback loop based on spectral interfer-

ometry was implemented. A delay of a couple of hundreds

of femtoseconds is periodically programmed in one of the

shapers and the spectral interference fringes obtained from

the delayed pulses are used to recover the absolute phase dif-

ference. The value is then fed back to a phase shifter on the

RF wave to be diffracted by AOPDF 1 in such a way that it

compensates for the phase drift, defined as the difference

between the measured phase and a user defined phase. A use-

ful quantity to assess the phase stability is given by

2p=uRMS, where uRMS is the root mean square value of the

phase. The literature often refers to k over this ratio, where k
is the wavelength.

To test the stabilization loop, we use Non-collinear

Optical Parametric Amplifier (NOPA) pulses centered at

517 THz (580 nm) derived from a S-Pulse HP2 laser from

Amplitude Systèmes. The energy of the pulses is roughly 3

lJ/pulse at 1 kHz and the beam size 1 mm at the full-width

at half maximum. Fig. 2(a) shows the relative phase

between the two arms as a function of time. Without active

phase stabilization feedback and without a box around the

setup, the phase stability of the interferometer is around

k/30 (190 mrad) over several minutes (black curve in

Fig. 2(a)). Simply covering the setup improves phase stabil-

ity to k/80 (78 mrad) over the same period of time (blue

curve in Fig. 2(a)). Actively stabilizing at 30 Hz gets rid of

the slow drift and leads to a phase stability of k/225 (28

mrad) over a time only defined by the experimenters’ needs.

When active stabilization is performed, removing the box

does not seem to have a major impact on the phase stability

values. The hardware limit to the phase correction is given

by the 8-bits resolution of the digital stabilization module,

which is equivalent to k/256. Fig. 2(b) shows the

phase noise power spectral density (PSD).13 The PSD is a

useful quantity as it enables noise content analysis per unit

frequency. As can be seen, most of the noise in the no-

stabilization case originates from slow variations and phase

drift up to 1 Hz, with a 1/f behavior. When the feedback

loop is activated, this low frequency noise is reduced down

to the white noise level. However, the white noise level is

increased when the loop is active because of the limited

phase resolution of the feedback loop.

FIG. 1. The setup consists in two

AOPDFs arranged in a Mach-Zehnder

interferometer. A small part of the

outgoing beam is used to carry out

spectral interferometry for active phase

stabilization. The remaining part of the

beam is used to analyze the polariza-

tion states in a M€uller Ellipsometer

built from a series of non-polarizing

beamsplitter cubes (Thorlabs), achro-

matic waveplates, and Wollaston

polarizers (WP).
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B. Interferometer calibration

Beyond maintaining phase stability in the interferometer,

the main challenge of any interferometric-based polarization

shaping setup is to balance the pulses in the two arms of the

interferometer with respect to their energies, spectra, spectral

phases, and beam profiles. In the present case, the energies

can be easily tuned by fine adjustments of the quarter wave-

plate at the entrance of the interferometer (see Fig. 1).

To balance the spectra, a common target spectrum is

defined by the user, typically of Gaussian shape. Corrective

amplitude masks are then successively applied in AOPDF 1

and AOPDF 2 until both spectra match the target. The correc-

tion is defined as the ratio TiðxÞ between the target spectrum

and the initially diffracted spectrum. The new amplitude mask

is then a� TiðxÞ�AiðxÞ, where a 2 ½0; 1� regulates the feed-

back strength. An example of this amplitude shaping process

is shown in Figure 3(a). In order to match the spectral phases,

a spectral interferometry experiment is performed, from

which the spectral phase difference between the two arms is

extracted. This difference is then subtracted from the phase

mask of AOPDF 1. This operation is carried out until the

spectral phase difference is flat over the bandwidth of our

pulses, as can be seen in Fig. 3(b). Through this operation, the

group delay between the two arms is also cancelled. At this

stage, the pulses should thus be overlapped in time. A crucial

step in the interferometer calibration is the spatial beam over-

lap, for which we use a small camera (Thorlabs DCC1240M).

Several tests were carried out to assess the calibration of

the interferometer. A first visual test consists in creating an

interferogram and looking at the fringe contrast. An example

of interferogram obtained when energies, spectra, spectral

phase difference, and beam overlap are optimized is shown

in Fig. 4(a). A more quantitative test consists in placing a

linear polarizer at þ45� in front of a spectrometer and subse-

quently generating þ45�, �45�, 90�, and 0� linearly polar-

ized states in the interferometer, the result of which can be

seen in Fig. 4(b). The ratio of the areas between the construc-

tive interference case (þ45� state) and the case where one of

the interferometer arms is blocked (90� or 0� sates) is 3.98,

close to the expected value of 4. Indeed, the þ45 state is

twice as intense as the 0� and 90� states, which are further

projected onto the þ45 linear polarizer leading to the overall

4:1 intensity ratio. Similarly, the ratio of the areas between

the completely destructive and constructive cases is 0.001. In

a third test, the spectrometer is replaced by the camera set on

maximum gain. When a �45� state is created, totally

destructive interference should be observed, an example of

which can be seen in Fig. 4(e). Any residual small angle

between the recombining beams will lead to a fringe pattern

on the camera, which proves extremely useful for fine align-

ment purposes. Those three calibration metrics provide a

strong indication that our setup is capable of generating

polarization states with high contrast.

C. Polarization states detection

To analyze the polarization states, we choose the Stokes

vector description.10 In this formalism, the polarization of a

FIG. 2. Demonstration of the active

phase stabilization loop (a) phase as a

function of time for the cases of non-

actively stabilized without box (black),

non-actively stabilized with box

(blue), and actively stabilized with box

(red). The inset is a histogram of the

phase values obtained when active

phase stabilization is performed. (b)

Phase noise power spectral density for

the three cases (matching colors), dis-

playing the noise content per unit

frequency.

FIG. 3. Calibration of the interferome-

ter (a) a corrective amplitude mask is

applied in each pulse shaper to ensure

matching between spectra. Following

this feedback, the initially diffracted

spectrum (black) is matched (blue) to a

user-defined target spectrum (red) (b)

similarly, a corrective phase mask is

applied to AOPDF 1 to reduce the ini-

tial spectral phase difference between

the two arms (dotted) to close to zero

(plain). The phase jump at 510 THz

originates from a coating layer inside

the recombining cube.
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monochromatic electric field is represented by four real num-

bers with the dimension of intensities

S0ðxÞ
S1ðxÞ
S2ðxÞ
S3ðxÞ

0
BBBB@

1
CCCCA
¼

E2
xðxÞ þ E2

yðxÞ
E2

xðxÞ– E2
yðxÞ

2ExðxÞEyðxÞ cos ðdxðxÞ– dyðxÞ Þ
2ExðxÞEyðxÞ sin ðdxðxÞ– dyðxÞ Þ

0
BBBB@

1
CCCCA
;

where ExðxÞ and EyðxÞ are the amplitudes and dxðxÞ and

dyðxÞ are the phases of the electric fields in, respectively, the

first and second arms of the interferometer. From this repre-

sentation, it is trivial to recover the standard ellipse parame-

ters.10 Our polarization state detection method consists of a

M€uller Ellipsometer, which can be seen in Figure 1. The

polarization states are projected onto pairs of polarization

bases: a linear horizontal/vertical basis ðSx; SyÞ, a circular

left/ circular right basis ðSr; SlÞ and a þ45 and �45 linearly

polarized basis ðSþ; S�Þ. The beams in each of those six

states are then sent onto high gain, large area photodiodes,

which signals are sampled by a USB oscilloscope (Picoscope

4824) and subsequently integrated. From the projections, the

Stokes parameters can readily be obtained. For example,

S2 ¼ Sr � Sl and S3 ¼ Sþ � S�. The drawback of this

ellipsometer is that it is limited to detecting polarization

states where all the wavelengths in the pulse are shaped in a

similar fashion. However, this case is the most demanding

one as any misalignment, spurious dephasing, spectral imbal-

ance, or difference in the spatial mode of the diffracted

beams will decrease significantly the polarization contrast.

III. POLARIZATION STATES SEQUENCES

To demonstrate the capabilities of the setup, the

Poincar�e’s sphere is sampled using two simple polarization

sequences played at 1 kHz. One stabilization wave is also

sent at the beginning of each sequence to maintain phase sta-

bility in the interferometer. In the first sequence, a series of

linear polarization states ranging from vertical to þ45� is

created by varying the amplitude of ExðxÞ 2 ½0; EyðxÞ � but

maintaining the relative phase dxðxÞ - dyðxÞ to zero. In the

second sequence, a series of polarization states with fixed

relative amplitudes but varying relative phases is generated.

An example of the Stokes components obtained from the

ellipsometer is shown in Fig. 5(a) for the case of the second

sequence. Within the Stokes formalism, the degree of polar-

ization is readily expressed as P ¼ ðS2
1þS2

2þS2
3Þ

1=2=S0.10

Contrasts of 10�5 are achieved for vertical and horizontal

FIG. 4. Interferometer calibration met-

rics (a) a balanced interferogram (b)

spectra collected after a linear polar-

izer at þ45� for the cases of linearly

polarized states at þ45� (black), 90�

(green, plain), 0� (green, dotted), and

�45� (blue) (c)–(e) camera images

collected after a linear polarizer at

þ45� for the cases of þ45� (c), 0� (d),

and �45� (e) states.

FIG. 5. (a) Stokes components S2 and

S3 as a function of laser shots when

ExðxÞ ¼ EyðxÞ and dxðxÞ � dyðxÞ is

varied between 0 and 2p. S2 and S3 are

normalized with respect to the total

energy going into each pair of photodi-

odes, SrþSl and SþþS�, respectively.

(b) Two simple polarization sequences

are used to sample the Poincar�e sphere.

Results are normalized, corrected for

the phase shift mentioned in (a), shown

on a 2D projection. Green squares cor-

respond to the sequence shown in (a).

Diamonds of various colors represent a

sequence spanning vertical to þ45�

linearly polarized states.
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linearly polarized sates, and of 0.95 for 645 linearly polar-

ized states as well as left and right circular states. These

polarization contrasts, obtained for broadband visible pulses,

are on par if not better than those obtained in previous setups

using near-IR Titanium Sapphire oscillator pulses.

It is worth noting that the phase shift between S2 and S3

as shown in Fig. 5(a) is not exactly p/2 (here 3p/8). We at-

tribute this to a phase shift of the S and P components occur-

ring due to imperfect optical components or reflections on

metallic surfaces in the ellipsometer. The observed phase

shift was different for different mirror coatings or beamsplit-

ters but could not be suppressed. If that phase shift was pres-

ent in the pulse before the ellipsometer, this would have

shown as reduced contrast in Fig. 4.

IV. CONCLUSION

In summary, we have demonstrated a setup capable of

completely shaping the electric field of broadband visible

femtosecond pulses by combining two orthogonally polar-

ized electric fields diffracted in acousto-optic pulse shapers.

In addition to the high contrasts, the compactness of the

setup on the optical table, its easiness to align, and ability to

perform single-shot large data set acquisition in the kilohertz

range make it a flexible tool that will facilitate its integration

as a building block of more complex experiments, such as

fully collinear multi-dimensional spectroscopy.
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3.3. Lignes à retard AOPDF

Figure 3.3 – Schéma illustrant l’effet de la propagation acoustique. Au premier ordre le
retard acoustique induit un simple retard optique.

Figure 3.4 – Schématisation de l’effet de ligne à retard rapide induit par un AOPDF

3.3.2 Pompe-sonde
Une autre propriété intéressante des AOPDFs tient au caractère transitoire (et non sta-
tique) du façonnage. Étant donné que l’onde acoustique se propage, il est nécessaire de
rafraichir celle-ci à la cadence du laser pour façonner chacune des impulsions de manière
identique. Comme le temps de propagation dans le cristal est de l’ordre de 33 µs dans
un cristal de TeO2 de 25 mm (coupe HR), il semble impossible de façonner des sources
pulsées de très haute cadence (>100 kHz). Ce n’est pas tout à fait le cas. En réalité, pour
une source à haute cadence comme un train d’impulsions 80 MHz, plusieurs impulsions
optiques interagissent avec la même onde acoustique mais à différents instants. Du fait
de la propagation acoustique, la diffraction se produit à différentes profondeurs, ce qui
se traduit par un délai de groupe optique variable d’une impulsion à l’autre : pour un
AOPDF de 25 mm en TeO2 (coupe HR), le délai de groupe varie de 8 ps en 25 µs, soit
l’équivalent d’un miroir se déplaçant à 260 km/h environ.

Une première application de ce type de ligne à retard ultra-rapide est la réalisation d’ex-
périences de type pompe-sonde à très haute cadence. Une collaboration avec le groupe de
Rupert Huber de l’Université de Regensburg (Allemagne) a permis de vérifier la vitesse
de balayage mais aussi d’en évaluer la reproductibilité et la précision. L’expérience menée
avec Olaf Schubert [55] consiste à partager en deux bras la sortie d’un oscillateur Erbium
à 1.55 µm puis à amplifier chaque bras au moyen d’un EDFA et à les recombiner coli-
néairement sur une photodiode en InGaAs. L’AOPDF est inséré sur l’un des bras avant
l’EDFA. Le générateur RF de l’AOPDF est synchronisé sur la cadence de l’oscillateur
(mode « low jitter ») de même que l’échantillonneur. On observe une figure d’interférence
extrêmement reproductible avec une gigue temporelle d’une quinzaine d’attosecondes rms
et de 0.8 fs à long terme (5 h). L’expérience est reproduite avec une fibre non linéaire en
aval de l’EDFA, montrant ainsi que la ligne à retard rapide est compatible de ce type de
post-compression.

Aucune des expériences précédentes n’ayant pu réellement exploiter les avantages inhé-
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Chapitre 3. Spectroscopie rapide et ultra-rapide

rents à la cadence de mesure offerte par une ligne à retard rapide, une nouvelle expérience
a été mise en place en collaboration avec le groupe de Regensburg. Dans cette étude [56],
le numériseur est capable de stocker un grand nombre de mesures et de moyenner en
temps réel les mesures. Le montage permet ici de mesurer, par échantillonnage électro-
optique, le spectre d’impulsions électromagnétiques dans le domaine térahertz (environ
2 THz). Le montage reprend celui d’Olaf Schubert et le complète par une génération
d’impulsions THz par rectification optique (bras retardé) et une détection electro-optique
dans un cristal de ZnTe (voie de référence). L’expérience met en évidence le bénéfice de la
spectroscopie à haute cadence : le rapport signal-à-bruit de la mesure peut être amélioré
de plusieurs ordres de grandeur par rapport à une mesure à basse cadence.

L’étude menée avec Olaf Schubert [57] peut également se comprendre dans le domaine
spectral en termes de peignes de fréquences. En effet, comme précisé dans le chapitre 2.1,
le faisceau diffracté subit un décalage Doppler égal à la porteuse de l’onde acoustique,
soit quelques dizaines de MHz. On peut donc considérer que le train d’impulsions diffracté
est spectralement décalé par rapport au train incident et que la combinaison du faisceau
incident et du faisceau diffracté forme un double peigne de fréquence. Cette analyse n’est
pas tout à fait exacte car le rafraichissement de l’onde acoustique recrée des coïncidences
toutes les 33 µs. C’est cependant la formulation choisie par Irina Znakovskaya dans l’étude
[58] que nous avons menée au MPQ (Garching, Allemagne) sur un oscillateur Ytterbium
de forte puissance moyenne (thin-disk). Par simple analyse de la figure d’interférence
avec un analyseur de spectre RF, le spectre d’absorption de l’acétylène au voisinage de
1030 nm a été mesuré. Bien que l’expérience soit formellement équivalente à celle d’Olaf
Schubert, l’usage d’un simple analyseur de spectre RF (non synchronisé sur le laser)
simplifie grandement la détection et rend ce type de spectroscopie extrêmement simple à
réaliser.
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Ultrashort laser pulses are now routinely employed in a
rich variety of powerful analytical tools in physics, chem-
istry, and biology. Time-resolved pump-probe studies [1],
nonlinear optical frequency mixing [2], optical coherence
tomography [3], or broadband and ultrabroadband THz
time-domain spectroscopy [4–6] are but a few examples
of popular concepts. Temporal or spatial resolution is
commonly achieved with the aid of a controllable optical
delay line: A laser pulse is shifted in time with respect to a
reference, and the experiment is repeated for different
temporal offsets. The adjustable delay is usually imple-
mented by mounting a retroreflector assembly on a
mechanical stage and exploiting the geometric path
difference for different positions of the stage.
Fast scan rates are desirable in order to reach suffi-

cient recording speeds for multidimensional spectros-
copy, to minimize the impact of thermal drifts of
complex optical setups, or to monitor rapidly evolving
systems, such as live biological tissue. In the case of
mechanical delay lines, the inertia of the mirrors
mounted on motor- or piezo-driven stages limits the
maximal scan rates to a few tens of Hertz. Fast scan de-
lays based on loudspeaker diaphragms or rotating mir-
rors [7,8] have reached higher repetition rates up to
tens of kilohertz, yet with limited precision. A conceptu-
ally different route has been taken recently by asynchro-
nous optical sampling (ASOPS) [9,10]. Two mode-locked
lasers have been electronically stabilized to slightly mis-
matched repetition rates thus causing a shot-to-shot
increase of the temporal offset between two pulse trains.
For ASOPS, the scan window is fixed by the repetition
rate of the laser f rep to 1∕f rep, which amounts to typical
values between 100 ps and several nanoseconds. Active
electronic stabilization of the oscillators has been sophis-
ticated enough to allow for a temporal precision as good
as 50 fs [9]. This technique has opened exciting possibil-
ities, e.g., in high-resolution spectroscopy [11].
Nonetheless many experiments call for delay concepts

reaching a higher temporal precision and shorter scan
ranges. In condensed matter physics, for example, ultra-
fast electron and lattice dynamics typically occur in the
energy range of few millielectron volts to electron volts,

corresponding to time scales of the order of a few femto-
seconds to picoseconds [1,2]. Furthermore pump-probe
experiments employing single-cycle [12] or even sub-
cycle temporal resolution [4–7] are now possible. In
this context a precision better than one femtosecond
and a scan window of no more than a few picoseconds
would be optimal. The ultimate scan rate f scan is given
by f scan � f rep∕N , where N denotes the number
of sample points. In this case, each laser pulse creates
exactly one data point. Typical values N � 1000 and
f rep � 40 MHz suggest an optimal scan rate of
f scan � 40 kHz.
Here we introduce an acousto-optical fast scan delay

capable of scanning a temporal window of 6 ps with a
precision of 15 as and a repetition rate of 34 kHz. The
novel scanning concept is based on an acousto-optic
programmable dispersive filter (AOPDF) [13]. It exploits
the propagation of the acoustic signal between succes-
sive optical pulses: An acoustic shear wave and an opti-
cal pulse train from a femtosecond laser oscillator
copropagate in an anisotropic dielectric. The acoustic
wave appears stationary to each optical pulse because
the acoustic group velocity vsound is several orders of
magnitude lower than the speed of light. As a laser pulse
reaches the acoustic wave, the polarization of the
diffracted electromagnetic wave is switched from the
ordinary to the extraordinary axis of the crystal (Fig. 1),
by acousto-optic interaction. Consequently the velocity
of the diffracted optical pulse is changed from c∕no to
c∕ne, where c, no, and ne are the speed of light and
the group refractive indices for ordinary and extraordi-
nary polarizations, respectively. Depending on the
position xi of interaction, an optical delay,

ti � �ne − no� × �L − xi�∕c; (1)

is introduced between the diffracted and the nondif-
fracted pulse. L denotes the length of the crystal. During
the time interval between successive laser pulses,
the acoustic wave propagates by a small distance
Δx � vsound∕f rep, leading to a variation of the positions
x1, x2, x3 etc. of acousto-optic interaction from shot to
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shot. In this way, the optical delay imposed on each
diffracted laser pulse shifts in small increments of

Δt � �ne − no� × �vsound∕c� × f −1rep: (2)

For a standard TeO2 AOPDF and near-infrared wave-
lengths, one finds vsound∕c� 2.6× 10−6 and ne − no ≤ 0.14,
depending on the cut of the crystal. With f rep � 40 MHz,
we may choose a delay step Δt between 5 and 9 fs.
In other words, the large velocity mismatch between
acoustic and optical waves allows us to convert the
laser pulse-to-pulse temporal separation of 25 ns into
an optical delay on the femtosecond scale. Note that this
acousto-optic device requires neither moving parts nor
active electronic feedback loops. Therefore, our concept
circumvents problems of beam-pointing fluctuations
typically encountered in mechanical scanning systems.
Furthermore, the time increment Δt [Eq. (2)] depends
only on material constants and the repetition rate of
the laser source, which makes the device intrinsically
precise in the attosecond regime, as shown below.
In our implementation, we employ an Er:fiber-laser

system operating at a repetition rate of f rep � 40 MHz.
After the oscillator the pulse train is split into two copies
(Fig. 2). One part is directly amplified in a diode-pumped
Er:fiber (branch A), while the other one is sent through a
TeO2 AOPDF crystal of a length of L � 25 mm (HR25,
Fastlite). An acoustic wave is launched by a piezo trans-
ducer at a repetition rate of f scan � 34 kHz and propa-
gates nearly collinearly with the optical beam. The
diffracted femtosecond pulse is coupled into a second
Er:fiber stage (branch B). After amplification, the pulses
in each branch carry energies of more than 8 nJ with
pulse durations below 100 fs. For the current crystal
length of 25 mm, the theoretical maximum of discrete

delay positions ti per scan is f rep∕f scan ≈ 1200. The
total delay corresponds to 6 ps, which is scanned
with a resolution of 5 fs. These parameters are ideally
suited, e.g., for femtosecond pump-probe experiments
or electro-optic detection of ultrabroadband THz
transients [1,4–6,11].

In order to put the precision of the delay to an ultimate
test, we study interferometric cross-correlation between
pulse trains derived from the two amplifier branches.
A well-defined frequency of the signal is ensured by
passing the pulses through a narrowband filter (center
wavelength λ0 � 1560 nm, full-width at half-maximum
Δλ � 12 nm). Afterward, the collinear superposition of
both pulses is detected on an InGaAs photodiode
(PD). We digitize the signals with a standard analog-to-
digital converter (ADC) and integrate the PD signal cor-
responding to individual laser pulses on a computer. For
lowest jitter and noise, a reference clock is obtained from
a PD monitoring the pulse train from the laser oscillator.
Subsequently, the clock rate is divided using a field pro-
grammable gate array (FPGA) to provide synchroniza-
tion signals for the ADC and the AOPDF. We subtract
the reference signals, obtained by blocking the beam
of either branch A or branch B, from the recorded volt-
age, which yields a bipolar linear cross-correlation signal
(Fig. 3). Figure 3(a) depicts the trace recorded in a single
sweep of the delay stage, with a total acquisition time of
only 29 μs. Clear indications of interference fringes can
be identified. Since the natural increment of the delay
line of Δt � 5 fs is comparable to the oscillation period
of the optical carrier wave of 5.2 fs, the optical interfer-
ence fringes remain undersampled in this scan. The ex-
cellent stability and repeatability of the delay, however,
allow us to readily increase the effective resolution by
means of multiple scans. Following the operating princi-
ple of a sampling oscilloscope in electronics, we delay
the starting time of the acoustic wave between succes-
sive scanning cycles by an integer fraction of the inverse

Fig. 1. Principle of operation of the acousto-optical fast scan
delay: for laser pulses (red) entering a birefringent crystal (1), a
propagating acoustic wave (blue) appears as a quasi-stationary
modulation of the refractive index. Acousto-optic interaction
rotates the polarization of the optical pulse by 90°, from the
ordinary to the extraordinary axis (2). While the diffracted
pulse proceeds at speed c∕ne, the velocity of the nondiffracted
pulse amounts to c∕no, leading to a time delay Δti (3). Sub-
sequent optical pulses from a high-repetition-rate laser system
catch up with the propagating acoustic wave at different posi-
tions xi, thus imposing different optical delays Δti [(i)–(iii)].

Fig. 2. Acousto-optic fast scan delay incorporated in a femto-
second Er:fiber-amplifier system. Seed pulses from an Er:fiber
oscillator are split into two branches, one of which is acousto-
optically delayed. In experiment 1, we combine pulse trains A
and B after amplification with a beam splitter (BS), filter them
spectrally (F), and superpose them on a photodiode (PD). In
experiment 2, we characterize pulses compressed in a highly
nonlinear fiber (HNLF) via a nonlinear autocorrelator, exploit-
ing two-photon absorption and an interferometer with a move-
able mirror (x). Electronic synchronization signals are derived
directly from the oscillator pulse train and processed by a field
programmable gate array (FPGA).
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repetition rate, i.e. by 1∕�f rep ×m�. This translates, via
Eq. (2), to an additional optical delay Δτ � Δt∕m for
each interleaved scanning cycle with m scans. The num-
ber of acquisitions, and thus the effective scan rate and
the temporal resolution, can be conveniently selected
with a computer interface. A phase-locked loop warrants
precise synchronization of the launch event of the acous-
tic wave and the laser pulse train. The electronic timing
jitter of this feedback loop of 30 ps corresponds to an
optical jitter of 9 as.
With 128 consecutive scans, with an acquisition time of

29 μs each, we record a cross-correlation trace compris-
ing a total number of 148,000 data points within 4 ms. The
central part of this signal is shown in Fig. 3(b) on a femto-
second scale. Green circles indicate the data obtained
with one scan. Gray dots correspond to the signal of
individual laser shots during the collection of 128 scans.
Featuring an interlaced time increment ofΔτ � 39 as, the
measured data sharply resolve the oscillations due to the
near-infrared carrier wave. All data points closely follow
a sine function (red curve), demonstrating the extremely
high precision as well as the linearity of the delay. This
can be seen even better in Fig. 3(c), where a close-up of
the cross-correlation signal is displayed with a total delay

window of only 1.3 fs. Even on this scale, the data points
line up precisely.

To quantify the precision of the delay, we fit two cycles
of the signal at the center of the cross-correlation trace
with a sine function [red line in Figs. 3(b) and 3(c)]. The
variance between the measured data points and the fit
curve close to the zero crossing is taken as an upper limit
of the timing jitter. Besides the actual limitation of the
delay line, this value includes mutual timing and intensity
fluctuations of the two laser arms during the measure-
ment [14]. The rms value of this jitter is found to be as
low as 15 as. This result attests to the excellent stability
of the acousto-optic delay and the laser system on time
scales up to the acquisition time of 4 ms.

For a test of the long-term timing drift, we repeatedly
record linear cross-correlation traces for more than 5 h.
For each scan, we extract the center of the interference
fringes. This analysis yields an rms timing drift of the
complete system as low as 0.8 fs [Fig. 3(d)]. No active
stabilization, e.g. by additional delay stages or feedback
loops, was employed during this measurement. In fact,
the long-term jitter is limited by thermal drift of the laser
system [14], rather than fluctuations of the acousto-
optical delay line itself. If considered necessary, the
launch time of the acoustic wave may even be reprog-
rammed for each scan to compensate for laser drift.

Straightforward estimates confirm that the inherent
precision of the delay is expected to be even better than
15 as. According to Eq. (2), the temporal increment Δt is
given by the product of a material factor of order 10−7,
and the laser pulse-to-pulse spacing given by 1∕f rep. Dur-
ing the duration of 29 μs, required for one scan, thermal
drifts are negligible, and the material parameters are
strictly constant. In addition, the temperature depend-
ence of the refractive indices no and ne cancels to first
order because only their difference enters. Thus the
pulse-to-pulse timing jitter of the laser system, which typ-
ically remains well below 1 fs [6,14], is the dominating
factor. From these considerations, we estimate the delay
precision during one scan to be well below 1 as. Note that
we may safely neglect the finite length of the interaction
region in Eq. (2) because the acousto-optic interaction
remains identical for all positions xi. For an interleaved
scanning cycle, the electronic synchronization becomes
the limiting factor, if laser drift can be neglected. As
shown above, the expected precision in this case is
9 as for our current implementation.

One of the outstanding advantages of telecom-
compatible Er:fiber femtosecond lasers is their versatility
to compress 100 fs optical pulses close to their ultimate
single-cycle limit by means of highly nonlinear germano-
silica optical fibers (HNLF) [12,15]. For these ultrabroad-
band pulses, it is particularly important to ensure that the
dispersion does not change significantly during a full de-
lay scan. In order to test the compatibility of our fast scan
device with such applications, we couple the 100 fs
pulses from amplifier B into a dispersion-tailored HNLF
assembly (see Fig. 2) to generate a supercontinuum span-
ning more than one optical octave [12]. A prism sequence
is used to compress the short-wavelength part of the
spectrum (wavelength range 950–1500 nm) close to
Fourier-limited pulse duration. Since the spectrum re-
sults from a subtle interplay of linear propagation and

Fig. 3. (a) Linear cross-correlation between two spectrally de-
generate pulse trains (λ0 � 1560 nm, Δλ � 12 nm), as recorded
with one laser shot per data point (acquisition time: 29 μs).
(b) Close-up with improved time resolution. Green circles indi-
cate the scan from (a), gray dots correspond to data obtained
from 128 consecutive, time-offset scans (148,000 data points,
acquisition time: 4 ms), red line: fit of sine function to data.
(c) Zoom into data from (b), σj is the rms jitter. (d) Long-term
drift of the delay time leading to an rms deviation of σd � 0.8 fs.
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nonlinear effects [15], the duration of the compressed
pulses after the HNLF may sensitively depend on the
dispersion imposed on the 100 fs input pulses by the
fast-scan delay.
We determine the actual duration of the pulses after

the prism sequence as a function of the position of the
fast scan delay with nonlinear auto-correlation measure-
ments. To this end, the pulses are guided into a Michelson
interferometer with a standard mechanical delay stage
and focused tightly onto a GaAsP PD. The two-photon
absorption signal is then recorded as a function of the
positions of both the fast-scan delay and the mechanical
delay. For each position of the fast scan delay, we extract
the approximate pulse duration from the respective auto-
correlation trace assuming a Gaussian envelope. The
pulse duration of 8 fs is, indeed, constant within the
measurement accuracy of�1 fs, for a duty cycle of about
70% (Fig. 4). This finding underpins the low variation of
the dispersion induced by the delay. The remaining dead
time associated with the launch of a new acoustic wave
will be eliminated in a future implementation of the
concept.
In conclusion, we demonstrate an ultrastable acousto-

optical delay line with 34 kHz scan rate and a few atto-
second precision. By translating the repetition rate of the
laser into a femtosecond optical delay, our novel concept
permits fast and flexible electronic control of sub-optical-
cycle delays via precisely adjustable radio-frequency sig-
nals. Relying on intrinsic material parameters of the
acousto-optic cell, such as refractive index and sound
velocity, the compact device reaches unsurpassed

short- and long-term stability. Since sophisticated
acousto-optic pulse shaping has been well established
in a different context [13], we are convinced that the
new idea is fully compatible with a broad range of femto-
second lasers, including Er:fiber and Ti:sapphire technol-
ogy. The novel scheme offers exciting perspectives for a
wide field of applications in ultrafast optics, ranging from
pump-probe spectroscopy, via THz photonics and OCT to
attosecond experiments. More specifically, rapid pump-
probe measurements with real-time recording cycles of
tens of microsecond are anticipated to facilitate, for in-
stance, in situ pump-probe measurements of biological
matter. Further work toward extremely sensitive electro-
optic sampling of multi-THz transients down to the
few photon sensitivity level [16] and multidimensional
spectroscopy is under way.
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3.3. Lignes à retard AOPDF

Figure 3.5 – A gauche montage expérimental tiré de la publication [56]. A droite : effet
du moyennage sur le rapport signal-à-bruit de mesure.

3.3.3 Spectral focusing, imagerie par diffusion Raman stimulée
Deux applications biologiques récentes des lignes à retard AOPDF sont l’imagerie hyper-
spectrale par diffusion Raman stimulée [59–61] via la technique de « spectral focusing »
et l’imagerie Raman de basse fréquence via une mesure pompe-sonde rapide [62]. Dans
les deux cas, la ligne à retard rapide permet une acquisition « temps réel », compatible
avec des objectifs de diagnostics biomédicaux.

La microscopie de fluorescence est une (sinon la) technique de référence dans les labo-
ratoires de recherche évoluant dans le domaine de l’imagerie cellulaire. Bien que très
impressionnantes, les avancées permises par la microscopie de fluorescence présupposent
la présence de colorants ou marqueurs fluorescents au sein des échantillons à analyser, ren-
dant l’analyse in-vivo de tissus cellulaires impossible. Plus généralement, la microscopie
par fluorescence fait face à des limites fondamentales telles que :

• un faible nombre (typiquement <5) d’indicateurs fluorescents utilisables simultané-
ment et une profondeur maximale d’imagerie limitée (≃100 µm) dans les tissus ou
les échantillons ;

• une complexité de mise en œuvre liée à l’utilisation des marqueurs fluorescents
(micro-injections, interactions moléculaires, toxicité, blanchiment, cinétique. . .) ou
le recours à des techniques d’encodage génétique.

Ces limites rendent la transposition de ces techniques à l’homme soit difficilement envi-
sageable, soit confinée aux analyses ex-vivo (i.e. aux biopsies). A l’inverse, la microscopie
par diffusion Raman stimulée (SRS, Stimulated Raman Scattering) ne nécessite pas de
marquage et offre des contrastes et des informations comparables à l’imagerie par fluo-
rescence (membranes, noyaux, ions. . .) en y ajoutant une sélectivité chimique. Le SRS
a déjà démontré sa pertinence en histologie (détection de cancers), l’étude dynamique
de l’efficacité médicamenteuse sur les tissus cellulaires et la détermination de groupes
chimiques au sein des tissus cellulaires. A titre d’exemple, l’histopathologie par SRS est
actuellement évaluée au sein même de certains blocs opératoires outre-Atlantique (société
Invenio Imaging Inc, start-up émulée par Harvard University).

La diffusion Raman stimulée est un processus non linéaire bien connu pour sa capacité
à révéler, dans un échantillon, la présence de liaisons chimiques caractérisées par une
énergie de liaison spécifique. Néanmoins, lorsque plusieurs types de liaisons sont présents
il est nécessaire de balayer la plage spectrale de détection afin de pouvoir les distinguer.
Lorsqu’elle est appliquée à la microscopie, cette technique pose un problème de vitesse car
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Chapitre 3. Spectroscopie rapide et ultra-rapide

Figure 3.6 – Principe du spectral focusing. Image empruntée à Hervé Rigneault.

les faisceaux optiques doivent être focalisés sur l’échantillon et l’image est nécessairement
reconstruite point par point. Il faut alors balayer trois paramètres : deux coordonnées spa-
tiales et une coordonnée spectrale. Grâce une grande vitesse de balayage spectrale, une
image hyperspectrale est réalisable en quelques minutes seulement. Ici le balayage spec-
tral est réalisé au moyen d’un balayage temporel via la méthode de « spectral focusing »
par variation du retard optique entre deux impulsions à dérive de fréquence. L’étude et
l’adaptation des AOPDFs à l’imagerie hyperspectrale par SRS a été menée en collabora-
tion avec le groupe MOSAIC de l’Institut Fresnel sous l’impulsion d’Hervé Rigneault. J’ai
notamment eu l’occasion de travailler avec Xavier Audier dans le cadre de sa thèse [63].
Nous avons, en particulier, étudié l’effet de la ligne à retard acousto-optique et l’effet de
son insertion sur les fluctuations d’intensité (RIN pour Relative Intensity Noise). Cette
étude a mis en évidence :

• l’existence de rétro-diffusions multiples du faisceau acoustique au sein du cristal
acousto-optique (dues à amortissement insuffisant),

• un mécanisme original et jamais rapporté (à notre connaissance du moins) expli-
quant comment ces rétro-diffusions causent une modulation de la lumière diffractée
à une fréquence égale au double de la fréquence de la porteuse acoustique.

Le mécanisme découvert est le suivant : en présence d’hétérogénéités volumiques et/ou de
surfaces diffusantes localisées après la zone d’interaction acousto-optique, une fraction du
faisceau acoustique contra-propage jusqu’à la zone de l’interaction acousto-optique pri-
maire et provoque une diffraction acousto-optique secondaire. Cette diffraction secondaire
est indistinguable de l’interaction primaire du point de vue de ses propriétés géométriques
(même direction, même accord de phase). Néanmoins, en raison de son caractère contra-
propagatif, cette diffraction secondaire s’accompagne d’un décalage Doppler de signe op-
posé à celui de la diffraction primaire. L’interférence entre les faisceaux optiques issus
des interactions primaire et secondaire crée alors un battement au double du décalage
Doppler, c’est-à-dire à deux fois la fréquence de la porteuse acoustique. De par sa nature
interférométrique, l’amplitude de battement est directement proportionnelle à la racine
carrée de l’amplitude de la rétrodiffusion. Une rétrodiffusion de l’ordre de 10−4 est donc
largement suffisante pour augmenter significativement le RIN de la source laser incidente.
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3.3. Lignes à retard AOPDF

Il est remarquable que ce phénomène soit passé inaperçu aussi longtemps étant donné
le nombre de systèmes Dazzler commerciaux installés à travers le monde. Ce paradoxe
s’explique par la nature retardée de la diffraction secondaire : ce phénomène ne s’observe
qu’avec des sources laser continues (comme pour l’étude) ou pulsées à très haute cadence
(>10 kHz).

La collaboration avec l’Institut Fresnel sur l’application d’une ligne à retard acousto-
optique à la microscopie SRS s’est poursuivie en 2019. Les obstacles découverts en 2018
ont été résolus et la technique a pu être non seulement validée sur des échantillons de
référence mais également appliquée à des échantillons de tissus humains congelés. Les
résultats, en termes de contraste d’image et de vitesse d’acquisition, sont des résultats
record et ont fait l’objet d’une publication en 2020 [61].

En 2021-2022 la collaboration s’approfondit avec le début de la thèse CIFRE d’Ines Mar-
tin, dirigée par Hervé Rigneault et que j’encadre du côté entreprise. Par ailleurs, Fastlite
vient de débuter le développement de sources optiques dédiées à l’imagerie non linéaire et
à l’imagerie SRS en particulier, grâce à un financement FEDER (programme SAVOIRS :
Source Accordable et Versatile Optique pour l’Imagerie par diffusion Raman Stimulée).
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Abstract: We report a shot noise limited high-speed stimulated Raman microscopy platform
allowing to acquire molecular vibrational spectra over 200 cm−1 in 12 µs at a scan rate of 40kHz.
Using spectral focusing together with optimized acousto-optics programmable dispersive filters,
the designed low noise imaging platform performs chemical imaging of dynamical processes
such as Mannitol crystal hydration and reaches a signal to noise ratio sufficient to perform label
free histological imaging on frozen human colon tissue slides.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Stimulated Raman scattering (SRS) [1] imaging has gain tremendous interest over the last decade
due to its ability to perform label free chemical imaging in biological sample [2,3]. In SRS
microscopy two laser pulses, a pump at frequency ωp and a Stokes at frequency ωs, are focused
on a sample to generate an image by point scanning. If the frequency difference ωp −ωs equals a
molecular vibrational frequency ΩR an energy transfer occurs between the pump and the Stokes
beam [4] that can be detected using dedicated modulation schemes. Since SRS imaging first
demonstrations [5,6], efforts have been pursue to perform fast images [7], but also to acquire
a complete vibrational spectrum at each pixel [8–16]. The fastest approaches to acquire a full
spectrum [11,12] use the SRS spectral focusing scheme that allow to retrieve spectral resolution
by adding dispersion on the femtosecond pulses [17,18]. When the pump and Stokes pulses are
identically chirped, a narrow wavenumber range can be probed within the spectral bandwidth
allowed by the pulses (Fig. 1(d)). Not only is spectral resolution recovered, but the probed
wavenumber can easily be tuned by adjusting the time delay between the two pulses, allowing for
spectral scanning without the need to change the lasers center wavelengths or fast spectrometer.
Recently, acousto-optic programmable dispersive filters (AOPDF) have been used as ultrafast
delay lines in different applications, such as transient absorption and terahertz spectroscopy
[19,20]. Contemporary to this work, spectral focusing and AOPDF has been combined to rapidly
sweep the delay between two chirped femtosecond pulses in an SRS microscope [21]. Raman
spectra covering the full lipid band (2800 to 3050 cm−1) were acquired at 33 µs per pixel, with a
25 cm−1 resolution. Although it showed impressive results, this study did not fully explore the
possibilities offered by the technique. In particular, the noise brought by the AOPDF was not
studied, the sensitivity was not showcased on biological tissues, and the increased acquisition
rate was not applied to the study of chemically dynamic behaviors, while those two aspects are
essential for applications.
Here, we report hyperspectral SRS imaging over 200 cm−1 in 12 µs at a scan rate of 40kHz

with shot noise limited sensitivity. By characterizing the noise in our system and engineering
the optimal laser pulses, we have designed an SRS imaging platform combining spectral
focusing together with a faster AOPDF delay line to surpass the acquisition speed and sensitivity

#390850 https://doi.org/10.1364/OE.390850
Journal © 2020 Received 3 Mar 2020; revised 23 Apr 2020; accepted 28 Apr 2020; published 7 May 2020
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Fig. 1. a) Setup schematics, OPO: optical parametric oscillator, AOM: acousto-optic
modulator. b) Spectral focusing scheme: the instantaneous frequency difference between the
pulses is a function of the pulses relative delay. c) Acousto-optic programmable dispersive
filter (AOPDF): the acoustic wave propagating inside the crystal imprints both negative
dispersion, and a delay that changes linearly with the acoustic wave propagation time. d)
Schematic of a typical spectrum (solid line) and the spectral bands (red gaussians) probed by
the successive chirped pulses illustrated in b). The dashed line represent their relative signal
amplitude, and consequently the bandwidth of the system.

demonstrated previously. We demonstrate optimized speed and sensitivity by targeting two
major applications that are dynamic chemical imaging and label-free histology on human tissue
samples.

2. Setup description

The SRS pump and Stokes beams are generated by a commercial femtosecond laser system
(Chameleon OPO-VIS, Coherent) working at 80MHz repetition rate. (Fig. 1(a)) The pump
(800 nm) and Stokes (1045 nm) optical pulses are synchronized, and both can be modeled as
Gaussian pulses with temporal full widths at half maximum of 160 fs. The pump laser is sent to an
AOPDF (HR orWBDazzler, Fastlite) which acts as both a tunable dispersive medium and an ultra
fast delay line (see details below). The Stokes laser is sent through an acousto-optic modulator
(MT200-A0.2-1064, AA optoelectronics) driven by a sinusoidal modulation at one fourth of the
laser repetition rate (20MHz). The first diffraction order of the Stokes beam is collected and
sent through a double pass grating pair (custom gratings, Wasatch Photonics) where it undergoes
negative dispersion. The modulated and negatively chirped Stokes beam is then recombined
with the pump beam by means of a dichroic mirror before being sent to an inverted scanning
microscope (TiU, Nikon). The two lasers are focused in the sample using a 20x air objective
(0.75NA, CFI Plan Apo Lambda, Nikon) and collected with the same objective in the forward
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direction. The Stokes beam is filtered out using an optical short pass filter (FES0900, Thorlabs),
and the pump is collected using a photodiode who’s output is then fed to a lock-in amplifier
module. The photodiode, the lock-in amplifier and frequency divider are commercial systems
optimized to work at 20MHz (SRS Lockin Module, APE). The lock-in amplifier bandwidth was
reduced to 1.35MHz using an electronic lowpass filter (EF508 Thorlabs, 5th order). The signal
from the lock-in was sent to a data acquisition card (ATS460, AlazarTech) and acquired with a
sampling rate of 20MHz. Simultaneously to SRS, and to address biological applications, second
harmonic generation (SHG) was recorded at 400 nm in the epi direction, using a dichroic mirror
(770dcxr, Chroma) band-pass filter (HQ400/40, Chroma), and photomultiplier tube (R9110 tube
and C7950 data socket, Hamamatsu). Average laser powers at the sample plane were 15mW and
20mW for the pump and Stokes beams, respectively.

3. AOPDF description

The AOPDF consists of a birefringent crystal in which an acoustic shearing wave co-propagates
with an ordinary-polarized optical beam (fast axis). Each acoustic frequency interacts with
a specific optical frequency (acousto-optic phase-matching relationship) and gives rise to an
extraordinary-polarized diffracted beam (slow axis). Therefore, using the proper acoustic
waveform, one can imprint an arbitrary phase profile on incoming optical pulses [22]. In addition
to this tunable phase profile, the propagation of the acoustic wave inside the crystal effectively
imprints a delay on successive optical pulses that increases linearly over time (Fig. 1(c)). Using
both of these properties, one can address the two requirements for spectral focusing SRS: chirped
optical pulses and fast delay scanning. Two different AOPDF, the High-Resolution (HR) and
Wide-Band (WB), have been used in this study. They are based on the same concept, but have
different working parameters, reported in Table 1. In particular, the WB model has a higher
repetition rate, a higher diffraction efficiency, and a shorter delay range, making it better suited for
the present application. The transmission efficiency of the AOPDF depends on many parameters
such as the amount of dispersion added or pulse bandwidth, but ranges from 30% to 60%.

Table 1. Characteristics of the two AOPDF types. Both models consist of a 25-mm-long TeO2
crystal, but the cut angle is different for each, to allow for different acoustic propagation speed. The

repetition rate is the maximum rate at which successive acoustic wave can be sent inside the
crystal. The range is the maximum delay allowed by the optical index difference between the fast

and slow axis, the values are given for 800 nm light. The time ratio gives the amount of delay added
per microsecond of acoustic propagation.

Model Rep. rate (kHz) Range (ps) Ratio (fs/ µs)

HR 30.6 8.5 260

WB 40 3.5 161

4. Noise levels

The laser system used in this study is shot noise limited for electronic frequencies around 20MHz
and average laser intensities at least up to 70mW [23]. However, to investigate if the AOPDF
introduces additional noise, we measure the laser noise in the presence of the AOPDF, at the
detector plane, using 5mW of average laser power and a commercial photodiode (Det10A,
350MHz bandwidth, Thorlabs). The photodiode was loaded with a 50W resistor and the resulting
voltage was filtered with a 5.6MHz high-pass filter (EF515, 6th order, Thorlabs). The purpose
of this filter is to damp the repetition rate and harmonics of the AOPDF (Table 1). The filtered
photodiode output was sent to a spectrum analyzer (HF2LI, Zurich instrument) and its electrical
power spectral density was acquired between 8MHz and 40MHz (Fig. 2(a)).

The power spectral density associated with shot noise is estimated at −191 dBWHz−1, which
is below the detection limit of our spectrum analyzer (−180 dBWHz−1). However, the laser



Research Article Vol. 28, No. 10 / 11 May 2020 / Optics Express 15508

Fig. 2. a) Laser intensity noise for the HR and WB AOPDF. b) System output noise power
compared to shot noise and electronic noise, for increasing laser power. c) SRS signal loss
and resolution gain as a function of the chirped Stokes pulse duration. The different losses
(red lines) corresponds to different linewidths for the probed molecular vibration, indicated
in red in cm−1. d) Achieved spectral resolution as a function of the dispersion (second order
phase) applied using the AOPDF.

intensity noise introduced by the AOPDF was high enough to be measured without amplification.
The laser intensity noise is particularly high around 12MHz for the HR AOPDF, and around
25MHz for the WB AOPDF. This point has not been addressed in previous studies, and may
have limited the sensitivity of previous systems using these devices. It is suspected that the
amplitude noise imprinted on the laser by the AOPDF results from the interference of successive
acoustic waves by reflection and diffusion inside the crystal. The carrier frequency for the HR
and WB crystals are around 86MHz and 52.5MHz respectively. Interactions of the light pulse
with co-propagating and counter-propagating acoustic waves may result in optical modulation at
double the carrier frequency. Combined with the repetition rate of the laser 80MHz, this may
result in optical modulation at 2× 86− 2× 80 = 12MHz and 2× 52.5− 80 = 25MHz for the HR
and WB crystal respectively. To support this hypothesis we mitigated the spatio-temporal overlap
of co-propagating and counter-propagating acoustic waves by adding 1 to 5 µs of delay between
successive acoustic waves. This did not affect the diffraction efficiency by a significant amount
but decreased the recorded noise level to a negligible amount. Although further investigation
would be required to fully confirm the origin of the noise, its strong timing sensitivity strongly
supports an interaction with counter-propagating acoustic waves, and a 3 µs delay was found
enough to decrease the noise to a negligible level.
It is also possible to avoid the excess noise introduced by the AOPDF by selecting a suitable

modulation frequency and lock-in bandwidth. Using the lock-in system described previously,
with a modulation frequency of 20MHz and a 1.35MHz bandwidth, the measured noise from
this system matches exactly the expected shot noise from the laser (Fig. 2(b)). For average laser
intensities above 9mW, detector electronic noise becomes negligible compared to the laser shot
noise.



Research Article Vol. 28, No. 10 / 11 May 2020 / Optics Express 15509

5. Resolution and signal level

Spectral focusing is used to recover spectral resolution when performing SRS with two fem-
tosecond pulses, as illustrated in Fig. 1(b). The spectral resolution that can be achieved using
spectral focusing is only a function of the dispersion added to the optical pulses (Fig. 2(c)), and
can be improved to less than 5 cm−1 with pulses stretched to more than 5 ps. While high spectral
resolution may be required for specific applications or in the Raman fingerprint region, the spectral
features of interest in dilute samples such as biological tissues that are typically larger than
20 cm−1 in the C-H region. Any excessive dispersion does not contribute to significantly improve
the resolution of those features, but greatly diminish the amplitude of the SRS signal. As shown
in Fig. 2(c), the damping of the SRS signal increases significantly with higher resolution, and a
trade-off needs to be made between resolution and signal power. The associated mathematical
derivations can be found in the work of Su and collaborators [24].
To optimize the signal/resolution trade-off when imaging biological sample, both pump and

Stokes pulses were chirped to 1 ps, by adding negative dispersion with the AOPDF and grating
pair, respectively. Such pulse dispersion corresponds to a theoretical value of 22 cm−1 for the
SRS spectral resolution, and a 3 dB drop in SRS signal assuming sample linewidths of 25 cm−1

(Fig. 2(c)).
The AOPDF working range (Table 1) sets the limit on how much dispersion and dispersion

can be applied with the device. The acoustic wave needs to be fully formed inside the crystal to
achieve the expected resolution, and then propagate to apply the expected delay. As a result, when
using the AOPDF for both dispersion and delay, the maximum duration of the pulse allowed by
the device is around half of its working range.

The resolution of the spectral measurement was quantified using the Raman line of DMSO at
2913 cm−1 (Fig. 2(d)). The amount of dispersion applied on the Stokes pulse with the grating
pair was fixed to achieve a 1 ps pulse at the sample plane, measured with an optical autocorrelator
(pulseCheck, APE). The amount of added second order phase imprinted on the pump pulse
by the AOPDF was optimized (Fig. 2(d)) to match that of the pump pulse, and a resolution of
23 cm−1 was achieved. The resulting total negative dispersion is consistent with the optics in the
system. The −77 kfs2 second order phase added by the AOPDF includes the −59 kfs2 required
to negatively chirp the pulses at the sample plane, the −13 kfs2 required to compensate the
dispersion introduced by the AOPDF crystal, and the −5 kfs2 compensating the rest of the optics
on the optical path. Higher order dispersion on the pump pulse can be controlled with the AOPDF
as well, but the optimal values found were similar to the factory settings for compensating the
dispersion inside the AOPDF crystal. We suspect that the 1 cm−1 discrepancy between theoretical
and experimental resolution may instead be due to the third order dispersion on the Stokes pulse
coming from the AOM, grating pair, and lenses.

6. Chemical imaging of multiple species

Figure 3(a) shows the SRS spectra acquired for 5 pure species: melamine (Resin, bead 5um),
polystyrene (PS, bead 20um), polymethylmethacrylate (PMMA, bead 10um), bovine serum
albumin (BSA) crystals an olive oil solution. An artificial sample composed of these 5 species
was prepared and imaged using the WB AOPDF using a pixel dwell time of 25 µs that allowed to
record the full Raman spectrum between 2850 cm−1 and 3000 cm−1 with a resolution ≈23 cm−1.
The recorded hyperspectral image was projected over the known pure spectra using linear
decomposition that allowed to map the 5 species (Fig. 3(b)). The different components are easily
distinguishable without further averaging.
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Fig. 3. a) SRS spectra of pure species acquired with the AOPDF delay line (Resin:
melamine, PS: polystyrene, PMMA: polymethylmethacrylate, Oil: olive oil, BSA: bovine
serum albumin). b) Image components associated with each pure species, as extracted from
the hyperspectral image. MIX represents the summed image of all components. Pixel dwell
time 25 µs, scale bar: 25 µm, total image acquisition time: 1s

7. Dynamic imaging of chemical reactions

We use here our fast SRS imaging platform to monitor the dynamic of chemical reactions. We
concentrate onMannitol, a common excipient used in pharmaceutical industry, that can crystallize
in several polymorphic forms: α, β, and δ. The δ polymorph can change into β upon hydration,
and both forms can be identified through their Raman spectra in the lipid band. Understanding
how a pharmaceutical compound evolves after ingestion (change in pH and hydration) is key for
proper drug delivery. Additionally, the signal levels obtained on Mannitol crystals are comparable
to that of lipids in biological samples. The polymorphism of Mannitol is therefore a convenient
proxy to the study lipid metabolism, while providing more experimental control than an in vivo
experiment.

Pure δ-Mannitol crystals were prepared between a microscope slide and a coverslip and imaged
over twenty minutes during the introduction of water vapor. Snapshots of the user interface
during the acquisition are displayed in Fig. 4.(a-d), while the full video recording is available
(Visualization 1). Another example is shown in Visualization 2. δ-Mannitol (red) transforms
in β-Mannitol (blue) over time upon water hydratation. We used the HR AOPDF with a frame
rate of 1 image every 1.6 second (two successive images were averaged to increase the signal
to noise ratio). The hyperspectral images were processed on the fly by projecting them on the
components corresponding to pure β and δ-Mannitol (Fig. 4.e), therefore providing live feedback
on the crystal transformation process. Because of the dynamic nature of the process, image
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refocusing and tracking of the relevant feature was necessary, and was made possible with live
two color rendering.

Fig. 4. a)-d) Timelapse of a δ-Mannitol (red) crystal transforming into β-Mannitol (blue) in
the contact of water vapour. The field of view is 100 micron large, pixel dwell time 40 µs, e)
SRS spectra of pure δ-Mannitol (red) and β-Mannitol (blue).

Fig. 5. Frozen section of healthy human colon imaged using fast SRS and SHG. The spatial
map of proteins (blue) and lipids (pink), were retrieved using the spectra of BSA and Oil for
projection. The SHG signal, characteristic of collagen fibers is shown in red. Image total
acquisition time 15 minutes.
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8. Label-free histological recordings

Fast label free imaging of biopsy sections is a major application of coherent Raman imaging
that can potentially revolutionize the field of histology by increasing diagnosis speed, lowering
hospital costs, and improving patient care [25]. Frozen sections of human cancer colon tissues
were imaged with our fast SRS imaging platform, using the WB AOPDF with a pixel time of
25 µs. 8 by 10 adjacent fields of views (100 µm x 100 µm) were acquired separately and stitched
together to reconstruct a wider image (Fig. 5). The total acquisition time was 15 minutes. Second
harmonic generation at 400 nm was recorded in the epi direction, to provide an additional contrast
mechanism specific to collagen fibers. As previously for each pixel, the recorded hyperspectral
images were projected on the spectra corresponding to pure BSA (protein) and oil (lipid) to
highlight the nuclei and cell bodies, respectively. For rendering look up tables were adjusted to
mimic eosin, saffron and haematoxylin staining [26–28].

9. Discussion

Our SRS imaging platform acquires a full vibrational spectra over the [2850 cm−1, 3050 cm−1]
spectral range in 12.5 µs, this corresponds to the time during which the chirped pump and Stokes
pulses overlapped, while the pump pulse delay is swept by the AOPDF. However the minimum
total time per pixel is 25 µs when using the WB AOPDF corresponding to a duty cycle of 50
percent. This figure could be increased by designing a shorter AODPF delay line optimized for
lower delay range and higher repetition rate. Using a crystal of only half of the WB crystal length
would satisfy both requirements. By applying the second order dispersion with a grating pair,
and using the AOPDF solely as a delay line, a 80 kHz pixel acquisition rate should be achievable
while maintaining a linear delay sweep. Although such AOPDF hasn’t been manufactured, for
lack of market application so far, there is not technological barrier to achieving such repetition
rate.

The spectral window covered by the system is 200 cm−1, limited by the spectral of the pulses
used, which is sufficient to record most of the C-H stretch region. Larger bandwidth could be used
by using shorter pulses. We expect the lower limit would be pulses of around 50 µs (at 800 nm).
This limit would be set by the difficulty in maintaining phase control and beam wave-front with
the dispersive optics used, including the AOPDF, but also the AOM, gratings, and lenses. This
limitation is common to most spectral focusing schemes.
Imaging biological tissues (Fig. 5), image-wise averaging had to be performed to achieve

signal to noise ratios (SNR) compatible with imaging (SNR > 3 dB). With our shot noise limited
system, the SNR achieved on this sample without averaging (pixel dwell time 25 µs) is on the
order of 1, corresponding to an associated SRS modulation. ∆I/I ≈ 2 × 10−5.

We limited our investigation to the lipid band but the proposed approach can be easily extended
to the fingerprint spectral range using appropriate AOPDF and large bandwidth tunable fs sources.
While covering the full fingerprint region using spectral focusing would not be possible due to
the dispersive limit detailed above, a window of several hundreds of wave-numbers can still be
covered. The narrower features in the fingerprint region would call for pulses dispersed to two or
more picosecond. The HR crystal can readily be used for such dispersion and delay scanning.
The smaller Raman cross section may limit the acquisition speed significantly, in which case
higher Raman signal must be achieved.
This higher signal could be obtained by red-shifting the SRS pump and Stokes wavelength.

Using near-infrared light such as 940 nm pump and 1310 nm Stokes, one may significantly
increase the average laser power on the sample, while keeping photo-damage low. Such near-IR
scheme would allow for an increase of both laser powers by a factor of 2 to 3, which would
be sufficient to improve the SNR by a factor of 10, therefore allowing for single SRS spectral
measurements per pixel, even on dilute samples or in the Raman fingerprint.
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Other improvements may include the use of spatial multiplexing, provided higher laser powers
are available. Using multiple foci has been demonstrated as a method to scale up the acquisition
rate [29] in SRS. Another possible strategy would be to use our fast spectral acquisition scheme
while under-sampling the image through matrix completion scheme [30]. The amount of data
generated by hyperspectral Coherent Raman microscopy can be large, with several hundreds of
megabytes per second. The linear delay sweep allowed by the AOPDF simplifies greatly the data
processing, which can easily be performed on the fly.

10. Conclusion

We demonstrated fast hyperspectral SRS imaging by combining spectral focusing with an acousto-
optic delay line working at 40 kHz. Our system is at the shot noise level for 15mW of laser probe
power, and a bandwidth of 1.3MHz. The achieved resolution is 23 cm−1 over a bandwidth of
130 cm−1 full width at half maximum. SRS spectra in the lipid band were acquired with 12.5 µs
recordings per pixel corresponding to a duty cycle of 50 percent. Samples containing up to 5
different chemical species have been imaged, and individual component maps were retrieved
with no visible cross-talk. Time-resolved imaging of a chemical transformation (δ-Mannitol
to β-Mannitol) was made possible, opening the door to other studies requiring fast chemical
imaging. Finally, the sensitivity of the system was sufficient to perform stimulated Raman
imaging of human frozen tissue sections, demonstrating the applicability of this measurement
system for label-free and live histology.
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Chapitre 4
Sources ultra-brèves de 3e génération

4.1 Introduction
A partir de 2012, j’ai orienté ma thématique de recherche principale vers un sujet proche
de celui de ma thèse : l’amplification paramétrique optique à dérive de fréquence (OPCPA,
pour Optical Parametric Chirped-Pulse Amplification). Ce regain d’intérêt tient à l’essor
extraordinaire des lasers Ytterbium :YAG picosecondes de forte puissance moyenne (jus-
qu’à quelques kW). Bien qu’initialement développés pour l’industrie, ces lasers trouvent
aujourd’hui des applications multiples. Leur usage scientifique requiert, le plus souvent,
d’augmenter leur puissance crête soit par un mécanisme de post-compression dans les
gaz ou les solides, soit par OPCPA. L’OPCPA permet, en outre, de convertir ces lasers
de « pompe » en sources infrarouges stables en CEP. A l’heure actuelle, les OPCPA
infrarouges entre ≃1.5 et ≃3.2 µm sont devenus les principaux « drivers » pour la généra-
tion de rayonnements X-UV intenses par génération d’harmoniques élevées dans les gaz.
Les OPCPAs sont également utilisés comme préamplificateurs à haut contraste pour les
chaînes laser de très forte intensité (systèmes 100 TW voire pétawatt).

Il est intéressant de comparer les situations de 2002, quand j’ai commencé ma thèse, avec
celle de 2012. Les OPCPAs avaient déjà été identifiés à la fin des années 90 [64,65] comme
une alternative intéressante à l’amplification laser en bande large. Parmi les avantages
cités : des bandes de gain extrêmement larges dans certaines configurations (accords de
phase « magiques » dans BBO, LBO ou KDP par exemple), une faible charge thermique,
la possibilité de multiplexer plusieurs lasers de pompe et un contraste temporel élevé. La
première génération d’OPCPA s’est ainsi appuyée sur les principaux lasers de puissance
de l’époque : les lasers Nd:YAG de durée nanoseconde (1-10 ns typiquement à 1064 nm).
Sans aller jusqu’à dire que cette première génération d’OPCPA a connu un échec, on peut
tout de même pas crier à la réussite. Pourquoi ? Principalement à cause de la difficulté
à synchroniser deux lasers indépendants (le laser de pompe et celui produisant les im-
pulsions à amplifier, en général un Nd:YAG et un Ti ::Saphir) avec une gigue temporelle
suffisamment faible - mais pas seulement. La structure spatio-temporelle complexe des
lasers Nd:YAG à cavité instable n’est pas appropriée au pompage d’OPA (structure en
balle de fusil). Le contraste d’injection de ces lasers n’est pas non plus suffisant pour ga-
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rantir un fonctionnement réellement monomode (longitudinalement). Des lasers Nd:YAG
adaptés ont été développés (amplificateurs régénératifs injectés par l’aile infrarouge d’un
oscillateur Ti:Saphir par exemple) mais la complexité de l’ensemble reste décourageante
et forme un système difficile à maintenir dans la durée. Les lasers Yb de durée picoseconde
ou sub-picoseconde - et dans une moindre mesure les laser Erbium couplés à des fibres
non linéaires - ont radicalement changé la donne. Il est désormais possible, avec un seul
laser amplifié, d’injecter correctement un amplificateur de puissance tout en disposant
de mécanismes robustes et cohérents d’élargissement spectral pour former les longueurs
d’onde à amplifier. Le pompage diode des lasers Yb, leur compacité (liée à la forte fluence
de saturation des milieux dopés Yb) et un investissement industriel massif ont permis des
gains spectaculaires de stabilité et de robustesse. Enfin, les architectures d’amplification
par « thin disks » et « slabs » ont décuplé la puissance moyenne des Yb:YAG.

Les OPCPAs de 2022 sont également assez différents de ceux de 2002 car le régime pico-
seconde a de multiples conséquences :

• le seuil de dommage en intensité des diélectriques variant avec l’inverse de la racine
carrée de l’intensité de pompe 1, soit en 1/

√
Ip, un OPA picoseconde peut travailler à

des intensités beaucoup plus importantes qu’en régime nanoseconde : typiquement
50-100 GW/cm2 tant que l’on peut ignorer l’absorption à deux photons, soit au
moins un ordre de grandeur au dessus des intensités habituelles à 1-10 ns.

• le même gain paramétrique est atteint sur une longueur d’interaction beaucoup plus
courte et l’épaisseur typique des cristaux non linéaires en régime picoseconde n’est
que de quelques mm (vs des dizaines de mm en nanoseconde),

• la bande de gain des OPAs variant avec l’inverse des épaisseurs, la bande de gain
en régime picoseconde est beaucoup plus large qu’en régime nanoseconde,

• les facteurs d’étirement et de compression sont réduits, si bien que des solutions
d’étirement/compression par miroirs dispersifs ou par des matériaux massifs sont
envisageables (en remplacement des étireurs/compresseurs à réseaux),

• la génération d’impulsions stables en CEP est également une conséquence indirecte
de ce régime d’interaction.

L’originalité des OPCPA développés par Fastlite et des travaux de recherche que je déve-
loppe ici tiennent en cinq points :

• un étirement et une gestion de la dispersion par un AOPDF,
• des cristaux de MgO:PPLN courts pompés à 1030 nm pour les OPAs à fort gain et

à faible puissance/énergie,
• des cristaux massifs de LiNbO3 pour les OPAs à faible gain et à forte puissance/énergie,
• une métrologie embarquée conséquente : mesures à 100 kHz, mesure de CEP. . .,
• une accordabilité en longueur d’onde, réalisée au moyen de l’AOPDF (pour l’adap-

tation de la dispersion), de PPLNs en géométrie fanout (bande de gain variable) et
d’un compresseur large bande (un ensemble de miroirs dispersifs).

J’ai conduit différents programmes de recherche (FUI « STAR », Eurostars « CURE ») et
participé à des collaborations qui ont aboutis à plusieurs publications [66–70] et brevets
[71] dans le domaine. Le point d’orgue de ces travaux est la source MIR [70] d’ELI-

1. En régime ps-ns.
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Cadre Type Nom Date Direction Laboratoire

Thèse CIFRE Aymeric Van de Walle 2013-2016 Marc Hanna LCF
Thèse CIFRE Gaëtan Jargot 2016-2019 Marc Hanna LCF
Thèse ITN Smart-X Benjamin Maingot 2019- Aurélie Jullien InPhyNi

Stage M2 Eric Chea 2013 Nicolas Forget Fastlite
Stage M1 Thibault Seyrat 2017 Nicolas Forget Fastlite
Stage 2A/M1 Quang Anh Nguyen 2021 Nicolas Forget Fastlite

Table 4.1 – Thèses co-encadrées et stage dirigés.

ALPS en Hongrie, aujourd’hui opérée comme serveur laser. Cette source est l’un des tous
premiers OPCPAs à haute cadence (100 kHz) délivrant des impulsions courtes (40 fs)
dans l’infrarouge (≃3.2 µm) et rassemblant quatre caractéristiques : une cadence élevée
(100 kHz), une forte puissance moyenne (15 W à 3.2 µm, 200 W de pompe à 1030 nm),
une stabilité extrême (en énergie, spectre et pointé) et une phase enveloppe-porteuse
record (65 mrad rms). Ce système appartient aux sources ultra-brèves dites de 3ème
génération : l’ensemble des caractéristiques de la source (longueur d’onde, durée, phase
porteuse-enveloppe) est obtenu à partir d’un laser Ytterbium picoseconde à 1030 nm au
moyen d’effets non linéaires (filamentation, différence de fréquence, diffraction acousto-
optique, amplification paramétrique).

Des variantes de cette source ont ensuite été développées pour différents grands instru-
ments et/ou serveurs lasers : RAL (UK), Max-Born Institute (Allemagne), Helmholtz-
Zentrum Berlin (Allemagne), INRS (Canada), SPring-8 (Japon). Ces réalisations ont
mobilisé toutes les équipes de développement de Fastlite et, en particulier, le groupe
de R&D optique qui a grandi au fil du temps et dont j’assure encore le suivi : Raman
Maksimenka, Alexandre Thai 2, Olivier Albert, Nicolas Thiré, Yoann Pertot, Simone Bux,
Vincent Femy, Maxim Neradovskiy et Cyril Vaneph. Je ne peux pas ne pas mentionner
ici le rôle clé de nos géniaux ingénieurs opto-mécaniques (Thomas Pinoteau, Clément
Ferchaud 3) et de l’équipe d’instrumentation (Sébastien Coudreau, Grégory Gitzinger 4,
Simon Pomarède, José Villanueva, Ivan Jelicic, Didier Fousset). Le travail de recherche
a porté sur la génération de continuum [72], les architectures d’amplification [68, 69], la
gestion de la dispersion optique dans des systèmes accordables, les effets linéaires (absorp-
tion, thermique) et non-linéaires (effets Kerr, auto-modulation de phase, effets parasites)
dans les étages d’amplification mais aussi la métrologie à cadence élevée [70]. C’est dans
ce contexte que j’ai notamment co-encadré avec Marc Hanna (LCF, Palaiseau) les thèses
d’Aymeric van de Walle et de Gaëtan Jargot. Je co-encadre actuellement, avec Aurélie
Jullien (InPhyNi), la thèse de Benjamin Maingot qui cherche à établir l’origine du bruit
de CEP dans les chaînes OPCPA.

2. Maintenant chez Amplitude
3. Maintenant à Imperial College
4. Maintenant chez HGH.
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Type Acronyme Laboratoire/entreprise Rôle Date

Contrat FUI STAR Amplitude Technologies PI 2015-2018
Contrat Eurostars CURE HZB, Ultrafast Innovations PI 2019-2022

ITN Smart-X - PI 2019-2022

Table 4.2 – Contrats et collaborations où j’ai pris une part active.

4.2 FUI STAR
Le FUI « STAR » porte sur la réalisation d’un prototype d’OPCPA à 800 nm délivrant des
impulsions courtes (20 fs) à haut contraste temporel (>1012) et de CEP stable. L’idée sous-
jacente est de remplacer les systèmes laser du type oscillateur + amplificateur régénératif.
Le prototype se compose d’un laser de pompe (S-pulse HP2, Amplitude Systèmes, 550 fs,
1.6 mJ, 2 kHz à 1028 nm) et de 6 sous-modules : génération de super-continuum, différence
de fréquences, génération de seconde harmonique, deuxième étage d’amplification, mise
en forme spectrale et conjugaison de phase par AOPDF, troisième étage d’amplification,
compression par matériaux et génération de seconde harmonique finale. Le prototype
permet de générer environ des impulsions de 9 µJ à 780 nm. La largeur spectrale est de
63 nm et les impulsions ont pu être recomprimées à moins de 20 fs. En terme de stabilité,
la sortie à 800 nm affichait 0.95% RMS de fluctuations pour une pompe 0.34% RMS de
fluctuations (mesures à la photodiode sur quelques minutes). La CEP est mesurée après
compression mais avant SHG sur la voie à ≃1.6 µm. L’appareil de mesure est un f-2f
colinéaire combiné à un spectromètre rapide. Les dérives jusqu’à 2 kHz sont compensées
par une boucle en utilisant le module de contrôle CEP du Dazzler de la chaîne. Les
variations de tir à tir sont de 80 mrad avec une mesure à 4 kHz (100 000 tirs). La figure 4.1
montre le contraste temporel mesuré après ré-amplification par un CPA Ti:Saphir (mesure
réalisée par la société Amplitude). Un contraste >1012 est atteint une cinquantaine de
ps avant l’impulsion principale (cette mesure inclue la contribution de l’amplificateur
régénératif). Le système OPCPA est aujourd’hui installé sur le laser 500 TW d’ELI-ALPS,
le pilier hongrois de l’Extreme Light Infrastructure européen.

Figure 4.1 – Contraste de l’OPCPA mesuré après amplification (amplificateur régéné-
ratif Ti:Saphir). Source : Amplitude.
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4.3 ELI-ALPS
Une autre étape importante été franchie avec le contrat de recherche et développement
porté par ELI-ALPS. Les spécifications visées étaient : 100 kHz, 15 W, 40 fs, accordable
entre 2.5 et 4 µm, stabilité CEP <150 mrad. Par rapport à l’état de l’art en 2018, cette
source se distingue des précédentes par son laser de pompe Ytterbium (1 ps, 2 mJ à
100 kHz, soit une puissance moyenne de 200 W), sa puissance moyenne de sortie et une
extrême stabilité (en énergie et en CEP). Techniquement elle se différentie par : (1) une
génération de signal à ≃3 µm par filamentation dans un cristal épais puis différence de fré-
quence, (2) une amplification dans des cristaux de MgO :PPLN courts (1 mm) et de grande
ouverture (3 mm) en géométrie d’éventail (« fanout »), (3) une gestion de la dispersion
par des matériaux massifs et (4) par un mécanisme de façonnage spectral et de contrôle
de la CEP via un schéma « indirect » (ie avant la différence de fréquence). L’instrumen-
tation développée spécifiquement pour cette source est également originale : mesure de
la CEP à 10 kHz, caractérisation des fluctuations d’énergie à 100 kHz. A l’exception de
l’accordabilité, l’ensemble des spécifications visées ont été atteintes.

Cette source est aujourd’hui opérée en serveur laser par ELI-ALPS. Elle est notamment
utilisée dans le cadre de la génération d’harmoniques élevées dans le domaine X-UV. Ce
projet de recherche de 3 ans a non seulement permis de valider l’approche des sources de
troisième génération mais aussi démontré des valeurs record de stabilité phase-enveloppe.
A titre personnel, elle est un exemple de développement que j’ai pu mener dans le cadre
d’un grand instrument, avec les contraintes inhérentes à ce type d’environnement : planifi-
cation, « reporting » mensuel, interfaces multiples et contexte international très compétitif

4.4 Simulations 3D
Afin de mieux appréhender certains des phénomènes observés dans les OPA/OPCPA
comme les effets de cascade, j’ai débuté en 2020 à travailler sur un code de simulation
3D prenant en compte les effets non-linéaires d’ordres 2 et 3 sans connaissance a priori
des processus majoritaires. Afin de disposer d’un outil de simulation adapté, un travail
de recherche numérique a été entrepris. L’originalité de l’approche choisie repose sur les
particularités suivantes :

• Code 3D (deux coordonnées spatiales, une coordonnée temporelle) ou 2D (avec
symétrie cylindrique via une transformée de Hankel)

• Uniquement deux champs électriques, l’un pour la polarisation ordinaire et l’autre
pour la polarisation extraordinaire : les ondes ne sont pas séparées en fonction de
leurs porteuses optiques a priori

• Milieux de propagation généraux : tenseurs χ(1), χ(2) et χ(3) génériques (absorption
et anisotropie incluses). Tous les paramètres du matériau (orientation, température
etc) sont contenus dans les éléments de tenseurs

• Modèle de propagation général : diffraction, dispersion, effets non-linéaires etc.
Aucune hypothèses sinon celle d’une propagation paraxiale et celle des ondes co-
propagatives

La première étape de ce travail de recherche a fait l’objet du stage de Nguyen Quang Anh
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Figure 4.2 – Spectres signal et idler simulés dans un PPLN en fonction de l’énergie de
pompe - géométrie colinéaire.

Figure 4.3 – Mêmes résultats présentés en échelle logarithmique. A gauche : partie
visible. A droite : partie infrarouge.

(Ecole Polytechnique, stage 2A). Il s’agit d’un développement toujours en court. L’intérêt
de ce type de simulation est de prendre en compte l’ensemble des effets non linéaires
simultanément, ce qui est particulièrement important lorsque l’OPA est un cristal retourné
périodiquement. Le quasi-accord de phase est paradoxalement moins sélectif qu’un accord
de phase par biréfringence car plusieurs ordres de quasi-accord de phase sont possibles.
Dans les OPA en PPLN pompés à 1030 nm par exemple, le quasi-accord de phase d’ordre 1
pour une amplification à ≃1.7-1.8 µm correspond à un quasi-accord de phase d’ordre 3
pour une seconde harmonique à 1030 nm. Les phénomènes d’OPA et de SH se produisent
donc simultanément, ce qui pose problème expérimentalement à cause des effets photo-
réfractifs induits à 515 nm. En pratique, la structure du cristal autorise un grand nombre
de combinaisons de longueurs d’onde qui sont difficiles à prévoir à l’avance - et d’autant
plus en spectre large et/ou que le système est accordable en longueur d’onde. Ces effets
de cascade sont illustrés en figure 4.2 (échelle linéaire) et figure 4.3 (échelle logarithmique
sur une plage spectrale plus large) pour un PPLN de 1 mm d’épaisseur et de période 30.16
µm. L’effet principal d’amplification paramétrique à 1.5 µm s’accompagne d’une seconde
harmonique parasite de la pompe mais aussi d’une troisième harmonique et d’une somme
de fréquence pompe+signal etc. L’objectif de ce code de simulation est également de
modéliser correctement l’automodulation de phase et la modulation de phase croisée dans
les OPAs complexes.
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4.5 Eurostars CURE
Une autre action de recherche, dédiée à la montée en énergie des OPCPA à ≃2 µm, a dé-
buté en 2020 dans le cadre du programme de recherche franco-allemand CURE (Eurostars
E113566, « Compact Ultrafast-X-ray-source REvolution »). Les objectifs du programme
CURE et des trois partenaires (Fastlite, Helmholtz-Zentrum Berlin (HZB) et Ultrafast
Innovations) sont de mettre au point : (i) un OPCPA capable de produire des impulsions
à ≃2 µm de 1 mJ/20 fs à 50 kHz avec une stabilité en CEP inférieur à 250 mrad et (ii) une
chambre de génération d’harmoniques élevées (HHG) produisant un rayonnement X-UV
jusqu’à 500 eV. La conception globale de l’OPCPA 1mJ/20 fs/50 kHz, correspondant à
une puissance moyenne délivrée de 50 W à ≃2 µm, a été entamée en 2020. L’OPCPA se
compose des même briques technologiques que celles développées par Fastlite précédem-
ment mais à des niveaux d’énergie et de puissance moyenne très supérieurs : une énergie
10 fois supérieure et une puissance moyenne 5 fois supérieure à ce qui a été obtenu à/par
Fastlite précédemment. Ce changement d’échelle a nécessité de revisiter les composants,
matériaux et architectures utilisées jusque-là.

La première phase du projet CURE a permis de reproduire et de confirmer la génération
d’impulsions stables en CEP à 2 µm, avec une haute qualité (spatiale, spectrale) et une
excellente stabilité court/long terme. CURE a permis d’augmenter l’énergie de 30 µJ
(obtenus en 2019) à 100 µJ par impulsion (en 2020). Une amélioration très sensible de
la stabilité en CEP a été observée après un filtrage spatial situé en amont de la DFG.
Cet effet du profil spatial sur la stabilité en CEP n’a, à notre connaissance, jamais été
rapportée.

La thèse de Benjamin Maingot, financée via l’ITN Smart-X et dirigée par Aurélie Jullien
(InPhyNi) porte notamment sur ce sujet, et plus généralement sur l’origine du bruit de
CEP dans les OPCPA. Les premiers résultats de son travail (soumis à Optics Letters en
2022) indiquent qu’une source probable est une perte partielle de cohérence lors de la
génération de continuum. L’influence de la phase spatiale sur la génération de continuum
et sur la stabilité de la CEP est en cours d’étude.
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4-W, 100-kHz, few-cycle mid-infrared source 
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Abstract: We demonstrate an optical parametric chirped-pulse amplifier delivering 4-cycles 
(38-fs) pulses centered around 3.1 µm at 100-kHz repetition rate with an average power of 4 
W and an undersampled single-shot carrier-envelope phase noise of 81 mrad recorded over 25 
min. The amplifier is pumped by a ~1.1 ps, Yb-YAG, thin-disk regenerative amplifier and 
seeded with a supercontinuum generated in bulk YAG from the same pump pulses. Carrier-
envelope phase stability is passively achieved through difference-frequency generation 
between pump and seed pulses. An additional active stabilization at 10 kHz combining 2f-to-f 
interferometry and a LiNbO3 acousto-optic programmable dispersive filter achieves a record 
low phase noise. 
© 2017 Optical Society of America 

OCIS codes: (320.7090) Ultrafast lasers; (190.4360) Nonlinear optics, devices; (190.4970) Parametric oscillators 
and amplifiers; (140.3070) Infrared and far-infrared lasers. 
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1. Introduction 

High-harmonic generation (HHG) [1] has become a routine technique to generate extreme-
ultraviolet (XUV) radiation with full spatial and temporal coherence. The extension of HHG 
into the K-band water window (2.3 nm < λ < 4.4 nm) [2,3] and up to the keV photon energy 
regime [4] shows that fully coherent soft-x-ray beams/pulses could be produced from table-
top ultrafast sources, promising probing and imaging [5] capabilities with unmatched tempo-
spatial resolution. HHG sources have also been identified as potential seeders for free-
electron lasers [6] to replace the current seeding schemes based on self-amplified spontaneous 
emission. 

This extension towards XUV and up to soft-x-rays results from the recent development of 
driving sources with specific properties: mid-infrared wavelength, few-cycle pulses, high 
peak intensity, carrier-envelope phase stability and control, high energy and/or high-repetition 
rates. While long wavelength optical carriers extend the cutoff energy through the λ2 
dependency of the ponderomotive energy, shortening the pulses to few cycles increases the 
peak intensity and enhances the HHG conversion yield. Additionally, few-cycle pulses reduce 
the number of attosecond bursts up to, ideally, a single isolated attosecond pulse. In that case, 
CEP stability and control is paramount but also ensure a shot-to-shot reproducibility of the 
driving electric field as well as the HHG yield and spectra (especially for few-cycle pulses). 
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Besides, although phase-tagging [7] may be used for data post-processing, precise 
stabilization offers the unparalleled advantage of direct data averaging and/or heterodyning. 
Last, high pulse energy and/or repetition rate helps mitigating the λ−6-λ−7 scaling law of the 
HHG yield [8] for an optimized XUV flux. 

These requirements have triggered the development of a number of high-repetition-rate 
sources [9–15] combining nonlinear effects such as difference-frequency generation (DFG) 
and optical parametric amplification (OPA) to, respectively, generate and amplify broadband 
mid-infrared pulses within the 3-5 µm range. In both cases, energy is transferred, via local 
and instantaneous three-wave-mixing process, from a “pump” wave of angular frequency ωp 
to a “signal” wave of angular frequency ωs < ωp. An “idler” wave at ωi is generated as a by-
product of parametric amplification to satisfy the energy conservation relationship 

p s iω ω ω= +   . For efficient operation when phase-matching conditions are fulfilled 

(momentum conservation), the phases of the three waves also satisfy φp-φs-φi = π/2. Finally, 
the Manley-Rowe relationship binds together the photon fluxes of the three waves and limits 
the maximum conversion yield from pump to signal wave to ωs/ωp. Therefore, it is clearly 
advantageous to pump OPAs with a pump wavelength as close as possible to the signal 
wavelength. The recent advent of scalable, picosecond, high-average-power infrared sources 
based on Yb:YAG has set these laser sources as the main work horses for broadband OPAs 
which are now described as “third-generation femtosecond technology” [16]. 

Previously demonstrated mid-IR DFG/OPA systems [9–15] differ in the characteristics of 
the pump laser (wavelength and pulse duration) but mostly in the way the signal and pump 
pulses are synchronized. Systems pumped by multi-ps (1-10 ps), 0.1-1 mJ pulses at repetition 
rates greater than 100 kHz are seeded by either optical parametric oscillators [9], or erbium-
doped fiber-based femtosecond sources [10,11]. Although these solutions all lead to the 
generation of large optical spectra around either 1550 nm or 3 µm, they involve rather 
complex setups requiring active electronic locking of independent laser systems [9], or 
additional nonlinear effects to derive the pump seed from a signal oscillator [9–11]. In the 
latter case, the amplification process of the pump pulses introduces long optical delay which 
necessitates complex active stabilization to reduce delay jitter and drift between pump and 
signal pulses. 

An alternative, which greatly simplifies the global architecture and provides robust 
passive optical synchronization between pump and seed pulses, is to use a small fraction of 
the pump laser energy to generate a supercontinuum (SC) via filamentation in a bulk material 
[17]. It is now well-known that, within the single-filament limit, the high- and low- frequency 
parts of a SC provide broadband, coherent [18] and stable [19–21] spectral content, even 
when driven by ~1 ps pulses at ~1 µm [22,23]. Additionally, the properties of the carrier-
envelope phase of the SC essentially follow that of the pump pulse, a stupendous feature at 
the very heart of f-2f interferometry [24] and of the passive CEP-stabilization of idler pulses 
generated in self-seeded OPAs through a DFG process. 

In this paper, we demonstrate and study a supercontinuum-seeded optical chirped-pulse 
parametric amplifier (OPCPA) generating few cycle pulses around 3.1 µm and optimized for 
CEP-stability. This source delivers 40-µJ, 40-fs pulses at 100 kHz repetition rate, which 
corresponds to a peak power of ~0.4 GW, an average power of 4 W and a pulse duration 
slightly under four optical cycles. Compared to former publications, and in particular to 
references [11,15], our source provides important novel features: 

(i) It is the first 100-kHz-class OPCPA pumped with a diode-pumped solid-state laser 
delivering 1-ps pulses and self-seeded with an infrared supercontinuum generated in a 
bulk crystal, 

(ii) Combines chirp-reversal with acousto-optic pulse shaping at 100 kHz and delivers, to 
date, the shortest pulses at this wavelength (3.1 µm) and average power (4W), 
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(iii) Achieves a non-averaged CEP stability with a phase noise as low as 81 mrad rms over 
more than 150·106 pulses (25 min at 100 kHz). To date this is the best recorded non-
averaged CEP stability for an amplified system, independently of the wavelength, pulse 
duration or repetition rate [25]. 

2. Source description 

The OPCPA is pumped by a fraction of an industrial Yb-YAG, thin-disk, regenerative 
amplifier (Dira-200 from TRUMPF Scientific Lasers) generating 2-mJ pulses at 1030 nm at 
the repetition rate of 100 kHz (average power of 200 W). The pulse duration at full-width 
half-maximum (FWHM) is 1.1 ps. The beam profile is close to Gaussian (measured M2<1.3) 
and the typical pulse-to-pulse energy stability is <1% rms. About 55 W of pump power is 
used to pump the OPCPA in its current configuration (Fig. 1). The remaining 145 W is saved 
for a future upgrade of the system. 

 

Fig. 1. Optical setup. SC: supercontinuum generation. DFG: difference-frequency generation. 
OPA: optical parametric amplifier. LN-AOPDF: LiNbO3 acousto-optic programmable 
dispersive filter. 

A small fraction (9 µJ) of the pump energy is used to generate a supercontinuum in a 10-
mm YAG crystal mounted on a continuously moving translation stage. The crystal is 
translated transversally along a single direction, over 3 mm with a period of 10 min. A stable 
single-filament is formed in the bulk of the crystal and maintained for months without any 
visible permanent damage. A noticeable temperature elevation of the crystal is observed and 
stabilized around 10°C above ambient temperature by passive cooling. Filament instabilities 
and spectral modulation are noted above 12 µJ pump energy and immediate damage is 
observed for pump energies exceeding 14 µJ. These observations are in agreement with the 
previously reported data for both the SC threshold and nonlinear absorption of YAG [22,23]. 
At the output of the filament, the SC spectrum extends to ~2 µm (Fig. 2). 

 

Fig. 2. (a) Supercontinuum spectra (red part) recorded by an InGaAs spectrometer (NIRQuest-
2.5, Ocean Optics) with an integration time of 1 ms. Shown here is the probability density 
function (PDF) computed from 1000 successive acquisitions. (b) Cut at 1550 nm of the PDF 
showing a histogram with 5.7% rms. 
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The infrared part of the SC is filtered and temporally stretched by an AR-coated, 18-mm-
long Silicon rod and a Lithium Niobate (LiNbO3) acousto-optic programmable dispersive 
filter (LN-AOPDF, Fastlite), specifically developed for this application. Compared to TeO2-
based AOPDFs, LN-AOPDFs are capable of refresh rates exceeding 100 kHz and have large 
angular acceptance (~6°) and ultra-low spatial walk-off. This device is at the heart of the 
spectral/dispersion management and performs: phase shaping of the SC pulses to match the 
pump pulse duration; bandwidth selection and amplitude shaping of the SC spectrum; pre-
compensation of the high-order spectral phase introduced by the optics; and last but not least, 
active CEP stabilization with a feedback from a 2f-to-f interferometer. 

Shaped seed pulses are focused in a 12x3x1-mm3 MgO-doped periodically poled Lithium 
Niobate crystal (MgO-PPLN) AR-coated at 1030 nm and from 1.3 to 4.2 µm. The crystal is 
heated to 120°C to limit photorefractive effects. The poling period varies across the 12-mm 
direction (so-called “fanout” poling geometry) to fulfill type-0 quasi-phase-matching 
conditions from 1.3 µm to 1.9 µm (for the signal) and 2.5 µm to 4.0 µm (for the idler). The 
MgO-PPLN of the DFG stage is pumped with 2.5 W (25 µJ) at 1030 nm and the calculated 
peak intensity is ~50 GW/cm2 (3D Gaussian). Pump, signal and/or idler beams are combined 
and separated before and after the MgO-PPLN by pairs of dichroic mirrors. The spectrum of 
CEP-stable idler pulses produced by DFG is optimally centered at 3.1 µm and extends from 
2.7 µm to 3.6 µm. The FWHM spectral bandwidth is 0.44 µm and the pulse energy is 0.9 µJ. 

The generated mid-infrared pulses are successively amplified in two travelling-wave OPA 
stages (OPA2 and OPA3 on Fig. 1). Both stages use MgO-PPLN crystals as nonlinear 
medium and crystals are identical to the one of the DFG stage but for the thickness of the 
poled area: 0.5 mm for OPA2 and 0.7 mm for OPA3, instead of 1 mm for DFG. The pump 
power (and calculated peak intensity) in OPA2 and OPA3 is respectively 12.5 W (~35 
GW/cm2) and 40 W (~25 GW/cm2). The output power at 3.1 µm, measured behind the 
dichroic mirrors, is respectively 0.8 W and 4 W. The output spectrum is measured by a 
scanning acousto-optic spectrum analyzer (Mozza, Fastlite) [26]. Figure 3(a) shows the 
output spectra after DFG (FWHM = 503 nm, 4σ = 706 nm), OPA2 (FWHM = 455 nm, 4σ = 
681 nm) and OPA3 (FWHM = 480 nm, 4σ = 651 nm). The conversion efficiency, calculated 
as (Ps,out - Ps,in + Pi,out)/Pp,in where Ps,in, Ps,out,Pi,out,Pp,in are the average powers of, respectively, 
output signal, input signal, output idler and input pump beams is ~17% for OPA2 and ~24% 
for OPA3. This calculation does not take into account the optical losses on the faces of the 
MgO-PPLN crystals, the losses on the dichroic mirrors (4 interfaces) and the parasitic effects 
in the nonlinear crystals (non-phase-matched SHG at the pump wavelength for example). The 
pump-to-idler conversion efficiency thus reads 6.4% for OPA2 and 10% for OPA3. The 
overall efficiency to generate 3.1 µm is 4W/55W = 7.2%. 

 

Fig. 3. (a) Spectra after DFG (blue), OPA2 (red) and OPA3 (green). (b) Output spectra at 2.5 
µm (blue), 3.1 µm (green) and 3.9 µm (red) obtained by adjusting AOPDF settings, delays and 
PPLN period of the different stages. 
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The output beam is expanded by a reflective telescope and compressed in a set of AR-
coated silicon flats corresponding to a total thickness of 14 mm. 

3. Dispersion management and tunability 

Durations of pump and signal pulses are simultaneously matched in all OPAs by means of the 
AOPDF and by combining materials having positive (Silicon) and negative (CaF2) group 
velocity dispersions (GVD) in the 2.5-4 µm range. The thicknesses of the optics (dichroic 
mirrors, lenses…) were selected to achieve a near perfect GVD balance at 3 µm between the 
DFG and OPA2 stages but also the OPA2 and OPA3 stages. When the wavelength is tuned, 
this balance is partly lost and the pump-signal duration match cannot be perfectly maintained 
in all OPAs simultaneously (without adding CaF2 or Silicon windows, which was not done 
here). Indeed, once the AOPDF is set to match the pulse duration in OPA3, there is no 
additional available degree of freedom to control the durations of the seed pulse in the DFG 
and OPA2 stages. This duration mismatch results in spectral narrowing or a reduced 
conversion efficiency depending on the seed duration which respect to that of the pump pulse. 

The OPCPA output spectrum can be tuned by translating the MgO-PPLN crystals 
transversally and by adjusting the settings of the AOPDF and the delay lines. Tunability from 
~2.5 µm to ~3.9 µm (central wavelength) has been demonstrated. Figure 3(b) shows the 
spectra obtained for three different settings and for the same pump power. The output powers 
at 2.5 µm, 3.1 µm and 3.9 µm are 1.5 W, 4W and 0.5 W respectively. The spectral structures 
on the spectrum centered at ~2.5 µm result from absorption in ambient water vapor. Since the 
gain bandwidth for type-0 phase-matching is maximum close to degeneracy at 2.06 µm, 
broader spectra could have been expected at around 2.5 µm. The observed result can be 
explained by the lower seed level available at 1.75 µm for the DFG, and also, as explained 
above, by a mismatch between the durations of the pump and signal pulses. 

4. Output energy stability 

An average output power of ~4W was measured by a powermeter (UP25N-40S, Gentec) over 
25 min. 

In order to monitor the pulse-to-pulse stability of the pump, SC and output pulses, 
fractions of these beams are sampled out and sent to amplified photodiodes: InGaAs 
photodiode for the pump pulses, extended-InGaAs photodiode for the SC pulses, HgCdTe 
photodiode for the output pulses. The output signals are simultaneously recorded at 100 kHz 
(synchronous acquisition) and the resulting data are stored and processed. For 100 successive 
shots, recorded data show an output pulse-to-pulse energy variations of ~1.3% rms, while the 
energy variations of the pump pulses are ~0.9% rms. Remarkably, the energy stability 
improves from DFG (~4.7% rms) to OPA3 (~1.3% rms) indicating the increasing level of 
saturation within the successive nonlinear stages. In order to demonstrate long-term pulse 
energy trends (power drift), the data averaged over 2·105 pulses at each point are presented on 
Fig. 4. 
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Fig. 4. Average energy variation as a function of time. Each point is an average over 2 sec 
(2·105 shots). (a) pump (0.1% rms), (b) supercontinuum after a high-pass filter with a cut-off at 
1.3 µm (~1.1% rms), (c) DFG (amplified seed, ~1.6%) and (d) output (OPA3) (~0.4% rms). 

As in [11,15,27], we report the onset of nonlinear and/or thermal effects limiting the 
output power of the OPAs and, in particular, of OPA3, where the pump and idler powers are 
the highest. The parameters of the last OPA stage are intermediate between those given in 
[15] and in [27] and essentially differ by: the thickness of the MgO-PPLN crystals (with 
respect to [26]), the pump pulse duration (with respect to [15,27]) and the contrast of the 
pump pulses (with respect to [27]). Although deeper investigation would be required, our 
results tend to confirm that these effects originate from combined mid-IR-assisted nonlinear 
absorption and thermal effects. 

5. Beam characterization 

The spatial beam profile was characterized by a scanning slit beam profiler (NanoScan, Ophir 
Photonics) integrating a pyroelectric detector and a slit of 5 µm. The spatial profile, measured 
after a ~50 cm free propagation after OPA3 and before the output telescope, is Gaussian-like, 
with a ~2.2 mm beam diameter at FWHM (Fig. 5). After collimation by a pair of concave 
mirrors, the beam was focused by an f = 500 mm lens and the 4σ beam diameter was 
measured as a function of distance from the waist. Following the method described in ISO-

11146, we measured a 2 2 2
X YM M M=  value <1.3. 

 

Fig. 5. Near-field spatial profiles along horizontal (X) and vertical (Y) directions 

6. Pulse characterization 

Fractions of the output beam are sent to a scanning SH-FROG device to characterize the pulse 
duration and spectral phase and to a 2f-to-f interferometer to monitor the CEP drift. The SH-
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FROG was built from a thin broadband KBr beamsplitter with a reflectivity of 50 ± 5% over 
the full 2-5 µm bandwidth, a 100-µm silver thiogallate (AgGaS2) crystal oriented for type-I 
second harmonic generation, and an InGaAs spectrometer (NIRQuest-2.5, OceanOptics). The 
experimental and reconstructed FROG traces are shown on Fig. 6. The retrieved pulse 
duration (<0.4% rms error over a 160x160 calculation grid) is 38.3 ± 1 fs at FWHM, which is 
within 8% of the Fourier-transform limit (35.7 ± 1 fs). The uncertainty on the latter values 
arises from the limited dynamic range of the FROG measurement and the inevitable choice of 
a spectral threshold to distinguish signal from background and noise. The spectral barycenter 
being at 3.1 µm, such a pulse duration corresponds to less than 4 optical cycles (an optical 
cycle is 10.3 fs at 3.1 µm). 

 

Fig. 6. (a) Experimental FROG trace. (b) Retrieved FROG trace. (c) Reconstructed time-
dependent intensity. (d) Reconstructed spectrum and spectral phase. 

The stability and drift of the CEP was assessed by nonlinear interferometry. However, 
unlike previous works, and in particular [24] and [10] which are respectively based on f-to-2f 
and 2f-to-3f interferometry, we use a 2f-to-f scheme in which the SHG occurs before the 
spectral broadening step, and all statistical values are calculated from single-shot acquisitions 
(i.e. not averaged over a large number of shots): the collimated input beam (~10 µJ) first 
propagates through a thin type-I SHG crystal (AgGaS2) and is then focused in a 4-mm YAG 
crystal to generate a stable continuum extending to the visible. The spectral beating around 
1.55 µm, which arises from the interference between the second harmonic of the input pulse 
and the continuum, is recorded by a fast spectrometer with onboard calculation capabilities 
([25], Fringeezz, Fastlite). In this 2f-to-f scheme, the optical delay between the two 
components at 1.55 µm is directly related to the thickness of the YAG crystal, which allows a 
straightforward optimization of this delay in order to match the spectral resolution of the 
spectrometer. The latter device consists of a slit, a high-efficiency transmission grating, a pair 
of AR-coated lenses and an InGaAs linear array with a minimum integration time of 3 µs. All 
components are selected to minimize the optical losses and maximize the signal-to-noise ratio 
on the detector. As a result, the detector could be saturated even at the minimal integration 
time (i.e. for single-shot acquisition). The analog beating signal is recorded and the phase 
drift of the interferogram is computed and stored at 10 kHz. With this setup, the CEP drift 
between isolated pulses is sub-sampled at 10 kHz (single-shot every ten pulses). As a result, 
noise contributions above 5 kHz are aliased. 

A digital output is used to feed back at 10 kHz the CEP drift to the AOPDF and correct 
for the CEP fluctuations. The feedback loop is a simple proportional correction with a 
damping factor of 0.5 (damping factor was limited to 1/2N values by the hardware), time-
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delayed with a latency time of ~60 µs, meaning that the phase correction applied to the pulses 
from N + 6 to N + 16 is 50% of the phase shift measured for the pulses N-10 to N. 

An example of CEP fluctuations over ~80 s without feedback is shown on Figs. 7(a) and 
7(b). As the number of acquired values exceeds 800 000 points, Fig. 7(a) represents the 
probability density function (PDF) as a function of time rather than the values directly. On 
Fig. 7(b), the distribution of the values is mostly Gaussian with a standard deviation of 255 
mrad. 

 

Fig. 7. (a) open-loop CEP noise PDF as a function of time, (b) open-loop CEP noise 
histogram, the standard deviation is 255 mrad, the blue curve is a Gaussian function with a σ 
parameter corresponding to the histogram standard deviation, (c) close-loop CEP noise PDF as 
a function of time, (d) close-loop CEP noise histogram, the standard deviation is 80.5 mrad, 
the blue curve is a Gaussian function with a σ parameter corresponding to the histogram 
standard deviation. Colors from dark to bright denote the probability density from low to high, 
respectively. 

In closed-loop operation (Figs. 7(c) and 7(d)), the CEP in-loop fluctuations are below 81 
mrad rms with a peak-to-peak variation below 1 rad over 25 min, which corresponds to 
15·106 samples at 10 kHz or 150·106 successive pulses (i.e. equivalent to ~42 h at 1 kHz). h at 
1 kHz) Fig. 8(a) shows the comparison of the power spectral densities in open- and closed-
loop operations. This figure and Fig. 8(b), representing the integrated phase noise, show a 
complete noise canceling at all contributing frequencies below ~1 kHz and a residual noise in 
the 2-5 kHz range, which is in accord with the Nyquist frequency of the measurement device 
(5 kHz) and the damping factor (0.5) used for the feedback. Further analysis of the noise 
content requires a better understanding of the resolution of the detector and signal-to-noise 
ratio of the InGaAs linear array (estimated to be ~100), but also of the intensity-to-CEP 
coupling effects in the continuum generation [24]. 
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Fig. 8. (a) Phase noise power spectral densities for open and closed loops, (b) integrated phase 
noise (IPN) for open and closed loops. 

7. Conclusion and prospects 

The OPCPA system presented here shows an excellent long term power stability with power 
fluctuations of 0.4% rms over 2 hours, thanks to its collinear geometry, self-seeded design 
and all-bulk dispersion management. The mid-IR wavelength, centered at 3.1 µm, coupled to 
<4-cycle pulse duration and pulse energy of 40 µJ, should allow for the HHG in the soft-x-ray 
regime. From the measured data, a peak intensity of >1014 W/cm2 is at reach with a focal spot 
of 25 µm FWHM. The long-wavelength operation and a record low CEP fluctuations of 81 
mrad rms, combined with a proper post-compression setup, would also form an ideal tool to 
generate isolated attosecond pulses in the water window. 

With the addition of another OPA stage, pumped with the remaining 145 W of pump 
power, an output pulse energy of 150 µJ is targeted, which would raise the output average 
power from 4 W to 15 W and pave the route to high flux HHG sources in the water window. 
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Abstract: We demonstrate a 100 kHz optical parametric chirped-pulse amplifier delivering 
under 4-cycle (38 fs) pulses at ~3.2 µm with an average power of 15.2 W with a pulse-to-
pulse energy stability <0.7% rms and a single-shot CEP noise of 65 mrad RMS over 8h. This 
source is continuously monitored, by using a fast 100 kHz data acquisition device, and 
presents an extreme stability, in the short and long terms. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

The advent of diode-pumped ytterbium-doped solid-state lasers has revolutionized 
femtosecond technologies [1] and strong-field physics not only because of their compactness 
and power scaling capabilities, but also because of versatile repetition rates and unmatched 
energy stability. The latter results from a combination of multiple favorable factors, either 
linked to the physical properties of ytterbium ions (long lifetime, simple electronic structure, 
relatively large gain bandwidth and small quantum defects) or to the technological aspects 
(compatibility with large set of host materials into fiber, bulk, slab, and thin-disk architectures 
and direct pumping by cost-effective laser diodes), allowing efficient and powerful laser 
amplification at multi-kHz to MHz repetition rates under steady-state pumping conditions. 
This technology, couple to the work on parametric amplification of ultrashort pulses [2], has 
set off the development of high-repetition rate optical parametric chirped-pulse amplifiers 
(OPCPA), especially in the mid-infrared range [3–11] where high repetition rate helps to 
counteract the rather low count rate of strong-field physics experiments such as COLTRIMS 
[12], reaction microscope [13], or conversion yield (X-UV generation [14]). 

Energy stabilities well below the ~1% threshold, both shot-to-shot and long-term, unravel 
the potential of nonlinear optics to broaden bandwidths, shift wavelengths, generate or 
amplify light, without sacrificing the necessary prerequisites of deterministic experimental 
science: reproducibility and control of physical parameters. High-repetition rate sources also 
open the path to statistical analysis of large sets of data, an approach seldom used in strong-
field physics so far because of the insufficient reproducibility of the intensity and/or electric 
field of short pulses. 

In this paper, we exemplify such an approach by demonstrating an Ytterbium-pumped 
100-kHz OPCPA generating few-cycle pulses at ~3.2 µm with a pulse energy of 152-µJ, a 
duration of 40-fs and a Strehl ratio >0.8. Compared to our previous publication [10], the 
output energy/power was increased by a factor >4 while maintaining or improving the other 
optical characteristics. Apart from this power upgrade, we present a complete long-term 
characterization of the output beam: a shot-to-shot energy stability of 0.7% RMS, a pointing 
stability of ~10 µrad RMS, and a carrier-envelope phase (CEP) noise of ~65 mrad over more 
than ~3 billion successive shots (>8h). To date, this is the best recorded non-averaged CEP
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Figure 7 shows an example of the statistical approach. On Fig. 7(a) the relative 
fluctuations of the SC energy are plotted against the relative fluctuations of the pump energy. 
There is no clear correlation between these two data sets. One can still note that the SC 
energy looks clamped toward the highest energy values. This feature can probably be related 
to the self-stabilization regime reported in [21]. Figure 7(b) correlates similarly the 
fluctuations of the output energy versus the pump energy. There is a clear anti-correlation 
with a slope of approximately −4 showing that OPA4 operates in the saturation regime. In 
order to be able to save data for a long-period (around a month on a 32 Gb memory card), 
four parameters are computed and saved every second (i.e. calculated over 100 000 
consecutive shots) for all input channels: the average value, the RMS value, the minimum 
value and the maximum value. Figure 8 compares over 8h the RMS CEP noise (closed-loop) 
with the following data: relative output pulse energy, relative pump energy, OPCPA RMS 
energy noise and pump RMS energy noise. The Spearman's rank correlation (or Spearman's 
rho) coefficients between the RMS CEP and the latter data are, respectively: + 0.48, −0.32, + 
0.46 and −0.33. CEP appears to be mostly correlated to the output pulse energy rather than to 
the pump energy. Interestingly, the CEP noise is not only related to the RMS fluctuations (i.e. 
the best CEP stability is achieved when the system is the most stable) but also to the average 
pulse energy. This phenomenon may be explained by an intensity-phase coupling induced by 
the white-light generation stage of the 2f-to-f interferometer: as described in the section IV of 
[22], the strength of this intensity-phase coupling actually depends on the input energy level. 
This measurement also shows a weaker correlation between the pump energy and CEP noise. 
Beyond the correlation coefficient, a common periodic variation (cycle of 10-15 mn) is 
clearly visible. For the sake of completeness, it has to be mentioned than the abrupt drops of 
the output energy are linked to the start/stop of the cooling unit of the system. 

 

Fig. 8. From top to bottom, long term measurements of: relative OPCPA output energy, 
relative pump energy, RMS OPCPA energy fluctuations, RMS pump energy fluctuations, CEP 
noise (RMS). All data were acquired single-shot at 100 kHz (pump energy, OPCPA energy) or 
10 kHz (CEP). The OPCPA and pump variations are relative to the average value computed 
over 8h. 
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Although the information deduced from Figs. 7 and 8 was predictable, the interest of the 
fast data acquisition device lies in the fact that for each shot, several experimental values can 
be correlated, both shot-to-shot and on the long-term. This is not only useful for 
understanding the physics of this OPCPA system, but also for analyzing the effect of laser 
parameters on scientific results. In the present case, this study tends to show that the stability 
of the CEP is ultimately limited by the stability of white-light generation stage of the 2f-to-f 
device through intensity-phase coupling. To a lesser extent, another contribution, linked to the 
pump energy, can be detected. This feature could also be a signature of an intensity-phase 
coupling but at the SC or DFG level. 

8. Conclusion and prospects 

We have characterized a 100-kHz, 3.2-µm, 15.2-W, 4-cycle OPCPA with an RMS 
energy/power stability < 0.7% and an RMS carrier-envelope phase noise of 65 mrad with no 
drift over eight consecutive hours, which corresponds to almost three billion pulses. We 
demonstrated that a peak intensity of 1015 W/cm2 with a focal spot of 20 µm FWHM is 
reachable, making this source suitable to drive nonlinear strong-field processes like HHG up 
to keV energy level [23]. Coupled to the embedded multi-channel data acquisition device, this 
system is suitable for performing ultra-stable shot-to-shot measurements over a long-term, 
promising data accumulation difficult to reach with other sources demonstrated so far. 
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Chapitre 5
Cristaux pour l’optique ultra-rapide

5.1 Introduction

En 2015, l’équipe Optique et Cristaux Liquides (OCL), de l’Institut Non Linéaire de Nice
(ex-INLN, aujourd’hui l’Institut de Physique de Nice ou InPhyNi), et l’entreprise Fastlite
ont fondé le laboratoire commun Softlite (financement ANR LABCOM en 2015). Celui-
ci a pour objectif d’étudier et de développer des dispositifs dispersifs programmables
à base de cristaux liquides épais, dans le but de contrôler la phase d’impulsions ultra-
brèves [37] et plus généralement de faisceaux optiques [40, 41, 43]. En tant que membre
du comité de pilotage et membre de l’équipe, j’ai également participé au développement
d’une valve optique contrôlée thermo-optiquement [44, 51], qui est l’aboutissement de la
thèse de Vittorio Di Pietro (co-encadrée avec Aurélie Jullien d’InPhyNi). Ces travaux sont
aujourd’hui poursuivis dans le cadre de la thèse CIFRE de Loïc Ramousse. Deux brevets
ont été déposés dans ce cadre [137, 141].
J’ai également initié en 2018 un contrat de recherche avec le laboratoire InPhyNi pour
explorer un concept de « slant poling » [48] dans les cristaux de niobate de lithium,
l’objectif étant de réaliser des cristaux retournés périodiquement (PPLN) d’ouverture
centimétrique. Les échantillons produits par Elizaveta Neradovskaia durant sa thèse ont
été testés et évalués à Fastlite en 2019.

Cadre Type Nom Date Direction Laboratoire

Thèse ITN HICONO Vittorio di Pietro 2016-2019 Aurélie Jullien InPhyNi
Thèse CIFRE Loïc Ramousse 2020- Aurélie Jullien InPhyNi
Thèse ITN Smart-X Benjamin Maingot 2020- Aurélie Jullien InPhyNi
Thèse InPhyNi Elizaveta Neradovskaiaa 2018-2019 Marc de Michelis, Vladimir Shur InPhyNi

Stage M2 Omar Boughdad 2016 Nicolas Forget Fastlite

Table 5.1 – Thèses co-encadrées et stages dirigés.
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Type Acronyme Laboratoire/entreprise Rôle Date

Collaboration ANR LABCOM InPhyNi PI 2015-
Contrat Slant poling InPhyNi PI 2018-2019
Collaboration THERMOPTIX InPhyNi PI 2019-2021

ITN Smart-X - PI 2019-2023

Table 5.2 – Contrats et collaborations.

5.2 Cristaux de PPLN

5.2.1 Cartes d’efficacité
La plupart des OPCPA décrits dans le chapitre 4 utilisent des cristaux de PPLN de
relativement grande ouverture : 3 mm suivant la direction de poling et une dizaine de mm
suivant l’autre direction. Les réalisations expérimentales ont mis en évidence de larges
variations d’efficacité d’un cristal de PPLN à l’autre. Afin de comprendre l’origine de ces
variations, un banc de cartographie a été mis en place. Pour cela on utilise deux faisceaux,
l’un à 1030 nm et l’autre à 1.55 µm, focalisés sur un cristal test lui-même installé dans
un four et placé sur deux platines de translation motorisées. La différence de fréquence
à ≃3 µm est filtrée et mesurée par un détecteur MCT amplifié. Un programme pilote les
platines afin de mesurer la différence de fréquence, point par point, sur toute la surface du
cristal. Sans surprise, les résultats de mesure montrent que le processus de retournement de
domaines n’est pas homogène sur l’épaisseur du cristal. Concrètement, les cristaux les plus
homogènes sont identifiés (figure 5.1) et les autres écartés. Ce banc de test de cristaux a été
réalisé par Omar Boughdad durant son stage de M2 (Télécom Saint-Etinenne, Université
Jean Monnet) en 2016.

Figure 5.1 – Efficacité de conversion spatialement résolue pour deux cristaux (à gauche
et à droite). Chaque cristal présente trois zones où les domaines ont été retournés périodi-
quement. Chacune des zones correspond à une période différente. Ce sont les zones rouges
ou bleu clair. On note de fortes différences entre les deux cristaux.

5.2.2 Slant poling
Les cristaux de niobate de lithium retournés périodiquement (PPLN) possèdent des pro-
priétés exceptionnelles (coefficient non linéaire élevé, bande de gain large, absence de
walk-off, possibilité de structurer le matériau. . .) et sont les milieux non linéaires de pré-
dilection dans les OPCPA infrarouges. L’ouverture actuelle maximale (3 mm) ne permet
cependant pas leur utilisation dans les étages de puissance, ce qui serait pourtant dési-
rable. Dans ce but, la société Fastlite a conclu en 2017-2018 un contrat de d’étude de 18
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Figure 5.2

Figure 5.3 – Orientation cristalline par rapport aux surfaces des wafers de niobate de
lithium. Les zones hachurées correspondent aux domaines ferroélectriques retournés.

mois avec le CNRS et l’Université Nice Sophia-Antipolis pour développer une technique
de retournement de domaine compatible avec la fabrication de cristaux de PPLN et de
PPSLT d’ouverture centimétrique. La réalisation des PPLN (Ural Federal University, Eka-
terinburg, Russie) et leur étude (à Fastlite) ont été réalisées par Elizaveta Neradovskaia
lors de sa thèse (co-dirigée par Valdimir Schur et Marc de Micheli 1).

L’idée maîtresse du programme de recherche est de réaliser une inversion de domaines
ferroélectriques suivant une direction non orthogonale à la grande surface du composant
(« slant-poling » ou poling en biais). Étant donné que les domaines croissent préféren-
tiellement suivant la direction polaire, il est nécessaire de partir de cristaux dont l’axe
polaire (axe z ou [001]) forme un angle avec la normale à la surface du composant (angle
de « slant »). Ce choix de géométrie est également intéressant pour des raisons pratiques
car compatible avec une incidence égale à celle de Brewster (pour éviter les traitements
anti-reflets par exemple). Pour le LiNbO3 et le LiTaO3, on trouve alors les angles de slant
optimaux suivants : 65.9° et 64.4°. Malheureusement, la réalisation de tels PPLN n’est
pas simple car les wafers de niobate de lithium avec la bonne orientation ne sont pas
disponibles commercialement, du moins pour de faibles quantités. Nos tentatives d’ap-
provisionnement ayant échoué, nous nous sommes tournés vers les wafers commerciaux
acoustiques possédant l’orientation la plus proche de celle désirée. Ce choix introduit de
nombreuses complications car la coupe cristalline (64° Y-cut) est doublement en biais
(figure 5.3).

Les échantillons étudiés sont des wafers (galettes) de 0,5 mm d’épaisseur orientés de ma-
nière à ce que l’angle entre la normale à la surface et l’axe Y forme un angle de 36° (un

1. ainsi que Pascal Baldi, suite au décès de Marc de Micheli.
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des standards pour les wafers destinés à des application acoustiques). Une couche de ré-
sine positive de 3 mm d’épaisseur est déposée sur la surface correspondant à la direction
positive de la projection polaire (surface Zs). Une partie de la résine photosensible est
ensuite retirée par photolithographie de manière à former un motif. Pour caractériser la
cinétique de croissance des domaines, le premier motif réalisé représente quatre cercles
vides de diamètre 300 µm situés à proximité du centre de l’échantillon. L’échantillon est
ensuite pressé contre une surface en plastique plane et décollé rapidement, ce qui a pour
effet de former de nombreux trous à l’échelle du micron dans la couche de résine photo-
sensible. En présence d’un électrolyte liquide, ces trous jouent le rôle d’électrodes locales.
La distribution des diamètres est mesurée puis un champ électrique externe est appliqué à
l’échantillon en utilisant une solution aqueuse saturée de chlorure de lithium comme élec-
trolyte de part et d’autre de l’échantillon. L’inversion de polarisation en champ constant
a été étudiée en analysant l’évolution de la fraction de domaines inversés en fonction du
temps. Ces résultats ont fait l’objet d’une publication [73].

Des échantillons de 4 mm×4 mm×0.5 mm avec une masque de 18.3 µm (figure 5.3) ont
ensuite été réalisés Elizaveta Neradovskaia sur des wafers Y-cut à 64° (pour des questions
d’approvisionnement et de qualité de wafer). Ce cristaux ont ensuite été caractérisés à
Fastlite sur un OPCPA à 100 kHz (pompe à 1030 nm et signal à 1.65 µm). Des mesures

Figure 5.4 – Gain paramétrique des cristaux de PPLN réalisés.

de gain paramétrique (figure 5.4) indiquent que des gains importants sont atteints malgré
la faible épaisseur du cristal (0.5 mm) et que le seuil de dommage du cristal demeure très
élevé. La valeur de deff trouvée (2 pm/V) est bien plus faible qu’attendue, ce qui peut
s’expliquer par un rapport cyclique de poling imparfait (<50%) mais aussi par l’angle de
64° (qui est beaucoup moins favorable). L’homogénéité transverse du poling reste aussi
un point à améliorer. C’est toutefois une preuve de principe convaincante qui mériterait
d’être poursuivie avec des moyens plus conséquents. Des substrats de meilleure qualité
coupés suivant une orientation plus favorable (36°) conduiraient à des résultats nettement
plus proches des PPLNs classiques. La surface de 4 mm×4 mm n’est pas limitée par la
technologie et des ouvertures de 50 mm sont à portée de main.
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Figure 5.5 – Gain paramétrique des cristaux de PPLN réalisés.

5.3 Cristaux liquides

5.3.1 Softlite
Le contexte scientifique et technique est celui du laboratoire commun Softlite (combinai-
son de « soft matter » et de « Fastlite »), dont l’activité vise à développer des dispositifs
à base de cristaux liquides pour la manipulation d’impulsions femtosecondes. Il est bien
connu que les cristaux liquides présentent des propriétés optiques extrêmement intéres-
santes : une grande biréfringence, une large plage spectrale de transparence, et surtout
la possibilité de modifier leurs propriétés optiques à travers une réorientation molécu-
laire induite par un champ électrique, magnétique, ou un contrôle en température. Les
cristaux liquides sont, en particulier, très largement utilisés pour la manipulation de la
lumière visible ou proche infrarouge (SLM, Spatial Light Modulators). Jusqu’à Softlite,
l’application des cellules de cristaux liquides à la manipulation d’impulsions ultra-brèves
se cantonnait, pour l’essentiel, aux SLM placés dans le plan de Fourier de lignes 4f. L’idée
principale de Softlite est que les cristaux liquides en cellules épaisses (>50 µm) peuvent
fournir des solutions technologiques nouvelles et complémentaires pour le contrôle de la
phase spectrale des sources femtosecondes, grâce à leur indice optique élevé et à leurs
propriétés configurables.

Les recherches menées dans ce cadre ont d’ores et déjà permis de démontrer l’efficacité de
cellules nématiques épaisses dans des dispositifs optiques originaux de manipulation de
la lumière et de mettre en place des diagnostics innovants pour l’étude de la dynamique
des cristaux liquides. Les résultats obtenus sont particulièrement nombreux et résultent
de la participation, au fil du temps, d’un collectif assez large de chercheurs, ingénieurs,
post-docs ou étudiants. Parmi ces derniers figurent notamment Vittorio Di Pietro (thèse
financée par l’ITN HICONO via Fastlite), Loïc Ramousse (thèse CIFRE avec Fastlite) et
Benjamin Maingot (thèse financée par l’ITN Smart-X via Fastlite), dont les thèses ont
été ou sont dirigées par Aurélie Jullien et que j’ai contribué à encadrer du côté Fastlite.
Pour résumer très rapidement, l’utilisation de ces cellules, seules ou en cascade, a permis
à Softlite de réaliser les dispositifs suivants :

• une ligne à délai colinéaire adapté aux impulsions femtosecondes, pour le contrôle
indépendant de la vitesse de phase et de groupe avec une résolution temporelle
sub-cycle optique [74]
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• un instrument d’imagerie hyperspectrale colinéaire, offrant une résolution de 6nm
sur la gamme spectrale 400 nm-1000 nm [75],

• un prisme accordable pour l’interférométrie spatiale à décalage [76],
• un réseau de biréfringence en volume,
• un SLM contrôlé thermo-optiquement et son application au façonnage d’impulsions

brèves [77].

En parallèle, Softlite a déterminer les indices optiques de certains cristaux liquides [78],
également mis en évidence plusieurs des limites liées à l’adressage électrique des cris-
taux liquides, découlant toutes de l’électrode transparente utilisée (ITO, oxyde d’étain et
d’indium) :

• inadéquation des dispositifs dans la gamme spectrale infrarouge (>1 µm) [79],
• seuil de dommage de l’électrode (300 mJ/cm2) [80]
• pertes par diffusion optique liées à la transition de phase de Fréederisczk [81],
• pertes par diffusion liées à la réorientation moléculaire.

Je ne détaille ici qu’un seul des dispositifs étudiés : la valve thermo-optique.

5.3.2 Valve thermo-optique
L’élévation locale de la température combinée au caractère thermotrope des nématiques
modifie les indices de réfraction. Si le caractère thermotrope des nématiques est établi de-
puis quelques décennies, la plupart des applications requièrent d’utiliser le cristal liquide
loin de la température critique. Quelques publications font état d’effets non linéaires (au-
tomodulation de phase, auto-diffraction) d’origine thermique. Dans ce cas, l’échauffement
des cristaux liquides provient de l’absorption de la lumière dans le cristal liquide lui-même
grâce à l’ajout d’un agent de dopage. Récemment, nous avons démontré la non-linéarité
thermique induite optiquement dans une cellule épaisse nématique, par absorption par-
tielle de la lumière (20%) par le revêtement ITO de la cellule, dans le domaine spectral
infrarouge [79]. Nous avons ainsi pu contrôler de manière réversible toute la dynamique
des indices extraordinaires et ordinaires jusqu’à la température critique, ce qui corres-
pond à une augmentation de la température locale de 40°. Le gradient thermique bien
confiné permet une mise en forme spatiale significative du laser femtoseconde (figure 5.6
et figure 5.7). L’idée est ensuite venue d’exploiter cet effet pour former un masque de
phase programmable au moyen d’un faisceau optique d’écriture totalement ou partielle-
ment absorbé par l’un des composants de la cellule de cristal liquide figure 5.8. Plutôt que
d’utiliser le cristal liquide lui-même ou l’ITO comme milieu absorbant, on choisit ici une
absorption par une couche mince réflective - une couche d’or en l’occurrence. Les longueurs
d’onde <500 nm étant fortement absorbées, un faisceau d’écriture bleu échauffe directe-
ment la couche d’or et ainsi le cristal liquide. Ceci permet de travailler en réflexion sur la
valve optique, de doubler ainsi le déphasage, et de bien séparer les faisceaux de lecture (le
faisceau mis en forme) et de lecture (le faisceau de mise en forme). Le terme de « valve
optique » fait référence aux SLMs contrôlés optiquement via des photoconducteurs, le-
quels partagent cette terminologie. Le contrôle thermo-optique évite les contraintes liées à
l’électrode (adaptabilité en longueur d’onde, seuil de dommage) mais aussi les pertes, dé-
fauts et inhomogénéités des cristaux liquides lors des réarrangements moléculaires. Enfin,
cette architecture a l’avantage d’être compatible de substrats transparents dans l’infra-
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Figure 5.6 – Évolution de l’indice de réfraction d’un nématique induite optiquement par
l’absorption d’un laser infra-rouge dans le substrat (ITO)].

Figure 5.7 – En haut : contrôle électrique traditionnel de cellules nématiques par adres-
sage électrique : schéma de principe et courbes de biréfringence. En bas : adressage thermo-
optique : schéma de principe et courbes de biréfringence.

rouge moyen et donc d’étendre la gamme spectrale d’utilisation des cellules. Compte tenu
de son épaisseur, la valve est caractérisée par une relativement grande variation du che-
min optique, correspondant à un déphasage de 2π même aux grandes longeurs d’onde.
Suite aux premières démonstrations durant le travail de thèse de Vittorio di Pietro, un
brevet a été déposé en co-propriété CNRS-Fastlite. L’un des premières applications de
cette valve est le façonnage d’impulsions de spectre très large (de 540 nm à 2500 nm) [77],
comme détaillé dans la publication jointe. L’étude de la valve s’est poursuivie avec le
projet THERMOPTIX (financement IDEX UCA JEDI).
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L’un des objectifs de la thèse de Loïc Ramousse (CIFRE) est de lever différents verrous
scientifiques et technologiques sur la valve optique :

• achromaticité du dispossitif : les expériences préliminaires ont été réalisées à λ =1.5 µm.
Les applications visées nécessitent d’établir le fonctionnement du modulateur pour
les gammes spectrales suivantes : 500 nm – 950 nm (sources impulsionnelles dites
au cycle optique) ; 1.030 µm (lasers femtosecondes Yb) ; 1 µm-2 µm (sources paramé-
triques optiques) :

• efficacité de l’adressage thermo-optique pour réduire la puissance optique nécessaire
• obtention d’une haute résolution spatiale (<100 µm)
• optimisation du temps de réponse et du temps de rafraîchissement
• établissement des conditions de stabilité et réversibilité du déphasage induit.

Figure 5.8 – A gauche : schéma de principe de la valve optique (a) et (b), réflectivité
de la valve (c). A droite : application au façonnage d’impulsions courtes.
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Abstract: We introduce a new device for group and phase delay steering
of femtosecond pulse trains that makes use of cascaded, electrically driven,
nematic liquid-crystal cells. Based on this approach we demonstrate a con-
tinuously tunable optical delay line. The simple collinear implementation
with no moving parts enables to shape the achievable temporal range with
sub-femtosecond accuracy. By appropriately choosing the bias voltages
applied to the cascaded cells, the imparted group delay can be made either
positive or negative and precisely adjusted. Moreover, independent con-
trol of the group delay and the phase of femtosecond pulses is demonstrated.

© 2016 Optical Society of America
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1. Introduction

Ultrafast optical waveforms propagating in any dispersive medium experience different group
and phase velocities. Controlling these quantities is the basis of temporal manipulation and
shaping of ultrafast pulses, while stabilizing the slippage between them (carrier-to-envelope
phase, CEP) has paved the way to attosecond physics [1, 2]. Group delay manipulation, among
other pulse shaping objectives, provides tools for temporal division of femtosecond pulses. De-
vices for temporal division are widely employed for measurement and characterization of ul-
trashort pulses [3], self-referenced spectral interferometry [4], ultrafast spectroscopy [5, 6, 7],
nonlinear optics [8] and temporal multiplexing [9, 10]. For most of these applications, accu-
rate tunability and sub-fs resolution of the introduced delay are required. As a complement to
mechanical delay lines, collinear setups based on birefringent elements ensure simplicity, com-
pactness and robustness. However, the achievable delays are discrete and characterized by little
tunability. A couple of elegant solutions mixing collinearity and continuous tunability have
been recently proposed : birefringent wedges for electronic spectroscopy [11] and tilting bire-
fringent plates with out-of-axis orientation for coherent combining of ultrashort pulses [12, 13].
Both schemes are based on crystallographic material and require mechanical action on it, which
could result in a certain numbers of drawbacks due to the moving parts.

In this paper, we propose to exploit the large and electrically-controllable birefringence of
nematic liquid crystals for precise control of the group and phase delays of femtosecond pulses.
To that purpose, liquid crystals intrinsically present very interesting optical features : a much
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higher birefringence than crystals, together with the ability to change their optical properties
through molecular reorientation in response to a low voltage or weak magnetic field. Exten-
sively studied for light manipulation and control [14, 15], liquid-crystals have been, for in-
stance, demonstrated as tunable phase-shifter for optical laser frequencies [16], nonlinear opti-
cal Kerr elements in light-valve configuration [17, 18], tunable delay line or phase-shifter in the
microwave band [19, 20], or efficient phase-shifters for THz radiation, with either voltage [21]
or magnetic control [22]. However, even though liquid crystals are transparent and highly bire-
fringent over a broad spectral range [15], application to the manipulation of ultrashort pulses has
been quite occasional so far. Apart from spectral or spatial shaping by spatial-light-modulators
in the Fourier plane [1, 23], only a very few studies report on the use of liquid-crystals for direct
manipulation of ultrafast pulses, either via a coherently excited nonlinear response in nematics
[24] or by exploiting the Bragg resonance in a cholesteric cell [25].

Here, we demonstrate an innovative and efficient device to control the group and phase delay
of femtosecond pulses, which is realized by appropriately addressing one or two electrically-
driven nematic liquid-crystal cells. Based on this approach, we first focus on the group delay
tuning with a single nematic cell and demonstrate a simple, collinear, continuously tunable op-
tical delay line suitable for ultrafast pulse trains. The tested devices afford various group delay
ranges, from ∼10fs to ∼100fs, with an applied voltage between 0V and 10V. The response
time evolves between second to millisecond time-scale. Electrically-controlled temporal reso-
lution can be chosen between 2.3 fs and <0.1fs. Then, two cascaded liquid crystal cells are
shown to provide temporal division with a delay tunable between -50fs and +50fs, and sub-fs
precision. By appropriately choosing the couple of bias voltages applied to the cascaded cells,
the introduced group delay can be made either positive or negative and finely adjusted around
the chosen value. Finally, we highlight an additional possibility. Adequate electrical control of
two cells with different thicknesses is shown to afford independent tuning of the phase and
group delays. Altogether, these results demonstrate that nematic liquid-crystals cells enable the
high-precision manipulation of optical pulses in the femtosecond regime. The setup is simple
and offers many advantageous features, such as compactness, continuous tunability, collinearity
and no moving parts.

2. Femtosecond continuously tunable delay line with a single liquid crystal cell

We first implement temporal division and group delay control of femtosecond pulses by using a
single liquid-crystal cell. The tunable delay line is realized by using as the birefringent medium
the nematic liquid crystal (LC) mixture E7, inserted in between two 0.7mm-thick fused-silica
substrates. Both of them include a conductive layer of ITO (Indium-tin oxyde) for electrical
control of the molecular director. A thin film of polyvinyl alcohol (PVA) is spin-coated on the
ITO layer with subsequent rubbing to favor initial alignment of the molecules in a plane parallel
to the substrate (splay geometry). Four samples with different thickness ranging from 25 μm
to 130 μm were prepared. The experiment is set up as shown in Fig. 1(a). The laser system
is a Femtofiber PRO IRS (Toptica Photonics) oscillator delivering 40 fs pulses, at 1570 nm,
with 200 mW average power. The repetition rate is 80 MHz. The pulses are frequency-doubled
in a 0.25 mm BBO crystal to produce about 30 fs pulses, with a spectrum centered at 770
nm. A half-waveplate and a polarizer set the linear polarization direction to 45◦ with respect
to the nematic director of the LC cell, so that two sub-pulses, respectively P and S polarized,
propagate through the LC cell. An analyzer, a broadband thin film polarizer parallel to the
first one, projects the two cross-polarized sub-pulses onto the same polarization direction. They
finally interfere in a spectrometer (Avantes). If the two sub-pulses propagate with different
group delay, the interference spectrum presents fringes with a period inversely proportional to
the relative delay.
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Fig. 1. (a) Principle of the experiment. Green : LC cell, blue : initial molecular orientation.
(b) (colormap) Analyzed interference spectrum measured as a function of the voltage, for
the 88 μm - thick LC cell. The upper graph shows the retrieved group delay (points) and
corresponding tilt angle θ (solid line) averaged over the cell thickness. (c) Analyzed inter-
ference spectrum recorded regularly (2 ms) as a function of time, for the 88 μm - thick LC
cell. The bias voltage of 10V is shut down at t = 0.

#263766 Received 21 Apr 2016; revised 7 Jun 2016; accepted 10 Jun 2016; published 17 Jun 2016 
© 2016 OSA 27 Jun 2016 | Vol. 24, No. 13 | DOI:10.1364/OE.24.014483 | OPTICS EXPRESS 14486 



Phase and group delays acquired in the LC mixture for each polarization directions are re-
spectively defined as :

τ(φ)o,e = no,e
L
c

(1)

τ(g)o,e = n(g)o,e
L
c

with n(g)o,e = no,e +ω0
dno,e

dω
(2)

no (resp. ne) is the ordinary (resp. extraordinary) refractive index of the LC mixture, n(g)o (resp.
n(g)e) is the ordinary (resp. extraordinary) group index, L is the LC thickness and ω0 the central
laser frequency. In the following, group index, group delay and group delay dispersion (GDD)
are calculated for λ0 = 770nm.

The LC cells, at normal incidence, were first characterized with no voltage applied. The ori-
entation of the nematic director is then determined by the anchoring conditions. The S-polarized
pulse propagates through a purely extraordinary medium. The refractive index difference with
the P-polarized ordinary wave, which is related to the birefringence of the LC mixture, is maxi-
mum and can be expressed as Δno−e = ne −no. For nematic E7, in the considered spectral range,
the group index difference Δn(g)o−e is 0.23 [26]. The two sub-pulses consequently emerge out
of the cell with a temporal spacing proportional to the LC thickness. Simple Fourier Transform
of the interference spectrum enables to recover the introduced group delay and thus to deduce
the sample thickness. Cells LC1,2,3 induce an initial group delay of 104±0.2 fs, 67±0.2 fs and
41±0.2 fs, respectively. Uncertainty is here related to the Fourier transformation. The delay is
also likely to vary by ±1 fs on a day-to-day basis because of alignment or temperature changes.
Respective thicknesses are 136±2 μm, 88±2 μm and 55±1 μm, as summarized in Table 1. A
thinner cell, LC4, leading to a delay smaller than the pulse width, was calibrated with respect
to the other samples : Fourier transform of the interference spectrum produced by two suc-
cessive cells with parallel orientation provides the additional group delay. LC4 is found to be
26±1 μm-thick.

GDD introduced by E7 is φ (2)
o = 120 fs2/mm and φ (2)

e = 320 fs2/mm. Table 1 presents the
total GDD for each cell, mainly originating from the substrates. Whatever the cell thickness,
the transmission is 75%, limited by Fresnel losses on the uncoated substrates and absorption in
the ITO layers. AR-coating and thinner ITO would raise this value.
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Fig. 2. Measured group delay as a function of the applied voltage, according to the liquid
crystal cell thickness.

When an external electric field is applied, its interaction with the LC induces molecular re-
orientation [14]. As E7 presents a positive dielectric anisotropy, the molecules tend to reorient
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Table 1. Liquid crystal cells thickness, GDD (λ0 = 770nm) in both polarization direc-
tions and properties as a tunable delay line for several bias voltages. δt is the temporal
tunability and τ is the response time.

LC1 LC2 LC3 LC4

Thickness (μm) 136 88 55 26

φ (2)
o ( f s2) 69 64 60 56

φ (2)
e ( f s2) 95 81 71 61

2V δt( f s/50mV ) 2.3 1.3 0.75 0.35

τ(s) 20 10 5 2

4V δt( f s/100mV ) 0.7 0.4 0.25 0.1

τ(s) 3 1 0.7 0.1

6V δt( f s/100mV ) 0.3 0.2 0.07 0.03

τ(s) 0.1 0.01 0.001 0.001

8V δt( f s/100mV ) 0.1 0.07 0.04 0.03

τ(s) 0.001 0.001 0.001 0.001

along the applied electric field direction [27, 28]. A waveform generator produces a sinusoidal
AC voltage (frequency 1 kHz) with an amplitude between 0V and 10V. The interference spec-
trum is registered as the voltage regularly increases (step : 50 mV between 1.3V and 3V, 100
mV otherwise) for each LC cell. The integration time is 1 ms and the spectrum is monitored
until stability is reached. The resolution of the spectrometer is 0.3 nm, well below the narrowest
fringes spacing (19 nm for a relative group delay of 100 fs). For a given bias voltage in static
conditions, the stability of the interference pattern is found to lie within the spectrometer res-
olution. The resulting spectra are plotted as a 2D map, as shown in Fig. 1(b) for LC2 (88 μm
thick). The initial interference spectrum remains constant up to the Freedericksz transition volt-
age (1.2 V for E7), above which the molecules start to reorient. In the current implementation,
the extraordinary index is then progressively changed according to the following law :

ne(θ) =
none√

cos2θ n2
o + sin2θ n2

e

(3)

with θ the local angle formed between the nematic director and the original alignment axis.
Note that θ depends on the voltage and is not uniform across the LC thickness, as reorientation
occurs mostly in the middle of the cell, while closer to the substrates the anchoring conditions
dominate [14]. Anyway, the average tilt angle increases with the voltage, therefore the aver-
age extraordinary index decreases as the voltage increases, inducing narrowing of the temporal
spacing between the pulses and significant changes of the interference pattern. Important reori-
entation between 2V and 4V is followed by a saturated behavior with progressive constructive
and destructive interferences. The spectrogram is analyzed with Fourier Transform Spectral
Interferometry methods (FSTI, [29]) and enables to recover the introduced group delay as a
function of the voltage, as shown in the upper graph of Fig. 1(b). The average refractive index,
and thus the average value of θ , according to the applied voltage can be deduced from the ex-
perimental group delay. Measured reorientation as a function of the field, plotted in Fig. 1(b),

#263766 Received 21 Apr 2016; revised 7 Jun 2016; accepted 10 Jun 2016; published 17 Jun 2016 
© 2016 OSA 27 Jun 2016 | Vol. 24, No. 13 | DOI:10.1364/OE.24.014483 | OPTICS EXPRESS 14488 



presents a typical trend [14].
Figure 2 summarizes the group delay dependence with the voltage, measured for the four

considered LC cells. The group delay is easily tunable over several tens of femtosecond, de-
pending on the initial delay fixed by the LC properties and thickness. At 10V, the medium is not
purely ordinary in the S-polarization direction, as the molecular reorientation is less effective
close to the substrates because of the strong anchoring conditions. The delay for this maximum
voltage only slightly varies with the sample and is ∼10fs. The temporal tunability per voltage
step is deduced from the spectrograms and is reported in Table 1. It depends on the cell thick-
ness and the bias voltage, and is ranging from a few fs per 50mV to less than 0.1fs per 100mV.
The highest resolution is reached for a high bias voltage. Under this condition, as 0.1 fs corre-
sponds to a 250 mrad phase-shift (λ0 = 770nm), the change is visible in the spectrogram as a
shift of the interference pattern of a few nm, above the resolution of the spectrometer.

The optical response to the electric field is governed by collective motion of the molecules
and rotational viscosity of the medium, and again depends on the cell thickness and the applied
voltage. The response time indicated in Table 1 is measured for small voltage increment (50 mV
or 100 mV) for different bias voltages (2V, 4V, 6V, 8V). The results are in good agreement with
previous publications [30]. The optical response is rather slow for the larger tunability settings
(a few seconds) but is significantly reduced at higher bias voltage, enabling kHz adjustment
rate. Furthermore, the remanence of the molecules orientation can be used for faster acquisition
of the full delay range of thick cells. As an illustration, Fig. 1(c) shows the analyzed spectrum
regularly logged (every 2 ms over 1 minute, thanks to the spectrometer software), for LC2, when
the voltage is shut down from 10V to 0V at t = 0. The full delay range in this transient nematic
state can be acquired in less than 1 minute with a temporal resolution of 0.1 fs per acquisition
step. These properties may contribute to the eligibility of such devices to ultrafast pulse train
manipulation.

Given these observations, applications such as ultrafast spectroscopy or coherent combining,
which require fast and precise control of the group delay and/or phase delay, could benefit of
the combination of two LC cells. A thick one would introduce a variable main delay while a
thiner one would provide nearly real-time (for kHz or sub-kHz repetition rate laser systems),
tunable, precise adjustment. Furthermore, we underline that thin LC cells can be adapted to
phase-delay control and could advantageously complete bulk thin wedges currently used for
CEP stabilization.

3. Cascaded liquid crystal cells

In this section, by cascading two LC cells, we realize a delay line where the relative group
delay of the femtosecond pulses can be made either positive or negative depending on the
values of the bias voltages.Such tunable delay line presents interesting prospects for temporal
measurement purposes. In that case, both positive and negative delays are required (e.g. for an
autocorrelation measurement) and controllable delay around the temporal overlap of the two
sub-pulses is needed.

We performed this experiment by cascading two LC cells with crossed orientations and in-
dependent voltage control, as shown in Fig. 3(a). Under the action of the electric field, the two
nematic directors are rotated by an angle θ1 and θ2, respectively. Two nearly identical cells are
employed, presenting a thickness of 88 μm. The measurements reported in Fig. 1(b) enable to
extrapolate the delay introduced by the cascaded crossed cells scheme. Figure 3(b) shows the
calculated output group delay between the two sub-pulses as a function of the two voltages. For
couples of identical voltages, the delay is nearly zero. The widest temporal range around the
overlap is provided by increasing one voltage while decreasing symmetrically the second one.

Both cells are aligned close to auto-collimation. When no voltage is applied, the temporal
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Fig. 3. (a) Tunable delay line with two cascaded LC cells with crossed orientation. (b)
Extrapolated dependence of the introduced group delay as a function of the voltage applied
on both cells, considering two identical birefringent media (88 μm - thick). The white line
indicates the couples of bias voltages applied in the experiment.

overlap is supposed to be achieved at the output of the second cell, meaning that the two sub-
pulses can be coherently added. In that case, the analyzed spectrum is identical to the input
one and the transmitted energy through the analyzer is maximum. Because of a small thickness
discrepancy between the two cells, a slight horizontal tilt of the second one is needed to achieve
this condition. The voltage on the first cell is then increased from 0V to 4V, while the voltage
on the second cell is simultaneously decreased from 4V to 0V. The increment step is 10 mV
for both voltages. The interference spectra are registered after the analyzer following the pro-
cedure described in the previous section. The resulting group delay evolution issued from FTSI
analysis is shown in Fig. 4.

The achievable group delay is tunable over -50fs / +50fs temporal range, with a linear de-
pendence with the voltage between V1 ∼ 1.5V and V1 ∼ 2.5V . The analyzed spectrum map for
1.6V < V1 < 2.4V is plotted in Fig. 4(b). One can see wavelength-dependent constructive and
destructive interferences, as a function of the two applied voltages. As the voltages tune the
relative delay, the map is a spectrally-resolved correlation of the fields of the two sub-pulses.
When the temporal overlap is reached (envelopes and carrier waves), all the spectral compo-
nents are coherently added and transmitted through the analyzer. The overlap is indicated on
the spectrogram (V1 = 2.06V , V2 = 2.05V ) and the input laser spectrum is then fully recovered
after the analyzer, as shown in Fig. 4(c). The spectral shift of the interference pattern between
each acquisition step provides the achievable temporal resolution in this portion : 0.5 fs per
acquisition step. Higher resolution can be achieved by reducing the voltage increment or by
choosing other couples of voltage values, according to Fig. 3(b).

This experiment demonstrates the eligibility of the proposed setup for collinear coherent
combining of femtosecond pulses. Furthermore, this crossed LC cells device is a simple, achro-
matic delay line suitable for autocorrelation-based temporal measurements of ultrashort pulses.
GDD is here ∼145 fs2 and can be reduced by using thinner substrates and combining the cells
so as to remove one interface. The overall temporal range can be simply extended by using
other liquid crystal material or increasing the cell thickness.

4. Independent control of the phase and group delay

To further emphasize the pulse shaping skills of the proposed device, we also demonstrate
the ability to independently control the group delay or the phase of the propagating pulse.
Such features are of interest for CEP-controlled ultrafast laser or OPA systems. Furthermore,
changing the phase with no modification of the delay (e.g. timing) or changing the relative
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Fig. 4. (a) Group delay measured at the output of the cascaded cells as presented in Fig. 3(a),
as a function of the voltages (V1 and V2, two x-axis graduations) applied on the two cells.
The cells present nearly identical thickness (88 μm). Their initial director orientations are
crossed. (b) Measured output spectrum for a narrower voltage range (hatched area in (a)).
A white line indicates the temporal overlap (see text). (c) Corresponding output spectrum
(red, V1 = 2.06V , V2 = 2.05V ) compared to the initial laser spectrum (shaded).

spacing between two pulses with constant relative phase might provide an additional insight in
high-resolution pump-probe experiments. So far, such capabilities have been demonstrated with
bulk prism pairs : thin wedges made from carefully chosen optical material [31] and electro-
optic prisms of RTP crystal [32]. Both methods require accurate sizing and angular orientation
of the prisms.

The principle relies on the different evolution of the group index (resp. group delay) and the
refractive index (resp. phase delay) in the LC as a function of θ , for the wave polarized in the
rotation plane of the molecular director under the action of the electric field. In order to achieve
independent control of the phase and group delay of this wave, two cascaded cells with separate
voltage control are needed. Furthermore, the capability to produce very thin LC cells (< 10μm)
eases the experimental realization.

Figure 5(a) shows the tested implementation : two cells are positioned at normal incidence
with parallel orientations. They present different thicknesses : LC1 (136 μm) is used together
with a fifth cell, whose measured LC (E7) thickness is 8.2 μm . For such a cell, the maximum
relative group delay introduced when no voltage is applied is 6.3 fs. In the discussed setup, the
relative group delay and the relative phase between the two sub-pulses can be simply expressed
as :

Δt =
1
c
[n(g)e(θ1)L1 +n(g)e(θ2)L2 −n(g)o(L1 +L2)] (4)

Δφ =
2π
λ

[ne(θ1)L1 +ne(θ2)L2 −no(L1 +L2)] (5)
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Fig. 5. (a) Cascaded LC cells with parallel orientations for independent control of the phase
and group delay. Phase control (b) and group delay control for two different phase values
(c,d) : measured group delay and relative phase (upper graphs) and corresponding spec-
tra registered after the analyzer (middle graphs). The data are successfully recorded for
different couples of voltage values indicated on the lower graphs.

where L1 = 136μm, L2 = 8.2μm, n(g)e(θ) and ne(θ) are defined according to Eq. (2) and
Eq. (3). θ1 and θ2, the molecular orientations in each cell, are the two tunable parameters,
through the applied voltages V1 and V2.

Given the respective cell thicknesses, the first one mainly manages the relative group delay,
while full voltage excursion on the second enables to adjust the relative phase. Finally, in this
setup, the ordinary wave (P-polarized) can be seen as a reference beam, as its propagation is
not affected by the molecular reorientation. The extraordinary wave alone undergoes group
delay and phase changes. The interference spectrum between the two waves measured after the
analyzer enables to monitor and analyze those changes.

The two voltages are first tuned to change the phase continuously, while keeping constant the
group delay. Measured group delay, phase and the resulting spectrogram are shown in Fig. 5(b).
In this case, the voltage rise on the thin cell affords phase excursion while minor voltage varia-
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tions on the thick one enables to maintain the group delay nearly constant. The required voltage
increments are 100 mV for V2 and 10 mV for V1. As a result, the phase can be adjusted over
2.5π with a precision of 200 mrad while the group delay excursion is reduced to 1.5 fs.

Symmetrically, the group delay can be tuned while the phase is maintained to an arbitrary
chosen value. This is illustrated in Fig. 5(c,d) for two different phase values. To do so, the
voltage on the first cell is progressively increased (20 mV step) from 1V to 4V to initiate
significant group delay changes. The second cell, whose voltage oscillates between 2V and 10V,
enables to precisely adjust the phase to the desired value. 10 mV precision is then required. In
both cases, the phase is constant with 70 mrad RMS noise and the group delay evolves between
90 fs and 20 fs. The temporal resolution is better than 2 fs and could be minimized by the use
of a thinner second LC cell.

The proposed simple setup composed of two cascaded LC cells offers precise pulse manipu-
lation capabilities. The alignment is straightforward. Furthermore, the device is static, requires
only low-voltage electrical control and is easily scalable in its lateral dimensions.

5. Conclusion

To conclude, we have demonstrated a femtosecond, continuously tunable, optical delay-line
based on one or two cascaded nematic liquid-crystal cells. The proposed setup is versatile. The
introduced group delay, response time and temporal resolution are adjustable depending on the
desired application. Cascaded cells enable to shape the achievable temporal range as well as
the temporal accuracy. Both the phase and group delay can be controlled with such devices,
independently if needed. The experimental implementation is straightforward, no mechanical
action is required as low voltage control is only needed. The proposed performances can be
tuned by modifying the cascaded cells architecture, the cells thickness, the material, and the
voltage increment. This scheme is suited to higher pulse energy as the lateral dimensions of
the liquid-crystal cell are easily scalable. Furthermore, it can be adapted to typical wavelengths
of femtosecond sources, from the visible to mid-IR. The presented results disclose an innova-
tive approach in the manipulation of femtosecond pulse trains. Near-future applications include
temporal division for pulse measurement as well as carrier-to-envelope phase control of ultra-
fast pulses.
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Continuous spectral phase shaping is demonstrated over
a spectral bandwidth spanning from 540 nm to 2500 nm
(450 THz) with a modulation dynamic large enough to
shape single-cycle pulses or even transient electric fields in
the near infrared. ©2020Optical Society of America

https://doi.org/10.1364/OL.380712

The phase relationship between optical components plays
a crucial role in controlling the electric field of broadband
transient optical radiations [1], and a large number of devices
have been proposed to shape the spectral phase: bulk media,
prisms, grating and prism pairs [2,3], acousto-optic dispersive
programmable filters (AOPDFs) [4], zero-dispersion lines [5],
and dispersive mirrors [6]. The growing development of light
sources delivering pulses as short as a few optical cycles [7–11],
based on either nonlinear post-compression or parametric
amplification, has triggered the development of innovative
pulse shaping or pulse compression devices, capable of han-
dling bandwidths spanning over multiple optical octaves.
Such spectral widths raise specific challenges: maximal spectral
acceptance, minimal internal dispersion, and high through-
put are mandatory properties that tend to rule out most of the
aforementioned techniques with the exception of thin wedges,
thin plates, and dispersive mirrors. To date, one of the most
broadband and extreme pulse shaping devices is an assembly of
super-octave chirped mirrors used to compress and coherently
combine up to four adjacent optical bandwidths ranging from
the ultraviolet to the near-infrared [12]. Once manufactured,
sets of dispersive mirrors are, however, characterized by a very
small number of degrees of freedom and can hardly be com-
pared to programmable shapers such AOPDFs or spatial light
modulators (SLMs) inserted in zero-dispersion lines, in terms of
shaping capability and flexibility.

SLMs usually consist of segmented elements, individually
controlled by an electrical signal. Reflective SLMs are particu-
larly suited, as the zero-dispersion line may be folded while
light propagates twice in the modulating layer, which, in turn,
increases the dynamic range. Within the context of pulse shap-
ing, two major classes of reflective SLMs have been considered
so far: deformable mirrors (such as micro-electro mechanical
(MEMs) mirrors [13] or thermally deformable surfaces [14])

and liquid crystal (LC) on silicon (LCoS) [15]. In general, such
devices provide independent control of the reflected light over
a limited number of points, equal roughly to the number of
actuators. Apart from inactive gaps between adjacent segments,
a drawback of the LCoS technology is the presence of an unseg-
mented top electrode (indium tin oxyde, ITO, transparent
over 0.3–1 µm, with partial transmission up to'2 µm), which
strongly reduces the spectral bandwidth and damage threshold
of the device, by comparison with the LC mixture itself. This
electrode is, however, mandatory, as an oscillating electric field
has to be maintained across the LC layer to control the average
orientation of the molecular director.

Optical addressing solves the pixelation issue and ensures
continuous phase modulation [16]. In so-called light valve
modulators, a biased photo-conductive substrate replaces the
segmented electrode, and the voltage across the LC layer is
locally controlled by an ancillary absorbed beam, often referred
to as the “recording” beam, as opposed to the “readout” beam,
which is the (reflected) modulated beam. Here again, the top
electrode limits the spectral bandwidth and maximum power
of the readout beam. Another strong limitation is the stringent
requirement for an isolation layer to prevent crosstalk between
the recording and readout beams.

Independent of the addressing technique, the thickness of
the LC layer is <20 µm in most SLMs, and results from a bal-
ance between the phase modulation range, maximum control
voltage, molecular disorder issues [17], and dynamic response
time. As the phase modulation range scales with the optical
frequency, extending the spectral range towards the infrared
tends to require thicker LC layers, which, in turn, constrains the
electric addressing scheme.

In this Letter, we propose an ultra-broadband reflective SLM,
whose design is issued from our previous investigations on
the use of thick cells of thermotropic nematic LCs [18–20].
The device, referred to as a thermo optically addressed SLM
(TOA-SLM), is optically addressed and circumvents most
previous technical issues by eliminating the need for electrodes:
the electrical addressing is replaced by an optically induced
control of the local temperature. The optical isolation between
the recording and readout beam is performed by a single gold
layer that supports three additional functions: partial absorption

0146-9592/20/020543-04 Journal © 2020Optical Society of America
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Fig. 1. Design of the TOA-SLM. (a) Illustration and
(b) cross-section of the multilayer structure. (c) Spectral reflectivity.

of the recording beam, local heating of the LC, and the reflection
of the readout beam.

In previous studies, thermal control of the refractive index of
glass slabs has been exploited for phase shaping [21]. The ther-
motropicity of LCs is much higher than glass and, as a matter
of fact, thermo-optical valves were investigated widely in the
1980s in the context of displays [22]. The underlying physical
mechanism was, however, different and relied on thermotropic
LCs in the smectic mesophase with homeotropic organization.
The local temperature was elevated via laser absorption and the
smectic-to-isotropic phase transition then provided amplitude
modulation through the nucleation of static diffusion centers.
The proposed TOA-SLM radically differs from the latter device
by the modulated parameter (phase versus amplitude), the
mesophase (nematic versus smectic), and the dynamic of the
modulation (transient versus steady state).

The spectral bandwidth of the TOA-SLM is, in principle,
delimited by the reflectivity of the gold layer and the transmis-
sion of LC and/or top substrate. By inserting a TOA-SLM in
a zero-dispersion line, we experimentally demonstrate arbi-
trary phase shaping over an ultra-broad spectral bandwidth
of 450 THz (540–2500 nm), this value being limited on the
infrared side by the light source. The modulation range exceeds
one wave number, even at the longest wavelengths.

The TOA-SLM [Figs. 1(a) and 1(b)] is composed of: (i) a
thick BK7 window (6 mm), coated on one side by a 100-nm
gold layer and by an AR coating at 465 nm on the other side,
and (ii) a thin BK7 window (1 mm) AR-coated on one side and
uncoated on the other side. A thin film of polyvinyl alcohol
(PVA) is spin-coated on both the gold layer and the uncoated
BK7 surface, and then rubbed to anchor the molecules in a

plane parallel to the substrate. Finally, a layer of 50 µm of the
nematic mixture E7 (Merck) is inserted between the substrates,
in contact with the PVA layers. The gold layer achieves simul-
taneous partial absorption (' 60%) of a recording beam at
465 nm and the reflection of the broadband readout light. The
transverse dimensions are 25 mm per 25 mm. As depicted in
Fig. 1(a), thermo-optical addressing is applied from the back
of the TOA-SLM, through the thick substrate, with a 465-nm
fiber-coupled laser diode (600 mW). The beam is partially
absorbed by the gold layer, generates heat, and establishes a
localized thermal gradient in the LC layer by diffusion. The LC
being thermotropic and birefringent, both the ordinary and
extraordinary optical refractive indices are locally modulated.
Arbitrary modulation is achieved with a digital light processing
(DLP) mirror. The spectral reflectivity of the TOA-SLM is
shown in Fig. 1(c) and spans from, at least, 120 THz (2.5 µm)
to 555 THz (540 nm) with R > 80% between 200 THz and
555 THz, and R > 60% between 120 THz and 200 THz. The
measurement is limited by the test source and should extend
in the infrared to the transparency edge of E7, i.e., 110 THz
(2700 nm) [23].

The TOA-SLM is placed in the Fourier plane of a folded
4 f -line: a BK7 glass wedge with an apex angle of 11◦ dis-
perses the optical frequency components in the horizontal
plane, a f = 500 mm concave silver mirror images the glass
wedge on the TOA-SLM in a “2 f − 2 f ” configuration,
and the TOA-SLM reflects the beam backward. The spatial
extension of the spectrum is '5 mm on the TOA-SLM [see
Fig. 3(c)], and the laser polarization direction matches that of
the extraordinary axis of the LC. The resulting setup is inserted
in a Michelson interferometer [Fig. 2(a)] and characterized by

100 150 200 250 300 350 400 450 500 550
0

2.104

4.104

6.104

Frequency [THz]

S
pe

ct
ra

l i
nt

en
si

ty
 [a

rb
. u

.]

3000
Wavelength [nm]

545600700800900100015002000

(a)

(b)

Tunable
delay linef = 500 mm

wedge

DLP

Laser diode 
465 nm

x

y

z

Compensation
plates

TOA−SLM
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Fourier transform spectral interferometry. The test source is a
super-continuum laser (ElectroVisir 250, Leukos) delivering
600 mW over the spectral bandwidth 120–550 THz. The
reference arm includes compensation plates and a translation
stage for tunable delay. The interference pattern is recorded by
three different spectrometers, and the corresponding spectra
are stitched to cover the full spectral bandwidth [Fig. 2(b)].
The relative spectral phase is extracted by numerical filtering
in the Fourier space. The phase without any recording beam
is considered as the reference phase and is subtracted to sub-
sequent measurements. For this proof-of-concept experiment,
the spectral phase of the wedge is balanced by the additional
dispersion in the other arm of the interferometer and is thus not
taken into account.

A first calibration is performed by focusing the blue laser
diode on the gold layer of the TOA-SLM and by laterally
displacing the beam in order to address different parts of the dis-
persed spectrum. The beam size on the gold layer is∼200 µm,
and the intensity is kept below 50 W/cm2. The measured
spectral phase is plotted in Fig. 3(a) for seven different positions
of the blue focal spot. This experiment demonstrates the ability
to continuously address the full spectral range (>450 THz,
∼2000 nm), with a maximum phase shift as high as 35 rad
in the visible range (456 THz), and of 7 rad for the infrared
edge of the spectrum (130 THz). The introduced phase scales
inversely with λ, which is compatible with a constant change
in the extraordinary index (1ne = 0.1) over the full spectral
bandwidth. The spectral profile of the phase shift indicates a
thermal gradient with a Lorentzian-like distribution. This shape
could be reproduced by solving numerically the heat equation
by taking into account the physical properties of the complete
TOA-SLM structure and by assuming a steady state (e.g., ther-
mal equilibrium). In practice, a few seconds are needed to reach
the equilibrium. As can be seen in Fig. 3(a), the extension of the
thermal gradient limits the spatial resolution to several hundreds
of micrometers, thus limiting the spectral resolution. Here the
resolution is sufficient to address slowly evolving phase orders,
up to five, after our calculations. The thermal evolution of the
extraordinary index of E7 is written as
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ne (T)= A− BT +
21n0

3

(
1−

T
Tc

)β
, (1)

where Tc = 331 K is the clearing point (nematic-isotropic
phase transition), and A, B , β, 1n0 some fitting coef-
ficients (A= 1.7546, B= 5.36 ∗ 10−4, β = 0.2391,
1n0 = 0.3768) [24].

Based on these properties, the performed calibration, and
the calculation of extension and shape of the thermal gradient,
the blue laser beam was patterned with a linear combination of
step-like functions, in order to apply a targeted spectral phase
modulation: second-order (e.g., quadratic) or third-order
(e.g., cubic) spectral phase (central frequency: 350 THz). A
gallery of experimental examples of ultra-broadband phase
shaping is shown in Figs. 4(a)–4(d). A purely positive (resp.
negative) quadratic phase with more than 8 rad (resp. 2.5 rad)
[Figs. 4(a) and 4(b)] is recorded. The asymmetry between the
positive and negative cases comes from the fact that it is more
difficult to realize a temperature profile with positive curvature
than a negative one, given the wide extension of Lorentzian-like
distributions. In terms of phase coefficients, the total group
delay dispersion (GDD) span of ±10 fs2 is large enough to
triple the pulse duration of a single-cycle Fourier-transform-
limited pulse at 1µm (' 3 fs). A purely positive (resp. negative)
cubic phase is generated up to±5 rad, corresponding to a third-
order phase coefficient (TOD) of±13 fs3 [Figs. 4(c) and 4(d)].
Simple tuning of the phase coefficients is achieved by keeping
a constant pattern on the DLP and by increasing/decreasing
the average power of the blue diode. A power scan is plotted in
Figs. 5(a) and 5(b), demonstrating independent tunability of
the GDD and TOD, over the full accessible range.

To assess the shaping scalability of TOA-SLM with the thick-
ness of the LC layer, the same experiments were reproduced with
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Fig. 5. (a), (b) Spectral phase coefficients as a function of the
normalized power of the blue light for the 50-µm-thick TOA-SLM:
(a) GDD (solid) and TOD (dotted) evolution for two different pat-
terns (line and pattern colors match); (b) TOD (solid) and GDD
(dotted) evolution for two different patterns (line and pattern colors
match). (c), (d) Spectral phase modulation introduced by the 110-µm-
thick TOA-SLM: (c) positive GDD in blue (+19 fs2), and negative
GDD in red (−7 fs2); (d) negative TOD in green (−19 fs3), and
positive TOD in yellow (18 fs3).

a LC layer of 110 µm. Experimental results show that the shap-
ing capability is more than doubled [Figs. 4(c) and 4(d)]. The
chirp span reaches±25 fs2 in the latter case. These values could
still be increased with a more powerful recording laser, since the
induced temperature (∼305 K, corresponding to 1ne = 0.04)
is still well below the clearing point (331 K, 1ne = 0.2) [24].
A recording laser with higher power together with a thick LC
layer should enable to compensate for the wedge dispersion
while preserving the TOA-SLM shaping capabilities. It must be
noted that, although the current specifications are comparable
to some electromagnetic deformable mirrors, the TOA-SLM is
characterized by a larger versatility and a higher damage thresh-
old (limited by the immersed gold surface). Combined with the
almost unlimited aperture of LC devices, these features open the
way to low-cost, large-aperture, programmable ultra-broadband
spectral phase shapers.

To conclude, we have developed a new phase shaper that
overcomes the typical limitations of LC SLMs. Thermo-optical
addressing enables to control the optical index of the LC without
electrodes, making the device broadband and un-segmented.
TOA-SLM is compatible with thick LC layers (at least 110µm)
and the modulation range exceeds three wave numbers, even
at the longest wavelengths. The optical dephasing can be easily
controlled by tuning the average power of the recording laser
beam. When inserted in a 4f-line, purely quadratic or purely
cubic phases are produced over a multi-octave spectral band-
width (>450 THz). The total introduced chirp span is large
enough to provide a many-fold (up to seven) increase in dura-
tion of a single-cycle Fourier-transform-limited pulse at∼1 µm
(3 fs). Forthcoming devices may include a silver layer deposited

on the gold layer to further extend the spectral acceptance in
the visible part of the spectrum. With an aluminum reflective
layer, shorter wavelengths might be addressed as well, as long as
above the first absorption bands of carbon bonds (e.g., around
250 nm). In that case, an aluminum reflective layer is required.
Higher spatial resolution is expected from optimization of the
multilayer structure, currently under study. These results open
the way to unprecedented temporal shaping capabilities of
few-cycle and single-cycle pulses.
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Conclusion

Il est difficile de conclure tant les sujets abordés sont vastes. Une première conclusion
concerne la place des technologies femtosecondes aujourd’hui : les femtosecondes ne sont
plus des curiosités de laboratoire et ont réellement essaimé à travers des domaines extrê-
mement variés. Je crois que la large palette d’applications des AOPDFs, en spectroscopie
notamment, en est une preuve suffisante. Une seconde conclusion est que le degré d’inté-
gration technologique des sources ultra-brèves (composants fibrés, thin disks, slabs, OPC-
PAs. . .) a probablement atteint un seuil et que les investissements financiers et humains
nécessaires pour faire progresser les performances nécessitent une « masse critique » im-
portante. L’écosystème économique de l’« ultrafast » se consolide à grande vitesse à l’heure
ou j’écris ces lignes et les petites entreprises s’effacent devant les plus grandes. Le même
mouvement s’observe d’ailleurs dans les laboratoires de recherche académiques : le coût
des sources de troisième génération de forte puissance opère de fait une sélection qui am-
plifie les disparités nationales et internationales. Les promesses des sources de troisième
génération et, en particulier, la production « table top » de rayonnements X-UV à haut
flux, sont néanmoins en bonne voie de réalisation et leurs applications n’en sont qu’au
commencement.

Il reste bien entendu de beaux espaces de créativité, comme en témoigne le succès du la-
boratoire commun Softlite. La valve optique adressée thermo-optiquement est, à ce titre,
un exemple remarquable de réussite collective. Au delà des résultats scientifiques et des
inventions, Softlite est aussi un lieu de formation et de liberté - et je dois saluer ici le dyna-
misme et l’engagement total d’Aurélie Jullien dans ce laboratoire commun. L’autre pan de
mes recherches actuelles se trouve à l’interface entre les OPCPAs et la spectroscopie non
linéaire avec, d’une part, le contrat FEDER « SAVOIRS » et, d’autre part, la collabora-
tion avec le groupe d’Hervé Rigneault à l’Institut Fresnel. Si l’objectif technique principal
de SAVOIRS est la réalisation d’un OPA accordable à très haute cadence (40 MHz), le
cœur scientifique du projet est l’étude du RIN et plus généralement des sources de bruit
dans les sources de 3e génération - un sujet encore peu exploré. Plus largement, il ne s’agit
pas seulement de mettre au point une source femtoseconde de plus mais une source dédiée
à la spectroscopie non linéaire, combinant puissance moyenne, accordabilité, bas bruit et
balayage de délai ultra-rapide - la synthèse de 15 ans de recherche en somme !
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