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Introduction

Apres une these en physique atomique sur le ”Pompage optique de I’hélium
en condition non standard” en vue de comprendre les mécanismes de production
d’hélium-3 gazeux tres polarisé et dense pour une exploration de la fonction des
voies respiratoires chez ’homme par IRM, j’ai décidé de faire un post-doctorat dans
le domaine des atomes froids dans le groupe d’E. Arimondo a Pise. Durant cette
période, je me suis intéressé a différents sujets comme le refroidissement sympathique
dans un mélange atomique ou a la dynamique d’un condensat de Bose Einstein
dans un réseau optique. Je ne rappellerai que brievement dans cette introduction
mes activités dans le domaine des atomes froids pour présenter I’émergence d’une
nouvelle activité a I'interface entre physique, chimie et biologie au sein du laboratoire
PhLAM.

Le refroidissement sympathique dans un mélange est une voie tres prometteuse
pour atteindre le régime de dégénérescence pour des especes atomiques qui ne
peuvent étre efficacement refroidies par évaporation directe, ou encore pour la pro-
duction des molécules hétéronucléaires possédant un dipole important qui peut étre
mis a profit dans des réalisations de portes logiques quantiques. Pour que le refroidis-
sement sympathique soit efficace, il faut s’assurer que le taux de collisions élastiques
entre especes soit plus important que celui des collisions inélastiques qui peuvent
introduire de fortes pertes dans le processus de thermalisation. Dans un mélange
ultrafroid, I'interaction entre les especes est principalement décrite en terme d’un
parametre clef, la longueur de diffusion a, en onde s, qui détermine l'efficacité du
refroidissement sympathique. L’étude des propriétés collisionnelles d'un mélange ul-
trafroid de Rb-Cs en vue d’une condensation par refroidissement sympathique du
133C's par le 8" Rb, a montré qu’il est possible de refroidir les deux especes jusqu’a des
températures de quelques dizaines de K. Des simulations des collisions ont montré
qu’avec la longueur de diffusion a, mesurée, on pouvait atteindre ce régime pour
la condensation du '¥3C's mais que les densités d’atomes de 8" Rb accessibles dans
I'expérience étaient trop faibles. En 2011, I’équipe d’atomes froids de S. L. Cornish
a réussi a refroidir sympathiquement le ¥3C's avec du 8" Rb et atteindre le régime de
dégénérescence suffisant pour obtenir un double condensat de Bose.

L’effet tunnel Landau Zener est un exemple d’un probleme tunnel dans lequel
des particules quantiques peuvent franchir une barriere de potentiel par croisement
entre deux niveaux d’énergie du systeme. Ce phénomene est décrit par la solu-
tion d’une équation de Schrodinger avec un Hamiltonien du systeme dépendant du
temps. L’étude de cet effet tunnel Landau Zener peut étre menée avec ’accélération
de condensats de Bose-Einstein dans des réseaux optiques. En effet, les potentiels
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lumineux permettent un controle du transport dans les bandes d’énergie de systemes
quantiques périodiques : la profondeur du réseau optique controle la barriere tunnel
alors que l'accélération du réseau controle la dépendance en temps de ’hamilto-
nien qui gere l'effet tunnel. La dynamique d’'un condensat de Bose, quand le po-
tentiel périodique obtenu par le réseau optique est accéléré, conduit a des oscilla-
tions de Bloch dans la bande fondamentale et a des effets tunnels Landau-Zener as-
symétriques qui dépendent du sens de passage entre les différentes bandes d’énergie.
Au-dela d'un déplacement critique, le condensat subit une réflexion de Bragg et pour
des densités d’atomes élevées (typiquement ~ 10 ¢m™2), la premiere réflexion de
Bragg génere des solitons et des vortex qui déstabilisent la cohérence du condensat.

La spectroscopie pompe-sonde permet de préparer les atomes piégés dans des
états internes bien choisis qui peuvent étre la base binaire de calcul quantique. Les
réseaux optiques 3D traditionnels présentent une forte densité de sites, de périodicité
de lordre de A/2 (X est la longueur d’onde de la lumiere). Cette propriété est un
inconvénient lorsque ces réseaux sont chargés a partir d'un piege magnéto-optique
(PMO), car elle meéne a un taux de remplissage du réseau largement inférieur a
I'unité (typiquement, un site sur cent sera occupé par un atome). J'ai été recruté
en 2005 dans I’équipe atomes froids du PhLAM (P. Verkerk et D. Hennequin) pour
étudier la dynamique d’atomes froids dans un réseau optique de pieges annulaires.
Un tel réseau, réalisé sur le bleu de la transition atomique, permet, tout en conser-
vant un grand volume de capture, de confiner étroitement des atomes froids dans
les directions radiale et longitudinale. Ce réseau optique de pieges annulaires est ob-
tenu expérimentalement en faisant interférer un faisceau cylindrique creux avec un
faisceau gaussien contra-propageant obtenu a l’aide une paire de lentilles coniques
(axicons). L’interaction des atomes d'un méme site ou de deux sites voisins, et leur
dynamique dans un tel réseau donne alors lieu a des effets nouveaux. On peut par
exemple envisager I'observation de la transition entre un régime de grande diffusion
des atomes dans le réseau et un régime de localisation des atomes dans les sites, ana-
logue a la transition conducteur-isolant de Mott, en physique du solide. L’occupation
réguliere de tous les sites du réseau est aussi une condition nécessaire pour réaliser
une porte logique quantique par le controle de l'interaction entre atomes de sites
adjacents. D’autres applications liées au fort taux d’occupation sont envisageables
comme, par exemple, la condensation de Bose-Einstein dans un réseau.

En 2007, j’ai démarré une nouvelle activité a l'interface entre physique, chimie
et biologie avec le dépot d'un brevet de deux collegues du laboratoire PhLAM, J.
Zemmouri et I. Razdobreev, concernant la possibilité d’induire de la mort cellu-
laire par excitation directe de I'oxygene singulet. L’oxygene dans son premier état
électronique excité (oxygene singulet) est une espece chimique tres réactive qui joue
un role majeur dans de nombreux processus de photo-oxydation tant en chimie
qu’en biologie. L’oxygene singulet est généralement produit par réactions chimiques
ou photochimiques. Les photosensibilisants, sous 'action d’une lumiere laser visible,
sont amenés de I'état fondamental a un état excité puis relaxent en présence de
I'oxygene qui capte 1'exces énergétique et passe a 1’état singulet. La forte réactivité
de l'oxygene singulet peut induire un stress oxydant conduisant a la mort cellulaire.
Nous avons montré que 'excitation laser directe de 'oxygene singulet a 1270 nm,
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sans utilisation de substance photosensibilisante, peut induire la mort cellulaire.
En raison de sa simplicité, cette nouvelle approche de photothérapie laser, peut
potentiellement surmonter des problemes associés a I’administration systémique de
photosensibilisants en thérapie (photosensibilité du patient, évacuation du photo-
sensibilisant de I'organisme). Par ailleurs, ces travaux ont conduit a des études pho-
tochimiques pour caractériser la cinétique de I'oxygene singulet créé a 1270 nm afin
d’évaluer quantitativement sa production ainsi que sa réactivité. A terme ces études
pourraient conduire a développer des rapporteurs biologiques utilisables in vitro qui
renseignent sur les réponses physiologiques des cellules au stress oxydant.

L’expérience acquise dans le domaine du stress oxydant a permis d’étendre les
activités de I'équipe a l’étude de la réponse a un stress thermique (par laser), ce
qui permet d’étudier non seulement une autre voie de signalisation cellulaire, mais
également la cinétique d’activation de genes en réponse au stress. La réponse au
choc thermique est caractérisée par 'activation de ’expression de protéines de choc
thermique, sous le controle de facteurs de transcription appelés Heat Shock Factors
(HSF's) pour les cellules humaines. En réponse a une élévation de température, des
modifications profondes d’expression des protéines se produisent au sein de la cellule.
Les mécanismes de réponse au stress sont controlés par des régulations complexes
avec de multiples partenaires. La cinétique temporelle du recrutement du facteur de
transcription (HSF1) est étudié dans des expériences de vidéo-microscopie. L’origi-
nalité de cette étude est d’induire un stress par laser, ce qui permet de controler les
amplitudes et cinétiques du choc thermique. Nous avons aussi décrit un modele mi-
nimal de la réponse au choc thermique avec les données expérimentales. Le modele
décrivant le réseau de régulation moléculaire de réponse au choc thermique permet
de 1) prédire des mécanismes de réponse suivant différents types de stress ii) d’évaluer
les contributions des principales réactions impliquées dans le mécanisme de stress
thermique.

Le projet ”Oxygene singulet” a démarré avec une question d’interaction lumiere-
cellule vivante sur la possibilité d’exciter directement 1’'oxygene dans son état singu-
let. Tres vite, cette activité expérimentale s’est projetée dans le fait d’intégrer une
salle de culture cellulaire au sein d’un laboratoire de physique ainsi que d’acquérir
une culture sur les questions biologiques associées a la mort cellulaire. Une premiere

étape importante des activités a consisté a de nombreux développement expérimentaux

avec mes collegues P. Suret et S. Randoux pour la partie optique (développement de
nouvelles sources laser Raman), I. El-Yazidi Belkoura du laboratoire de Glycobiolo-
gie Glycobiologie Structurale et Fonctionnelle pour la partie biologie, et le travail de
fond de la these de F. Anquez (2007-2010). Fort de ces résultats, une deuxieme étape
a consisté a introduire des mesures quantitatives sur la production de I'oxygene sin-
gulet avec notamment des collaborations avec des chimistes (C. Pierlot, J. M. Aubry
du laboratoire de Chimie Moléculaire et Formulation de I’Université Lille 1, A. Bar-
ras et R. Boukherroub de 1’équipe ”Nanobiointerfaces” de I'Institut de Recherche
Interdisciplinaire de Lille). Une autre dimension importante des activités est liée
aujourd’hui aux voies de signalisation et de régulation au niveau cellulaire du stress
thermique dans le cadre de la these d’A. Sivéry (2010-2014) et une collaboration
avec Q. Thommen du groupe de ”Dynamique des réseaux biologiques”. Toutes ces
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collaborations entre physiciens, chimistes et biologistes nourrissent aujourd’hui une
activité importante de 1’équipe avec une vision intégrative de questions biologiques.
Je ne présenterai dans ce manuscrit que les travaux concernant les activités liées a
la dynamique du stress en cellules vivantes avec dans une premiere partie, les études
du stress oxydant avec la création d’oxygene singulet sans photosensibilisant et dans
une seconde partie les études cinétiques liées aux mécanismes mis en jeu lors d’un
stress thermique au niveau cellulaire.
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Chapitre 1

Stress oxydant et mort cellulaire

1.1 Stress oxydant et production d’oxygene sin-
gulet photosensibilisée

Le stress cellulaire peut-étre de nature variée (mécanique, chimique, thermique...)
et le déséquilibre homéostasique associé peut générer plusieurs types de réponses al-
lant de la réparation et/ou a la mort cellulaire. Le stress oxydant est caractérisé
par la présence d’Especes Réactives de I'Oxygene (ERO) qui, lorsqu’elles sont en
exces, dépassent les capacités de barriere antioxydante de la cellule. Les ERO com-
prennent des radicaux libres de 'oxygene (OH, O ...) et des dérivés non radicalaire
(H505) qui sont formés dans les cellules. Ces ERO, par leur nature instable, sont
particulierement réactives et sont capables de provoquer des dégats cellulaires im-
portants comme des cassures et des mutations de ’ADN, Iinactivation de protéines
et enzymes, 'oxydation de pigments ou de sucres. Les ERO peuvent aussi induire
de processus de peroxydation lipidique au sein des acides gras polyinsaturés des
lipoprotéines ou de la membrane cellulaire [Favier 03].

Dans cette famille des ERO, l'oxygene singulet (1O,) qui est le premier état
électronique excité de la molécule de dioxygene joue un role particulier : sa conforma-
tion électronique lui confére une tres grande réactivité chimique [Derosa et Crutchley
02, Maisch et al. 07]. Il est en général produit quand un photosensibilisant exogene
ou endogene absorbe une radiation visible ou UV en présence de dioxygene alors que
les autres ERO sont en général produites durant des processus physiologiques dans
la cellule par des enzymes de type NADPH oxydase. En biologie, I'oxygene singulet
peut étre activé chimiquement par exemple dans la décomposition de péroxydes d’hy-
drogene comme dans des mécanismes de réponse par < bursts > oxydatifs chez les
neutrophiles, ou physiquement par I'activation d’un photosensibilisant (PS) comme
dans la photosynthese de la chlorophylle chez les plantes ou chez les humains.

Les premieres observations de mort cellulaire induite par activation d’un PS pour
produire de 1’0, datent du début du X Xe siecle. O. Raab et H. Von Tappeiner ont
montré que 'action de 'acridine (PS), activée par la lumiere pouvait induire la mort
cellulaire de paramécies [Raab 00, Tappeiner et Jodlbauer 04, Tappeiner 09]. C’est
grace aux travaux de R. S. Mulliken [Mulliken 28] qui décrira les niveaux d’énergie
du dioxygene que C. S. Foote proposera les mécanismes d’oxidation photosensibilisée
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avec 'oxygene singulet [Foote 68] (voir figure 1.1).

Activation of singlet oxygen Sensitizer-free
with a photosensitizer: activation of singlet
principle of PDT oxygen at 1270 nm
Cytotoxic species Cytotoxic species
Typell

T1%j —— 102

— — 102 ?
1270 nm
SO — 302

PS Energy transfer 02 302

FIGURE 1.1 — Mécanismes photophysiques de production d’oxygene singulet. La
création photosensibilisée d’*O, requiert trois éléments : la lumieére, un photosensi-
bilisant (PS) et le dioxygene (O3) (schéma a). Le PS, dans son état excité triplet(T1)
peut produire deux types de réactions. Dans la réaction de type I, il peut directement
réagir avec la membrane cellulaire ou avec une molécule pour former un radical de
type anion ou cation. Dans les réaction de type II, I’état triplet du PS peut transférer
son énergie & I'état fondamental du dioxygene (20O3) pour former 1''O,. Le ratio entre
les réaction de type I et II dépend de la nature du PS et de la concentration locale
d’O,. A Téchelle moléculaire, la création photosensibilisée d’!O, est un processus in-
trinséquement complexe (photoblanchiment du PS, réaction avec 'oxygene singulet
produit), ce qui rend difficile une dosimétrie prédictive et quantitative en PDT. Le
projet ”Oxygene Singulet” consiste a créer directement de 1''O, sans PS, en exci-
tant la transition O5[*X;] — Os['Ag] & 1270 nm (schéma b) pour induire la mort
cellulaire.

La tres grande réactivité de l'oxygene singulet peut étre mise a profit pour le
traitement de certaines maladies. Les réactions d’'O, avec des molécules au niveau
cellulaire peuvent générer des réponses de stress en photobiologie et en photothérapie
médicale [Dougherty et al. 76, Dougherty et al. 98]. L’application la plus répandue
de création d'*O, avec des photosensibilisants est la photothérapie dynamique (ou
Photodynamic Therapy, PDT) qui est utilisée en médecine pour traiter certains
types de cancers [Dougherty 02] ou des dégénérescences maculaires liées a I'age [SE
00]. La PDT cible des cellules ou des tissus spécifiques en délivrant de fagon sélective
des photosensibilisants exogenes et une irradiation lumineuse localisée.
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La génération d’'O, via un photosensibilisant peut présenter de nombreux in-
convénients. D’un point de vue du clinique, le PS qui est une substance invasive, se
répand dans tout le corps et peut rendre le patient photosensible pendant plusieurs
jours. De plus la biodistribution, le franchissement de barriere membranaire et la
reconnaissance spécifique de la cellule tumorale dépend de la nature méme du PS uti-
lisé. Concernant la sélectivité vis & vis de la cellule cible, des PS dits de 2¢™¢ et 3¢™¢
génération, vont eétre fonctionnalisés avec des molécules de reconnaissance comme
des sucres (PS glycoconjugués avec du mannose [Ballut et al. 12]), des peptides [Be-
chet et al. 10] ou des anticorps monoclonaux. D’un point de vue fondamental, le
rendement quantique de production d’'O, avec le PS, qui dépend fortement de ’en-
vironnement, rend difficile I'interprétation des doses léthales en thérapie. Le temps
de vie d*O, est d’environ de 3 us dans l'eau, si on estime le cas d'une diffusion
libre, il parcourt environ 100 nm sur sa durée de vie. La distribution spatiale du
PS définit donc précisément ot 10, est généré et définit une réponse cellulaire spa-
tiale du stress oxydatif [Redmond et Kochevar 06]. II faut noter par ailleurs que
la localisation du PS dans les compartiments cellulaires déterminés (mitochondrie,
membrane...) dépend de la nature du PS lui-méme et du type cellulaire [Castanoa et
al. 04,Castanoa et al. 05]. Cette localisation rend donc difficile les études qualitatives
et quantitatives dans le toxicité de 'O, dans la mort cellulaire.

En PDT, I'un des axes de recherche actuel est de pouvoir estimer la quantité
d*O, généré afin d’optimiser la dosimétrie du traitement (concentration du PS,
quantité de lumiere et temps d’irradiation, vectorisation intracellulaire du PS...)
afin de pouvoir optimiser Uefficacité de cette thérapie du cancer [Dysart et al. 05].
Le complexe PS-'O, constitue donc un systeme dynamique complexe qui rend non
triviale une estimation quantitative et prédictive de la dose d’oxygene singulet in-
tracellulaire.

1.2 Contexte et motivations

C’est dans ce contexte que nous avons démarré le projet ”Oxygene Singulet” avec
P. Suret, S. Randoux pour la partie optique, 1. El-Yazidi Belkoura du laboratoire
de Glycobiologie Glycobiologie Structurale et Fonctionnelle pour la partie biologie,
et la these de F. Anquez (2007-2010). Ces études proposent une alternative a la
PDT ”standard” en produisant directement, sans photosensibilisant, de 1''O, via
la transition O,[*X] — O,['Ag] & 1270 nm afin de pouvoir induire un stress
oxydant pouvant conduire a la mort cellulaire. D’un pont de vue fondamental, cette
approche permet de mieux appréhender les mécanismes fonctionnels mis en jeu lors
de l'activation d’un stress oxydant au niveau cellulaire.

Contrairement a beaucoup d’autres molécules, 1’état fondamental du dioxygene
(O2[*%;]) est un triplet de spin. D’un point de vue des régles de transition, si on
considere cette molécule isolée (cas d’'un gaz), la transition de I’état fondamental
a I'état 'O, est 7interdite” & lordre dipolaire électrique [Mulliken 28, Schweitzer et
Schmidt 03]. En solution (i. e. en phase dense), la probabilité d’absorption aug-
mente : le temps de vie de O, passe de 72 minutes dans un gaz & 3.5 us dans l'eau.
Si on compare la section efficace d’absorption dans I'eau d'un PS ~ 107! em? a
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celle de I’absorption directe de du dioxygene a 1270 nm ~ 10723 e¢m?, on a une

probabilité de production d’'O, qui est 5 ordres de grandeur plus faible & 1270 nm
que celle d'un PS [Jr. et al. 08,Sivery et al. 13al.

En conséquence de cette faible efficacité de production d’'O, sans PS, seules
quelques travaux ont été entrepris dans les systemes biologiques. Nous pouvons citer
les études sur des effet de transitions structurales réversibles dans la biomembrane
et sur le traitement de tumeurs chez le rat [Zakharov et Ivanov 99]. Récemment,
des résultats préliminaires sur le traitement de basaliomes avec des irradiations a
1260 nm indiquent une réduction du tissu tumoral [Yusupov et al. 10]. Ces études
ne montrent pas de fagon claire I'implication directe de I'oxygene singulet et de son
caractere cytotoxique avec entre autre la possibilité d’induire aussi a 1270 nm un
stress thermique pendant l'irradiation laser.

1.3 Mort cellulaire induite in vitro par activation
directe a 1270 nm de oxygene singulet

Au démarrage de ce projet, les sources lasers commerciales a 1270 nm ne permet-
taient pas d’obtenir de grandes puissances (~ 100 mWW) ni d’accordabilité autour de
1270 nm. Nous avons donc réalisé au sein du laboratoire PhLAM, avec P. Suret et
S. Randoux, un laser de puissance basé sur une technologie de laser Raman a fibre
pour pouvoir sonder la transition Oy[*X,] — O,['Ay] avec une résolution spectrale
de 'ordre du nm. Cette source peut fournir jusqu’a 2.5 W dans la gamme 1239-1297
nm [Anquez et al. 10].

Les cellules choisies dans le cadre de ces expériences in wvitro, sont des cellules
épithéliales humaines du cancer (adénocarcinome) du sein chez la femme MCF-
7 (Michigan Cancer Fundation). Elles constituent une référence en recherche sur
le cancer et sont bien caractérisées notamment dans les voies de signalisation de
mort cellulaire. Dans les premiers essais, les cellules étaient préparées par 1. El-
Yazidi Belkoura au laboratoire de signalisation des facteurs de croissance dans le
cancer du sein de l'université Lille 1, et irradiées au PhLAM. Assez rapidement,
nous avons choisi de réaliser une salle de culture au sein du laboratoire pour pouvoir
travailler dans des conditions permettant de limiter des transports (et d’éventuelles
contaminations) et de mieux synchroniser les expériences.

Afin de pouvoir simplifier ’environnement de la tumeur, ces études in vitro ont
été menées en microscopie optique afin de pouvoir visualiser la mort des cellules
irradiées par laser sur une population de cellules. Le développement d’un incubateur
régulé en gaz et en température a permis d’observer jusqu’a trois jours les cinétiques
de mort cellulaire.

Lorsque les cellules sont irradiées a 1270 nm (~ 100 W.cm?-3 h), on observe
a partir d’'une quinzaine d’heures post-irradiation, un changement morphologique
de ces dernieres. 27 heures post-irradiation, les cellules sont toutes mortes dans un
diametre de 200 um centré sur le spot laser. Ces changements morphologiques ont
été corrélés avec un test d’exclusion au bleu Trypan associé a la mort cellulaire
(Fig. 1.2) ainsi que des marqueurs AnnexinV et iodure de propidium pour marquer
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respectivement ’apoptose et la nécrose. L’apoptose des cellules observées 15h post
irradiation est corrélée a une morphologie plus arrondie des cellules. Les cellules
passent alors en nécrose secondaire environ 20 heures post-irradiation.

1270 nm

1247 nm

FIGURE 1.2 — Images de cellules MCF-7 irradiées (~ 100 W.cm?-3 h) a différentes
longueurs d’onde (images du haut a 1270 nm et en bas a 1247 nm). La taille des
images est de 407 x 435 pum?. A gauche et droite, on observe respectivement les
cellules avant et 27h post irradiation. La zone d’irradiation par laser (FWHM= 300
pm, P~100mW) est représentée par un cercle noir. A 1270 nm, les cellules sont
toutes mortes dans un diametre de 200 pm centré sur le spot laser. Aucune mort
cellulaire n’est observée a 1247 nm. La viabilité cellulaire est déterminée par le
changement de criteres morphologiques corrélés a un test d’exclusion au bleu Trypan.

La premiere vérification de l'effet direct de la génération d’*O, & 1270 nm est la
construction du spectre d’action de la mort des cellules en fonction de 1’absorption de
la transition Os[*¥;] — Oo['Ay] (Fig. 1.4). Ce résultat est assez remarquable car
il permet pour la premiere fois de montrer qu’il est possible de générer directement
(sans PS) une quantité d’oxygene singulet permettant d’induire de la mort cellulaire.

Afin de confirmer ce résultat, des expériences mettant les cellules soit en hypoxie
(saturation en Ns) ou en hyperoxie (saturation en O,) ont permis d’observer une
dépendance du dioxygene sur la mort cellulaire. Apres avoir saturé le milieu de
culture pendant 2h30 et, pendant l'irradiation, aucune mort cellulaire est observée
en hypoxie tandis qu’en hyperoxie, la mort cellulaire est plus importante et rapide
qu’en condition standard (Fig. 1.5).

1.4 Effets thermiques

Vu les intensités d’irradiation de ces expériences (~ 100 W/cm?), il est légitime
de s’intéresser aux effets thermiques sur les cellules. En effet, 'absorption de la
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R — ©

FIGURE 1.3 — Cellules MCF-7 irradiées & 1270 nm(~ 70 W.cm?- 1h30) et observées
24h post irradiation. Afin d’évaluer le type de mort induit, un marquage fluores-
cent AnnexinV et PI (Iodure de Propidium) permet d’observer respectivement les
résidus de phosphatidylsérine et ’ADN. L’AnnexinV marque la perte d’assymétrie
membranaire, qui peut étre associée a I'apoptose précoce [Vitale et al. 93, Honda et
al. 00, Lecoeur et al. 01]. Le PI, qui est un intercalant de I’ADN, lors de la perte
d’intégrité membranaire, est associé aux premieres étapes de une nécrose [Elmore
07]. (a) Les cellules irradiées sont bien marquées Annexin V (a) et au PI (b). En
sommant les images (a) et (b), on observe sur les cellules un co-marquage associé a
la nécrose. Sur une image en lumiere blanche par transmission (c), la morphologie
des cellules irradiées est tres différente des cellules témoin avec notamment une forte
altération de la membrane.

lumiere a 1270 nm par 'eau est d’environ 0,5 cm~! [Hale et Querry 73]. Une mesure
de température optique in situ, basée sur des changements de fluorescence de la
rhodamine [Sakakibara et Adrian 99,SS et al. 05], a permis d’évaluer I'augmentation
de la température a 1270 nm dans des conditions expérimentales standard (100 mW
sur 200 pum). Le rhodamine B présente une fluorescence sensible a la température
(vers 550 mm) : sa fluorescence diminue lorsque ’élévation de la température avec
une pente de 2%.K . La Rhodamine 110 a des caractéristiques spectrales similaires,
mais ne dépend pas tant de la température (0.1%.K 1) : c’est donc un bon colorant
a prendre en compte pour évaluer un possible effet de lentille thermique du laser
a 1270 nm. Le rapport rhodamine B / Rhodamine 110 est d’abord calibré avec un
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FIGURE 1.4 — Spectre d’action de la lumiere (points rouges) montrant la fraction
de cellules mortes dans un rayon de 200 um centré sur le spot laser. Le spectre
d’action est fortement corrélé avec celui de la bande d’absorption de la transition

02[*%,] — Os['Ay] dans I'éthanol (en bleu) [Anquez et al. 10].

controle de la température de I'incubateur et ensuite 1’élévation du laser a 1270 nm
est ainsi évaluée ~ 60K . W~ dans les conditions d’irradiation. Un bon accord de ces
mesures de température de fluorescence a été trouvé avec une simulation numérique
de I'équation de la chaleur par une méthode d’éléments finis. Expérimentalement,
il est facile de compenser cette élévation de température due a ’absorption a 1270
nm en diminuant la température de I'incubateur de controle lors de l'irradiation des
cellules afin de minimiser les effets thermiques.

La largeur FWHM de 15 nm du spectre d’action doit étre comparée a la largeur
de 100 nm de la bande d’absorption autour de 1210 nm dans H.O [Bayly et al.
63,Singh et al. 84]. Il n’y a pas de formation possible d'*O, par transfert d’énergie
dans l'eau excitée vibrationnellement pour induire de la mort cellulaire dans ces
expériences. Par ailleurs, on peut remarquer qu’a 1247 nm, ’absorption du milieu
de culture cellulaire est le méme qu’a 1270 nm : cette longueur d’onde est donc un
bon témoin thermique.
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FIGURE 1.5 — Influence de la concentration en dioxygene dissout sur la mort cellu-
laire induite par une irradiation a 1270 nm (200W.crn~2-1h30). Les expériences sont
menées soit en conditions "normales” pour le milieu de culture (courbe noire, 80%
Ns, 20% O, 5% CO,), soit en hypoxie (points verts) ou hyperoxie (points rouges).
Aucune mort cellulaire n’est observée en hypoxie alors que la population de cellules
mortes est fortement augmentée en hyperoxie.

1.5 Production, réactivité de l’oxygene singulet
et dosimétrie

1.5.1 Production et réactivité de ’oxygene singulet

Prédire un résultat thérapeutique en PDT nécessite entre autre la connaissance
de la quantité d’especes cytotoxiques générés. Dans ce contexte, une dosimétrie
précise est nécessaire pour assurer un traitement complet avec des résultats cohérents
et reproductibles pour les patients. Lorsque 1'oxyene singulet est généré avec un PS,
la dosimétrie implique un ensemble de complexes interactions dynamiques qui in-
cluent le PS lui-méme, la lumiere, 'oxygene et les différentes cibles biologiques dans
le tissu. On peut souligner des mécanismes différents, comme le photoblanchiment
du PS, ou le bleaching de son état triplet par 'Oy [Georgakoudi et al. 97, Dysart
et al. 05] qui établissent une relation non triviale entre la lumiere laser et de ' 1O,
produit. Avec la génération directe d''O,, la définition de la dose est directement
liée avec la fluence de la lumiere a 1270 nm.

Dans la littérature, il y a peu de données quantitatives quant a ’évaluation des
sections efficaces d’absorption de la transition Oo[*X;] — Oy['Ag] & 1270 nm et
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donc de la production d''O,. Les premiers travaux sont ceux de Krasnovsky et al.
dans des solvants organiques saturés en air [Jr. et al. 03,Jr. et Ambartzumian 04].

Une premiere étape a la détermination de mesures de production et de réactivités
d'Oy en cellule vivante a consisté a développer des expériences nouvelles pour
étudier des cinétiques photochimiques en solution. Les résultats de ces études sont
détaillés dans [Anquez et al. 10, Sivery et al. 13b, Sivery et al. 13a]. A terme ces
études devraient conduire a développer des rapporteurs biologiques utilisables in
vitro qui renseignent sur les réponses physiologiques des cellules au stress oxydant.

La production d’*O, & 1270 nm est évaluée par la cinétique de réaction avec un
piege chimique, que ce soit le 1,3-diphenylisobenzofuran (DPIBF) ou le rubrene qui
sont connus pour réagir fortement avec 'O, en conduisant & la formation de produits
oxydés selon ce schéma réactionnel :

0y + hinarg —> 10y (1.1)
L0, 4 30, 4T (1.2)
10, + T £ 30, (1.3)
10, +T 25 TO, (1.4)

L’oxygene singulet est ici produit via la transition O2[*%;] — O5['Ag] & 1270
nm [Anquez et al. 10] (réaction 1.1). k4 est la constante de pseudo vitesse de premier
ordre de la cinétique de désactivation dans le solvant de 'oxygene singulet, définie
comme suit : kg = 1/71p, ol Tip, est la durée de vie de 'oxygene singulet en
I’absence de piege chimique. T est le piege chimique, k, est la constante de vitesse
de réaction de d’'O, avec T conduisant & la formation du produit oxydé T'Os. kq,
est la constante de vitesse de désexcitation d’'O, avec T par quenching physique.
Les pieges chimiques utilisés sont tres réactifs avec 'oxygene singulet : on a donc
ky << k, (limite de diffusion) [Ogilby 10].

Le produit oxydé étant incolore, on peut en mesurant sa variation d’absorbance,
en déduire la quantité d’oxygene singulet ayant réagi. Pour suivre cette cinétique, une
nouveau dispositif expérimental a permis de mesurer en temps réel la concentration
du piege chimique et d’en tirer une expression analytique simple pour son taux
de consommation. Cette vitesse de réaction dépend seulement de deux parametres
qui peuvent étre exprimées en termes de constantes physiques basiques : l'indice
de réactivité 0 [Higgins et al. 68] et la section efficace d’absorption 79 de la
transition O,[*%,] — O3['Ay]. L'indice de réactivité représente la concentration
de piege chimique & laquelle le quenching d’*O, par les molécules du solvant (kq) est
égale a la dégradation due au quenching total par le piege (k,) : c’est en fait un bon
estimateur de la réactivité du solvant ol réagit 1O,. L’intérét de cette étude cinétique
est que 3 et 01979 peuvent étre déterminés simultanément et indépendamment.

La variation du taux de consommation du piege chimique peut en fait se réécrire
simplement a partir des équations 1.1, 1.2 et 1.4 :
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dr] T w5
dt 14 8[1]! '

ou 8 = ky/k, est 'indice de réactivité et I' = 012701[O5] est le taux de production
d*Oy (mol.L™.571) avec o179, la section efficace d’absorption & 1270 nm (em?), I, le
flux de photons et [05], la concentration d’oxygene dissous dans le solvant (mol.L™1)
(Fig. 1.6).
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FIGURE 1.6 — Cinétique du DPIBF en solvant organique en présence d’oxygene
singulet produit a 1270 nm. En haut, évolution de la concentration du DPIBF
(renormalisée & sa concentration initiale Ty ~ 100umol.L™") dans 1'acétone (carrés)
et lacétone dg (triangles). En bas, la méme évolution dans la représentation de
I’équation 1.5 ou on peut évaluer indépendamment les parametres [ et oqa7¢.

Cette méthode a tout d’abord été validée dans des solvants organiques et a permis
d’obtenir des valeurs de 8 et oi979 en tres bon accord avec la littérature dans des
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solvants organiques [Sivery et al. 13b].

Krasnovsky et al., se sont récemment intéressés a l'excitation directe a 1270 nm
de l'oxygene singulet dans 'eau (H20) et 'eau lourde (D5O) [Jr. et al. 06,Jr. et al.
08]. Cette tache est plus délicate a cause de deux raisons principales. En premier lieu,
la concentration en dioxygene dissout est environ 10 fois plus faible dans I’eau que
que dans les solvants organiques [Lide 09]. Il en résulte un taux de production dans
I’eau proche de la limite de détection de la méthode avec de faibles puissances laser
(~ 150 mW a 1270 nm) [Jr. et al. 06]. Ce probleme peut étre en partie contourné
grace au laser de puissance développé au sein du laboratoire [Anquez et al. 10].
A cette premiere limitation, vient s’ajouter la non-solubilité du piege dans l'eau.
En effet, DPIBF présente des parties hydrophobes qui provoquent sa cristallisation,
dans 'eau a température ambiante, au bout d'un temps court [Jr. et al. 06].

Une collaboration avec I’équipe de chimistes du laboratoire de Chimie Moléculaire
et Formulation de I’Université Lille 1 (C. Pierlot et J. M. Aubry) a permis d’obte-
nir des pieges chimiques solubles dans I’eau et ayant une grande réactivité avec 10,. 11

s’agit du Rubreéne TétraCarboxylique (tetrapotassium rubrene-2,3,8,9-tetracarboxylate)

[Rigaudy et Cuong 62, Aubry et al. 81]. En suivant la cinétique de photo-dégrédation
de ce piege, la section efficace d’absorption a 1270 nm a été évaluée dans DyO
~ 7.2 x 1072 em? et dans HyO ~ 7.6 x 1072* em?. La valeur de section efficace
dans H50O est en tres bon accord avec celle trouvée dans des mesures extrapolées
d’encapsulation de DPIBF dans des milieux micellaires [Jr. et al. 08]. Fort de ces
résultats, une estimation de la dose d’'O, pour induire la mort cellulaire in vitro a
pu étre établie.

1.5.2 Dosimétrie d’un stress oxydant a 1270 nm

Dans les expériences d’irradiation a 1270 nm, il faut noter que le profil transverse
du faisceau laser est gaussien (FWHM ~ 300um), ce qui implique que les cellules
subissent un stress oxydant qui dépend de leur position par rapport au centre du
spot laser. Cette distribution est intéressante car elle permet de définir des doses
seuils d’intensité I, qui conduisent a la mort cellulaire (Fig. 1.7). Pour induire la
mort cellulaire, le parametre important est en fait la fluence F}, = Iy, x At ou At
est le temps d’irradiation.

La concentration cummulée d’oxygene singulet créé s’écrit comme l'intégrale de
son taux de production sur le temps d’irradiation. Cette définition est la méme que
celle utilisée par M. S. Patterson et ses collaborateurs [Dysart et al. 05]. I s’agit de
la concentration d’oxygene singulet totale créée ayant ou non réagi.

Dans le cas d’excitation direct le taux de production, I' (s7!) est & priori quasi-
invariant dans le temps et la concentration d’oxygene singulet cummulée s’écrit :

T.
wrr [
[102]cum = / Idt=1 x Err = 0-1270-—~[3O2]-2rirr (16)
0 h.v
olt Ty, est le temps d’irradiation (h), o279 la section efficace d’absorption (cm?)
conduisant & la production d’oxygene singulet, I I'intensité lumineuse (W.cm™2) a
1270 nm, [204] la concentration de dioxygene dans I'état fondamental (mol.L™1). h
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FicGure 1.7 — Compilation d’expériences d’irradiation a 1270 mnm pour la
détermination des conditions seuils permettant d’induire la mort cellulaire. Dans
ces expériences réalisées a 21 degrés pour minimiser les effets thermiques, l'inten-
sité du laser (I) et le temps d’irradiation (0t) varient respectivement de 50 a 500
W.em™2 et 15 & 180 min. Le parametre permettant de définir un seuil léthal n’est
pas 'intensité seuil d’irradiation I, mais la fluence Fy, = I x 0t = 95W.em™2.h
(représentée en bleu sur le graphe). En tragant un histogramme des valeurs F};, me-
surées (encart), on trouve une valeur moyenne Fy, ~ 93W.cm™2.h, en bon accord
avec la valeur précédemment ajustée.

est la constante de Planck et v la fréquence d’une radiation a 1270 nm donc h.v
représente 1’énergie (J) d'un photon a cette longueur d’onde.

La section efficace d’absorption associée a la transition du dioxygene vers on état
singulet est de lordre de 01979 ~ 10723¢m™2 dans I'eau (voir section précédente).

La concentration en dioxygene dans les cellules est sensiblement égale a la concen-
tration de dioxygene dissout dans le milieu de culture [Finikova et al. 08]. Cette
derniere peut étre estimée a partir de la concentration de dioxygene dissout dans
l'eau & 25°C' qui vaut [*Os] ~ 200 pmol.L~! [Lide 09]. Lee Koo et al. ont mesuré la
concentration de dioxygene dissout dans des macrophages. Ils trouvent une valeur
environ deux fois plus grande de [2O,] ~ 433 umol.L~! [Koo et al. 04].

Ainsi, a partir de la fluence seuil F},, on peut donner un encadrement de la
concentration cummulée d’oxygene singulet créée minimum nécessaire a la mort des
cellules (['Osseuit). On trouve entre ['Oglsenis ~ 4,6 £ 0,7 et ['Oglsenis ~ 9,2 +
1,4 mmol.L~! selon la valeur choisie pour la concentration de dioxygene. La dose
minimum estimée se situe dans la gamme haute des valeurs disponibles dans la
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littérature de la PDT (['Og)seuis ~ 12 £ 1 mmol.L™" [Georgakoudi et al. 97] ou
encore ['Og)seuin ~ 8 £ 2 mmol.L™! [Coutier et al. 01]). 1l est probable que d’autres
effets cytotoxiques, liés au photo-agent, soient a prendre en compte selon le type
cellulaire et la nature du PS.

Conclusions et perspectives

Les études réalisées montrent pour la premiere fois qu’une excitation directe de
loxygene singulet a 1270 nm sans PS est efficace pour induire la mort cellulaire, avec
notamment la prise en compte des effets de température. Ces études peuvent aider a
la compréhension des mécanismes en PDT qui est un systeme dynamique a plusieurs
partenaires. On peut noter que I'excitation directe d’!O, peut également fournir une
référence pour les études en PDT afin de pouvoir discriminer les réactions de type I
(radical) et de type II (*O,) dans les réponses au stress cellulaire.

Concernant la détection d’O, en cellule vivante, les expériences de cinétique chi-
mique sont prometteuses car elles ouvrent la voie de mesures de réactivité avec des
macromolécules impliquées dans le stress oxydant. Nous avons engagé une collabo-
ration avec I’équipe ” Nanobiointerfaces” de I'Institut de Recherche Interdisciplinaire
de Lille (A. Barras et R. Boukherroub) pour rendre hydrophyle le DPIBF dans des
nanoparticules lipidiques et I'internaliser dans des cellules afin de pouvoir mesurer
la production d’*O, ainsi que sa réactivité.

Une perspective tres intéressante de ce projet concerne la réponse au stress oxy-
dant d’une cellule unique. La production d’un stress spatialement localisé a 1’échelle
d’une cellule entiere, ouvre la voie a 1’étude d’effets de type bystander sur la pro-
pagation de signaux de stress. Ces effets peuvent étre générés soit par la diffusion
d’especes réactives de longue durée de vie, comme par exemple Hs05, hors des cel-
lules vers les cellules voisines [Redmond et Kochevar 06], soit par communication
inter-cellules via les jonctions GAP [Dahle et al. 00]. En PDT, la sensibilité d"une cel-
lule en réponse a un stress oxydant dépend de la vectorisation du PS dans différents
compartiments cellulaires comme la mitochondrie, le cytoplasme, le noyau ou encore
le reticulum endoplasmique (RE). Par exemple, des cellules présentant un déficit en
respiration mitochondriale peuvent étre moins sensibles en PDT : dans les travaux
de Zhao et al., la mitochondrie pourrait étre une source d’ERO a faible dose de
PDT [Zhao et al. 11]. Récemment, il a été aussi observé que le RE et les lysosomes
sont aussi impliqués dans l'induction d’ERO lorsque les cellules sont photosensibi-
lisées [Moserova et Kralova 12]. Dans ce contexte, la production directe d’'Oq est
intéressante d’un point de vue de la réponse cellulaire. En effet, en PDT, la lo-
calisation du PS (membrane plasmique, lysosomes, noyau, mitochondrie...) génére
une production d*O, elle aussi localisée dans les mémes organites. En excitation
directe a 1270 nm, en focalisant un laser dans l'organite d’intérét, on a la possibi-
lité de pouvoir adresser un stress résolu spatialement (~ um). Cette perspective est
intéressante pour pouvoir identifier quels sont les compartiments cellulaires les plus
sensibles & la génération d’1O,.

Une imagerie d’autres ERO permettrait aussi de savoir si en PDT, O, est direc-
tement impliqué ou s’il est amplifié dans des cycles pour produire de larges quan-
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tités d’autres especes cytotoxiques. Il existe aujourd’hui des senseurs fluorescents
(HyPer) qui permettent non seulement de détecter mais aussi de doser le peroxyde
d’hydrogene intracellulaire [Belousov et al. 06]. Il serait intéressant de coupler de
telles sondes et observer leur dynamique avec I'induction d’un stress a 1270 nm.
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Chapitre 2

Etude d’un réseau de régulation
minimal : cas du stress thermique

2.1 Contexte et motivation

Il est intéressant de pouvoir proposer un modele simple de réseau moléculaire de
régulation de stress, qui est un systéeme multi échelle partenaires, pour (i) prévoir des
stratégies et des mécanismes de réponses (ii) évaluer les contributions des réactions
majeures impliquées (iii) trouver les partenaires moléculaires clés comme senseurs
du stress. Nous avons initié un nouveau projet autour du stress thermique car les
mécanismes de régulation sont assez bien décrits dans la littérature et que ’activation
par laser est un moyen de pouvoir controler finement les ”séquences” temporelles du
stress thermique. C’est dans ce contexte qu’a débutée la these d’A. Sivéry, avec une
collaboration étroite avec Q. Thommen du groupe de ”dynamique de régulation des
réseaux génétiques 7 du PhLAM, afin de pouvoir confronter des expériences de suivi
temporel de stress thermiques avec une modélisation simplifiée de ces cinétiques.

Lorsqu'une cellule est soumise a un stress thermique, les protéines peuvent se
dénaturer et s’agglomérer en perdant leur activité biologique. Pour prévenir cette
dénaturation, la cellule va alors produire des protéines chaperons pour renforcer
la nature ternaire des protéines et restaurer leur conformation. Historiquement, les
protéines associées a une réponse a stress thermique ont été appelées Heat Shock
Proteins ou HSPs, méme si elles peuvent étre impliquées dans d’autres réponses
cellulaires comme le stress oxydatif, la présence de métaux lourds ou l'infection
virale [Linquist et Craig 88, Stewart et Young 04].

La réponse au choc thermique est caractérisée par 'activation de l’expression
des HSPs, sous le controle de facteurs de transcription appelés <« Heat Shock Fac-
tors » (HSFs). Chez les cellules eucaryotes, c’est la facteur de transcription HSF1
qui est le principal activateur transcriptionnel chez les mammiferes [Mcmillan et al.
98]. L’activation d'HSF1 dans le mécanisme de réponse & un stress thermique est
un processus complexe a plusieurs étapes et plusieurs partenaires [Cotto et Mori-
moto 99, Anckar et Sistonen 11] (Fig. 2.1). En cas d’élévation de la température la
protéine HSF'1 est libérée du complexe avec HSP70 et HSP90 et se trimérise : elle
est alors transportée dans le noyau ou elle est hyperphosphorylée et se lie a ’ADN
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sur des cibles chromosomiques appelées ”Heat Shock Element” (HSE) qui sont des
zones promotrices des genes Hsp. La transcription des principales protéines de choc
thermique telle que HSP90 et HSP70 est ainsi activée, permettant de répondre ac-
tivement au stress thermique. L’atténuation de la réponse au stress thermique im-
plique les HSPs : elles vont réguler négativement 'activité d’HSF'1 en le décrochant
des HSE. Ces mécanismes vont permettre de réguler finement I'expression des cha-

perons moléculaires dans la réponse au stress thermique [Kregel 02, Akerfelt et al.
10).

Dans la réponse au stress thermique sur des cellules humaines, HSF'1 ne se localise
pas seulement sur les HSE mais il va aussi s’accumuler vers d’autres régions du
génome riches en séquences répétées du satellite (sat) III, péricentromérique du
chromosome 9, pour former des ”granules” de stress ou Nuclear Stress Bodies (nSBs)
[Cotto et al. 97,Jolly et al. 97,Jolly et al. 02]. Les nSBs sont des structures complexes
et leur role pas completement élucidé. Par exemple, les transcrits de sat III restent
associés, plusieurs heures apres leur synthese a des facteurs d’épissage : les nSBs
pourraient agir comme des centres répresseurs pour la transcription au sein du noyau
ou avoir un role dans la structure et la fonction de la chromatine [Metz et al. 04,
Chiodi et al. 04, Biamonti et Vourc’h 10]. Les nSBs ont des structures temporelles
tres riches associées a la réponse au stress thermique : ils peuvent étre activés en
seulement quelques secondes et présenter des relaxations de plusieurs heures suivant
I'intensité et les répétitions de stress. Par ailleurs leur taille de 2 & 3 um les rendent
accessibles pour leur observation en microscopie [Sarge et al. 97, Jolly et al. 99].

Nos études sur le stress oxydant et l'activation a 1270 nm de l'oxygene sin-
gulet nous ont conduit a évaluer quantitativement les effets thermiques associés.
L’activation d’un stress thermique par laser permet de controler i) temporellement
des élévations de température induite sur les cellules ii) spatialement les zones ou
on induit un stress. C’est dans ce contexte, que nous nous sommes intéressés a la
dynamique temporelle d’activation et de relaxation de nSBs sur une population de
cellules HEK transfectées HSF1-GFP en microscopie de fluorescence. La transfection
stable de ces cellules a été réalisée dans I’équipe du ”Stress, Cancer et Dynamique
de l'organisation du génome” de C. Souchier et C. Vourc’h de I'Institut A. Bonniot
(Grenoble).

2.2 Modélisation de la réponse au stress thermique :
cas d’un stress continu

La réponse au stress thermique est un processus complexe controlé par des
mécanismes de régulation ayant des activations induites par le stress lui-méme et des
rétroactions avec des partenaires multiples [Anckar et Sistonen 11]. Dans ce contexte,
il est important de proposer un modele moléculaire pour le réseau génétique qui
régule la réponse au choc thermique de maniére a i) prévoir des stratégies et des
mécanismes de stress thermique ii) évaluer les contributions des diverses réactions.

Nous avons choisi de modéliser dans un premier temps un premier réseau de
régulation décrivant les cinétiques d’activation et de relaxation d’HSF1 pour des
stress continus (41, 42, 43 degrés C - 4 heures) [Abravaya et al. 91]. Des modeles
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FIGURE 2.1 — Mécanismes de régulation du choc thermique [Kregel 02]. Sous l'ef-
fet d’une élévation de température, le nombre de protéines dénaturées augmentent
nécessitant le recrutement de protéines chaperons (HSPs) pour leur éventuel rena-
turation et le complexe [HSF1 :HSP] (HSP70 et HSP90) va de dissocier. Les HSPs
vont aller se fixer sur les protéines dénaturées et HSF'1, initialement sous forme mo-
nomérique va se trimériser dans le cytosol puis se transloquer vers le noyau. Afin de
pouvoir activer la transcription pour synthétiser de nouvelles HSPs, des modifica-
tions post-translationnelles d’HSF1 (phosphorylation, sumolylation et acétylation)
vont permettre de se fixer sur des sites d’activation (HSE, Heat Shock Element) des
régions promotrices des genes hsp. Il y a alors transcription d’ARN messager qui va
se transloquer du noyau vers le cytosol pour former de nouvelles HSPs. Lorsque les
HSPs ont réalisé la renaturation des protéines, elles viennent a nouveau former un
complexe [HSF1 :HSP] et stopper la transcription.

moléculaires existent dans la littérature pour décrire la réponse au choc thermique

© 2014 Tous droits réservés. doc.univ-lille1.fr



HDR de Emmanuel Courtade, Lille 1, 2013

26CHAPITRE 2. ETUDE D’UN RESEAU DE REGULATION MINIMAL : CAS DU STRESS THERM

1 B T T T + T _i_
_|_
_I_

i
(f) 4
I -
i)
L
8 i
L

| /P00,

) S
'/‘D'.'D"UD'T'D‘[H

-

gl R

|

-6

T

0

2

4

Time (h)

FIGURE 2.2 — Cinétique du complexe [HSF :HSE] décrivant la transcription durant
un stress continu. On peut distinguer 3 régimes : lorsque la température du stress
est inférieure a 42 degrés C (stress "normal”) on observe une pseudo-adaptation
thermique, entre 42 et 43 degrés C (stress "aigu”) il y a une transcription active
d’HSP alors que pour des températures supérieures a 43 degrés (stress ”chronique”)
on a une accumulation des MFP et une transcription constante. Il y a un bon accord
entre le modele simplifié (traits) et les données (points) expérimentales de [Abravaya
et al. 91).

chez les cellules humaines [Rieger et al. 05, Szymanska et Zylicz 09, Petre et al.
11] : ils décrivent les équilibres chimiques prenant en compte la dénaturation des
protéines induites par la température, 'activité des HSPs et la rétroaction sur leur
transcription au niveau du gene. Bien que ces modélisations soient tres détaillées,
elles ne permettent pas de rendre compte completement de la cinétique d’activation
et de relaxation d’HSF1 en fonction de l'amplitude et de la durée du stress (Fig.
2.2).

En vue de reproduire ces données expérimentales, et notamment l'activation
constante d’HSF1 a 43 degrés, un parametre clé dans la modélisation repose sur
I'introduction d’une cinétique de type Michaelis-Menten qui tient compte de la sa-
turation des ressources pour la dissociation du complexe [HSP :MFP] (Fig. 2.3).
Ce type de mécanisme peut par exemple décrire la forme active de HSP90, im-
pliquée dans le complexe [HSP :MFP]. En effet HSP90 est produite dans un cycle
ATP-dépendant qui est un mécanisme ou la saturation des ressources énergétiques
peut-étre important [Hessling et Buchner 09].

Afin d’avoir une intuition des mécanismes de réponse, nous avons aussi cherché
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[HSP:MFP] (nM)

FIGURE 2.3 — Evolution en fonction de la température de la constante de dissociation
du complexe [HSP :MFP] dans une réaction de type Michaelis-Menten. A 43 degrés,
la vitesse de dissociation du complexe est maximum et peut-étre liée a un cycle ATP-
dépendant de la forme active (hyperphosphorylée) d’HSP90 [Hessling et Buchner 09].

une représentation plus simple, minimale, de la modélisation en se basant sur I’élimination
adiabatique des variables rapides de la réponse au stress (trimérisation, modifica-
tions post-traductionnelles comme la phosphorylation sumoylation et acétylation,
accrochage sur HSE, transcription d’ARN messager...) dans le cadre de stress conti-
nus. Avec ce réseau minimal, les résultats expérimentaux de [Abravaya et al. 91]
peuvent en effet étre reproduits avec 5 équations différentielles (au lieu de 27 dans
les modeles actuels) (Fig. 2.4). La description de la réponse du stress thermique
peut simplement s’expliquer en terme de dissociation du complexe [HSP :MFP] qui
semble étre le parametre important pour expliquer l'adaptation thermique de la
réponse. Grace a ce modele, nous avons trouvé un bon accord pour reproduire entre
les données de [Abravaya et al. 91] (Fig. 2.2).

La simulation des cinétiques des différentes populations permet d’appréhender
des mécanismes permettant de décrire la réponse a un stress thermique continu (Fig.
2.5). A 43 degrés, le complexe [HSF :HSP] se dissocie, les HSPs vont se lier sur les
protéines dénaturées (MFPs) et HSP, une fois trimérisé va transcrire de nouvelles
HSPs en formant un complexe [HSF :HSE|. 4 heures post-stress, le pool d'HSF
suffit non seulement & chaperonner les MFPs (leur population retrouve leur niveau
initial & 37 degrés) mais aussi a réprimer leur propre transcription. Par contre, la
population des MFPs est telle que 1’on est limité par la vitesse de transcription des
HSPs par HSFs formant ainsi un plateau d’activation d’HSF. A 41 et 42 degrés, la
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FIGURE 2.4 — Réseau moléculaire simplifié et minimal de régulation de la réponse
a choc thermique continu. Dans les modeles actuels, la constante cinétique k, est
considérée constante dans la réaction [HSP : M F P] Yy MFP correspondant 2 la
séquestration des HSPs. Afin de tenir compte d’un mécanisme limité (par exemple
ATP dépendant), cette réaction est décrite par une équation de type Michaelis-
Menten (saturation des ressources).

quantité d’HSF libre suffit quasi seule (tres faible transcription de nouvelles HSPs a
42 degrés) a chaperonner les MFPs.

2.3 Cinétique temporelle des nSBs activés par chauf-
fage laser

Avec le laser Raman décrit dans la section précédente, on peut induire des
élévations de température jusqu’a des AT = 30 degrés pour une puissance laser de
1 W (& 1250 nm) avec un objectif 40X . Le profil thermique spatial, caractérisé avec
de la rhodamine [Sakakibara et Adrian 99], est gaussien avec une largeur FWHM
~ 600 pm : on peut ainsi en repérant la position des cellules par rapport au centre
du spot laser, avoir en une seule expérience, des cinétiques de choc thermique pour
plusieurs élévations de température (Fig. 2.6).

Nous avons développé dans un premier temps des algorithmes permettant le suivi
cinétique des granules de stress thermique (nSBs). On peut ainsi extraire des données
quantitatives quant a la position (pour évaluer I'amplitude du stress thermique),
I’amplitude et la taille des granules par cellule. Afin d’extraire les granules du fond de
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FIGURE 2.5 — Simulation des cinétiques des populations activées avec un stress
continu a 41 (tirets points), 42 (tirets) et 43 (traits pleins) degrés avec le modele
simplifié. Avant chaque stress, on impose une température de 37 degrés a toutes les
populations (aire grisée).

la cellule, les algorithmes utilisés reposent sur des techniques standard de traitement
d’images. Dans un premier temps, un filtre médian permet de séparer les granules
(variable rapide) des cellules (variable lente) : chaque pixel de I'image a filtrer est
remplacé par la valeur médiane des pixels voisins. Le filtre médian est un filtre
spatial non linéaire qui est tres robuste a différents types de bruit, comme le bruit
impulsionnel (bruit poivre et sel). La bonne performance du filtre médian pour
ce type de bruit découle de la propriété de la médiane d’étre, contrairement a la
moyenne, quasiment insensible aux valeurs extrémes. Enfin, ce filtre est bien adapté
a la définition de contours contrairement aux filtres de flou, par exemple gaussien, qui
réalisent une moyenne pondérée des valeurs dans le voisinage, avec un poids fort au
centre du voisinage et faible a la périphérie. Le filtre médian conserve la netteté des
contours : le bruit n’est pas étalé mais supprimé (Fig. 2.6) [Pitas et Venetsanopoulos
90]. Grace au développement de traitement d’images, nous pouvons des lors nous
intéresser au suivi cinétique de formation et de relaxation de nSBs (Fig. 2.7). On
peut noter que dans ce traitement d’images nous pouvons non seulement détecter
les cellules et nSBs mais aussi obtenir des informations concernant leurs nombres,
leurs tailles.

Nous utilisons le méme dispositif expérimental que celui du stress oxydant en
utilisant le laser Raman a 1250 nm. Le laser nous permet d’activer en moins d’une
seconde des élévations de température jusqu'a 60 degrés. Le chauffage induit par
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FIGURE 2.6 — Filtrage médian de nSBs. En (A) est représenté 'image brute en
fluorescence de cellules HEK transfectée stablement HSF1-GFP et activant des nSBs
(granules brillants) lorsqu’elles sont soumises a un stress thermique. La diploidie
des cellules HEK induit I'apparition de deux granules. En (B) est représentée la
méme image traitée par un filtre médian permettant d’obtenir les variations lentes
d’intensité, i. e. les cellules. En (C), les granules apparaissent plus clairement en
faisant la soustraction de I'image brute et filtrée : c’est a partir de cette image que
I’on peut réaliser le suivi cinétique de nSBs lorsqu’ils sont activés.

FIGURE 2.7 — Exemple de suivi cinétique de nSBs activés par un stress thermique
(43 degrés continu - 4 heures) sur une cellule unique.

laser peut etre modulé temporellement et permet de sonder des échelles de temps
associés a la réponse au stress.

Pour des stress continus (Fig. 2.8), on retrouve des cinétiques (activation et re-
laxation) de nSBs comparables aux résultats de [Abravaya et al. 91] avec un plateau
a 43 degrés (stress chronique), une relaxation a 42 degrés (stress aigu) et a 41 degrés
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FiGURE 2.8 — Cinétique des nSBs pour des stress thermiques continus sur cellule
unique. On retrouve les mémes cinétiques pour chacun des granules (rouge et noir)
d’une méme cellule. Les cinétiques sont comparables aux résultats de [Abravaya et
al. 91] avec un plateau a 43 degrés (stress chronique), une relaxation a 42 degrés
(stress aigu) et a 41 degrés (stress normal). On observe une hyper activation des
nSBs 5-10 post stress qui pourraient étre associée a un remodelage chromatinien.
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(stress normal). Il est intéressant de noter que la tres bonne résolution temporelle
expérimentale du suivi de fluorescence, permet 1'observation d’une hyper activation
des nSBs environ 5-10 minutes post-stress. L'une des pistes pour expliquer cette
hyper activation serait liée a des échelles de temps associées au remodelage chroma-
tinien. Un stress thermique induit un arrét global de la transcription s’accompagnant
d’une déacétylation et d’'un changement de la structure chromatinienne liée a HSF'1
alors que dans les nSBs, apparait une hyperacétylation [Fritah et al. 09, Akerfelt et
al. 10]. Des études récentes de diffusion d’"HSF1 dans des cellules HeLa soumises a
un stress thermique ont montré un remodelage de la chromatine environ 15 minutes
post stress [Landsberg et al. 12].

Conclusion du chapitre

La construction d'un modele de régulation minimal met en évidence les ingrédients
clés de la cinétique de la réponse au stress thermique corrélé avec les données
expérimentales sur les nSBs. L’élément central de ce réseau est une compétition
entre deux complexes impliquant les HSP : un avec HSF1 [HSF1 : HSP], et autre
avec les MFP [MFP : HSP]. Le fait que l'affinité d’accrochage des deux complexes
differe de plusieurs ordres de grandeur implique la prévalence du complexe de renatu-
ration [MFP : HSP] par rapport a celui de séquestration [HSF1 : HSP]. L’ingrédient
clé qui a permis une description quantitative des données avec ce modele minimal
est l'introduction d’une cinétique de type Michaelis-Menten qui tient compte de la
saturation des ressources pour la dissociation du complexe [HSP :MFP].

Le développement d'une expérience de suivi temporel de nSBs au niveau cellu-
laire couplée avec un réseau de régulation dans le cadre de stress thermiques conti-
nus, permet non seulement de reproduire les données obtenues expérimentalement,
mais également de pouvoir faire des prédictions quant au comportement dynamique
d’HSF1 vis-a-vis d’un stress thermique modulé temporellement. En se placant dans
le cadre particulier de stress continus, nous avons aujourd’hui une bonne intuition des
mécanismes impliqués et de leur dynamique temporelle. Les mécanismes réactionnels
de réponse au stress thermique peuvent étre associés a des échelles de temps tres
différentes, allant de la seconde pour des modifications post-traductionnelles (phos-
phorylation sumoylation et acétylation), a quelques heures pour I'expression d’HSP.
Par exemple, on peut observer des pics d’expression d'HSP70 a 3 et 12h post stress
thermique avec une translocation du cytoplasme vers le noyau entre 6 et 16h dans des
expériences de suivi des cinétiques d’expression d’"HSP70-GFP en microscopie [Wang
et al. 08]. L’activation d’un stress thermique par laser permet de sonder et modu-
ler différentes échelles de temps avec des temps de montée inférieure a la seconde.
Dans ce contexte, il serait intéressant d’observer les dynamiques des nSBs, et d’HSP,
avec des stress ”courts” (quelques secondes a la minute) ou des stress répétés (ther-
motolérance) et pouvoir comparer ces résultats au modele de régulation et ainsi le
raffiner.

Le recrutement depuis un an d’A. Stankiewicz, post-doc en biochimie et biologie
moléculaire, permet de compléter les études de la dynamique de nSBs par microsco-
pie de fluorescence avec des méthodes biochimiques de type western blot ou immuno-
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fluorescence. Cette collaboration permet non seulement d’obtenir des données quan-

titatives sur les partenaires impliqués dans le stress thermique ((HSF'1), (HSF1)phosphos

HSP90, HSP70) mais aussi de réaliser de nouvelles constructions cellulaires fluores-
centes pour observer la dynamique en microscopie d’autres partenaires impliqués
dans le stress.

Un autre axe de recherche aujourd’hui explorée est celui du couplage du modele
de régulation de la réponse a un stress thermique avec d’autres réseaux génétiques
comme le cycle cellulaire (via I'interaction entre HSF1 et P53) avec comme réponse
la viabilité cellulaire et une description plus raffinée de la thermotolérance. L’autre
couplage est celui du stress thermique et oxydant avec des partenaires communs
comme FOXO qui peut-étre activé (phosphorylé) par des kinases JNK dans un
stress oxydant [Essers et al. 04] et transcrire des déacétylases SIRT1 qui assure un
meilleur accrochage d’HSF sur les HSE [Westerheide et al. 09].
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Chapitre 3

Conclusion générale

Les travaux présentés dans ce mémoire synthétisent les activités de recherche
d’une nouvelle thématique, initiée en 2006-2007 au laboratoire PhLAM, a l'interface
entre physique, chimie et biologie sur la dynamique du stress en cellules vivantes. Le
démarrage de cette activité, portant sur la possibilité d’induire de la mort cellulaire
par excitation directe de 'oxygene singulet, draine aujourd’hui de multiples collabo-
rations et de nouveaux axes de recherche dans une vision intégrative des questions
biologiques avec notamment un couplage étroit entre expériences et modélisation.
D’un point de vue expérimental, ’équipe est maintenant dotée dune plateforme
d’'imagerie, d'une salle de culture cellulaire et d’interactions avec des biologistes (I.
El-Yazidi Belkoura du laboratoire de Glycobiologie Structurale et Fonctionnelle de
I'Université Lille 1) et chimistes (C. Pierlot, J. M. Aubry du laboratoire de Chimie
Moléculaire et Formulation de 1'Université Lille 1, A. Barras et R. Boukherroub de
I’équipe ”Nanobiointerfaces” de I'Institut de Recherche Interdisciplinaire de Lille).
Une nouvelle collaboration avec V. Mezger du laboratoire d’épigénétique et destin
cellulaire de I’Université Paris Diderot va aujourd’hui démarrer sur la dynamique
de facteurs de transcription (HSF1 et HSF2) activés par un stress thermique. D’un
point de vue des collegues physiciens du laboratoire PhLAM, la participation des la
genese de ces activités de P. Suret et S. Randoux pour la partie optique, et aujour-
d’hui de Q. Thommen pour la partie modélisation, permet un développement et des
projections pertinentes des activités dans une approche de biologie des systemes.
Les pistes explorées dans l’ensemble de ces activités ont été portées par des ques-
tions biologiques projetées dans une culture de physiciens a savoir des approches
quantitatives des mécanismes au niveau temporel et spatial de la réponse au stress.
Par ailleurs, les expertises développées dans I’équipe ont permis d’étre impliqué
aujourd’hui dans un important contrat industriel, entre une société de biotechnolo-
gie, le CNRS et I"Université Lille 1. Ce contrat implique 2 enseignants-chercheurs
et 2 ingénieurs d’étude du PhLAM ainsi qu'un enseignant-chercheur de I'Institut
d’Electronique, de Microélectronique et de Nanotechnologie de 1’Université Lille 1.
Le contrat qui a démarré en avril 2013 durera sur une période de 2 ans et conduira
a une valorisation importante sous forme de brevet.

Concernant le coté spatial, un stress généré par laser permet de s’adresser soit
a des populations de cellules et aller sonder des effets collectifs de type bystander,
ou sur le role des communications extracellulaires, soit a l'organisation dune cellule
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unique. Sur ce dernier point, la possibilité de produire directement de ’oxygene sin-
gulet, sans localisation de photosensibilisant, pourrait permettre d’identifier quels
sont les compartiments cellulaires les plus sensibles au stress oxydant ainsi que
d’évaluer quantitativement les doses létales. Afin de compléter nos études a 1’échelle
d’une population de cellules, nous démarrons aujourd’hui une nouvelle activité liée
au développement d'une imagerie a l’échelle de la molécule unique pour étudier
I'organisation spatiale d’acteurs impliqués dans la réponse au stress a ’échelle intra-
cellulaire.

L’induction d’un stress au niveau cellulaire par laser ouvre des perspectives de
recherche intéressantes dans des expériences couplées a la microscopie optique. Dans
le cadre d’un ” chauffage” laser, on peut accéder a des cinétiques d’activation de stress
tres rapides (inférieure a la seconde) qui ne sont pas accessibles avec un bain marie
(de 'ordre de 10 minutes) et ainsi aller sonder des échelles de temps de mécanismes
réactionnels liés a la réponse cellulaire au stress. La modulation temporelle d’un
stress permet, dans une approche de biologie des systemes des voies de signalisation
et de régulation, d’induire des formes de stress associées aux constantes de temps
de l'organisation de la réponse au stress. En effet, les mécanismes de réponses a un
stress sont des processus dynamiques multi échelles et multi partenaires impliquant
une complexité de causes et d’effets dans des réseaux biologiques. La modélisation
des réseaux moléculaires pour décrire ces mécanismes est une approche permettant
non seulement d’appréhender la dynamique des partenaires clefs impliqués mais
aussi d’avoir une description plus simple des dynamiques observées. L’intérét d’une
description a minima d’un réseau est de pouvoir étudier les régulations croisées du
stress thermique avec d’autres réseaux comme le cycle cellulaire ou le stress oxydant.
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Two-photon ionization of cold rubidium atoms
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Two-photon ionization cross sections from the rubidium ground state have been measured with both a cw
421-nm laser and a combination of cw 421- and 1002-nm lasers. The measurements were performed within a
high-vacuum magneto-optical trap while the trapping lasers were switched off, exploiting the long trap lifetime
and also the trap laser confinement. The two-photon cross sections were determined for the blue laser near
resonance with the 6P, and 6P 4, states and compared with the estimates of a theoretical model. In near
resonance with the 6 P states, large two-photon photoionization cross sections were measured. © 2004 Opti-

cal Society of America
OCIS codes: 020.7010, 140.3320.

1. INTRODUCTION

The absolute determination of transition rates for multi-
photon ionization represents a considerable experimental
challenge. Those absolute measurements are, however,
important in testing atomic structure -calculations.
Laser-cooled atomic samples have offered new tools for
these ionization investigations, for instance, trap-loss ion-
ization spectroscopy, i.e., the determination of the losses
induced by a photoionization laser on a trapped sample of
cold atoms. The photoionization rate can be precisely
measured from the additional trap decay for atoms con-
fined in a magneto-optical trap (MOT) or a magnetic trap.
This technique was introduced by Dinneen et al.! for ru-
bidium atoms in a MOT and later applied to the ioniza-
tion of other alkali and alkali-earth atoms. Ciampini
et al.? investigated the application of trap-loss spectros-
copy to ultracold atoms, either thermal or condensed, con-
fined within a magnetic trap.?

We applied trap-loss spectroscopy to determine the two-
photon ionization cross section of laser-cooled ¥’Rb atoms
in the 5S4 ground state. The 6P states at 2.94 eV
(421-nm excitation wavelength) above the 5S, ground
state were used as near-resonance intermediate states for
the two-photon absorption. The ionization continuum
was reached from the 6P states by absorption of either a
second 421- or a 1002-nm photon of 1.24-eV energy, lead-
ing to ilonization with respective excess energies AE
= 1.70eV and AE = 945 meV. cw radiation generated
from laser diode sources was used for photoionization,
and we achieved a nonnegligible photoionization fraction
(as much as a few percent) by tight focusing of narrow-
band laser radiation on the cold atomic cloud.

In a MOT the trapping lasers excite the cooled atoms to
the first excited state, which are occupied with a fairly
large probability. In the large majority of previous MOT
photoionization experiments the ionization cross sections
were then determined from this excited state. Our aim is
to measure the two-photon ionization cross section from
the ground state of 8"Rb atoms. To eliminate the contri-
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bution of photoionization from the excited state we alter-
nated between the trapping lasers, which cool and spa-
tially confine the atoms, and the photoionizing lasers,
which produce the additional MOT loss. After the trap-
ping lasers are switched off, the excited-state atoms re-
turn quickly to the ground state, and the photoionization
laser will ionize ground-state atoms only. A small expan-
sion of the atomic cloud occurs while the trapping lasers
are off. Moreover, for a photoionization laser that is
nearly resonant with an atomic transition, a real
intermediate-state population may be produced that re-
turns to the ground state with spontaneous emission of
photons. That emission (from the 6P state in our inves-
tigation) increases the atomic temperature and hence
modifies the atomic sample. To counteract these pro-
cesses we switch the trapping lasers back on. In addi-
tion, strong focusing of the radiation that is nearly reso-
nant with the intermediate state may lead to considerable
dipole force acting locally on the cloud. The alternate op-
eration of the MOT and photoionization lasers, with dif-
ferent time windows, allows us to keep these additional
heating processes under control.

The ionized atoms that are unaffected by the MOT la-
sers constitute a trap loss. The nonionized atoms, by
contrast, are recaptured and recooled by the trap lasers.
Choosing the duty cycle of trap and loss phases allows us
to tune the trap loss and therefore to operate the trap-loss
spectroscopy with the highest accuracy. Furthermore,
the long lifetime of the ultrahigh-vacuum (UHV) MOT en-
ables us to detect correspondingly small loss rates with
high sensitivity. Recently Lowell et al.® applied a similar
approach of alternate application of photoionization and
trapping lasers to measure the one-photon photoioniza-
tion cross section of the 55, state of rubidium.

In Section 2 we describe the experimental setup. In
Section 3 we introduce the basic elements of the photoion-
ization process for the MOT atoms. In Section 4 we dis-
cuss our experimental findings and the results of photo-
ionization as a function of the laser detuning, and in
Section 5 we offer our conclusions.

© 2004 Optical Society of America
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2. EXPERIMENT

The experiment was performed in a MOT apparatus used
for Bose-Einstein condensation as described in Ref. 6.
Because previous studies showed? that, despite the ad-
vantages of magnetic traps such as better-defined geom-
etry and more-accurate determination of the number of
atoms, lonization losses in magnetic traps are prone to be-
ing masked by other processes, so we used magneto-
optically trapped atoms here. We prepared the cold atom
sample by loading 10® atoms from a high-vapor-pressure
laser-cooled source into the UHV MOT. The atoms,
which occupied a sphere of a little less than 2-mm diam-
eter, were stored in the F = 2 hyperfine state at a tem-
perature of 100 uK inside the UHV MOT. During photo-
ionization, both the loading and the MOT confining lasers
were blocked and the atomic cloud decayed at a rate y
that was due to collisions with the background gas and to
intratrap collisions. We measured the number of atoms
in the MOT and its dimensions by imaging the cold
atomic cloud on a CCD.

To generate 421-nm radiation, a grating-stabilized di-
ode laser operating at 842 nm was injected into a tapered
amplifier that delivered power in excess of 500 mW. The
842-nm light was then frequency doubled by a lithium
niobate crystal placed inside an external resonator (Model
TA-SHG-100, Toptica). The 20-mW output power was
tuned continuously over both the 5S4 — 6P and the
58,5 — 6Py transitions. The 1002-nm laser source,
based on a grating-stabilized laser diode (Model TEC 100,
Sacher), provided ~60-mW output power. Both lasers
operated in a free-running mode, and their frequencies
were continuously monitored on a Fabry-Perot cavity.
For the blue and infrared lasers we measured drifts of a
few megahertz and a fraction of 1 MHz, respectively, over
the 100-s acquisition time, determined by the MOT’s de-
cay lifetime. The wavelengths were measured on a
wavemeter with 8-MHz resolution. Temporal control
over the lasers was provided by acousto-optic modulators
(AOMs). Synchronized pulse generators triggered the rf
drivers for the MOT and ionization laser AOMs. The
typical pulse length 7 for the ionization laser applica-
tion was 2 us.” The MOT lasers were switched off at
least 0.5 us before the start of an ionization pulse to leave
ample time for the atoms to decay back to the ground
state even in the presence of radiation trapping in view of
the spontaneous-emission lifetime TEPyy — 5Syy = 27 ns of
the 5Py state. The residual MOT light transmitted by
the AOM (extinction ratio, ~1 X 10 ®) caused a small re-
sidual fraction of the 5P atoms (~1 X 10 %) to be ionized
by the 421-nm light. A numerical simulation of the ion-
ization process allowed us to verify that the contribution
to ionization from this residual 5P population was negli-
gible compared with that of the 5S atoms that we are in-
vestigating. The ionized fraction per excitation pulse,
with the MOT laser off, ranged from a fraction of a per-
cent to a few percent, depending on the ionization wave-
length. Repeating the ionization-trapping sequence sev-
eral times, as many as 2 X 10° pulses in 100 s, caused the
trap-loss rate to be large enough to allow for precise mea-
surements.

Typically 8 mW of power of 421-nm radiation was fo-
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cused within the trap to 30 um X 90 um, wy, X w, laser
beam waists; the elliptical character was due to the beam
profile of the frequency-doubled blue light. We focused
25 mW of the infrared laser radiation down to 30 um on
the atomic cloud and aligned it parallel to the blue beam.
The beam waists were measured in a setup outside the
MOT, and we verified the spatial superposition of the la-
sers inside the vacuum chamber by using each photoion-
ization laser separately to optically trap a Rb condensate
created within the UHV chamber. The high intensity of
the 1002-nm laser, ~1 kW/em?, produced dipole forces
that deformed the atomic cloud, which we detected by us-
ing a Bose-Einstein condensate sample. The tempera-
ture increase of the cold Rb cloud owing to the 421-nm
photon scattering from the 6P level was estimated to be
~6 uK for each ionization process and hence was easily
compensated for by reapplication of the MOT lasers.

3. IONIZATION ANALYSIS

The ionization rate was derived from the change in the
decay of the number N of trapped atoms after the appli-
cation of the photoionization laser. The two-photon
photoionization rate vy, produced by a weak laser with
frequency vy, and intensity I, is given by

2) (2 Iph :
Yoo = o5sPBH (1)
Vph

where o55? is the two-photon cross section and 8% is a

geometrical coefficient with the spatial distribution of the
laser beam and the atomic sample taken into account.?
For the one-color, two-photon ionization by a Gaussian la-
ser beam with laser beam waists w, and w, centered on
a Gaussian atomic distribution of sizes L, and L,, and
assuming that the density distribution of the target at-
oms is not depleted by the laser, the geometrical correc-
tion is’
1
B2 = . (@
{[1 + 2(Lx/w0x)2][1 + 2(Ly/w0y)2]}]jz

A similar expression applies to the geometrical coeffi-
cient for two-color, two-photon ionization. The geometri-
cal correction approaches unity for laser beam sizes larger
than the atomic sample size. Equation (1), with a square
dependence on laser intensity I, is valid only at weak
laser intensities I, where the shifts and widths of the
intermediate states, which are near resonance for the
two-photon process, are not important.'’

In the MOT’s constant-density regime! and in the ab-
sence of loading, MOT number N(¢) decreases exponen-
tially with rate . Applying the ionization laser addition-
ally for a time 7, causes the probability for an atom to
remain in the trap to be reduced; the decay in number of
atoms is then described by

w N
o W vl 3)

Therefore at the end of ionization time 7,;, the MOT num-
ber becomes
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Fig. 1. Time decay for the fluorescence of the MOT Rb atoms in

the absence (dashed curve) and in the presence (continuous
curve) of the 421-nm laser. The ionizing laser, applied in pulses
with 7, =2 pus and ry, = 20kHz, had intensity [,
= 48.7W/ecm? and detuning 6 = —16.8 + 12MHz from the
5819, F = 2 — 6Py, F' = 2 transition.

N — Ny exp(—y7n)exp( — YpnTon)- 4)

While one could produce a larger photoionization loss
simply by increasing photoionization time 7;,, the need
to counteract heating and expansion of the cloud puts an
upper limit on 7,;,. The minimum duration of a trapping
and cooling phase is given instead by typical time con-
stants for sub-Doppler laser cooling, i.e., tens of microsec-
onds. Applying a sequence of pulses with duration 7, at
a rate r, causes the number of atoms inside the trap to
evolve as

N(t) = Ny exp(—yt)exp(— Yon Tl pnt)- ®)

This decrease in the number of atoms is an exponential
decay, with an effective ionization decay rate ypheff
= Y%hTpn'ph- We verified that this relation is valid by
changing repetition rate ry,, and thus the time between
successive pulses, and obtained consistent results for vy, .
Equations (4) and (5) are valid for weak ionization losses,
not for modifying the MOT’s dimensions L, and L, that
appear in Eq. (2) for the 8% parameter. In the presence
of large depletion in the MOT number, as for a large num-
ber of ionization pulses, N(¢) can be derived through nu-
merical integration of Eqs. (1) and (3).

Number of atoms N is proportional to the fluorescent
intensity excited by the 780-nm trapping laser. Time
evolutions for the fluorescent light emitted by the syn-
chronously switched MOT, in the absence and in the pres-
ence of the ionizing lasers, are shown in Fig. 1. Decay
traces consist of 1000 data points, each averaged over 100
ms. The dashed curve represents the fluorescence decay
without the ionizing laser, produced by the background
and by intratrap collisions. That evolution is well fitted
by an exponential decay with y ! = 16s.'? The continu-
ous curve shows the fluorescence decay in the presence of
the 421-nm ionizing laser, with a lower initial value be-
cause the high-vacuum MOT was loaded with the blue
ionization laser switched on. The fluorescence decay in
the presence of photoionization was fitted by an exponen-
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tial decay with (y + ypheff) 1= 6s. From the difference
between the two decay rates we derived ypheﬂ', and from
that the two-photon ionization cross section oz5'?, by
making use of Eq. (1).

4. RESULTS

We initially used the CCD images to verify that the MOT
operated in a density-limited regime; the MOT volume
varied linearly with the number of atoms in the MOT, N,
as predicted in Ref. 11. Therefore we determined the
changes in MOT radii L, and L, with the number atoms
in the cold cloud depleted by photoionization. This infor-
mation was required for the analysis of the photoioniza-
tion losses.

We also tested whether photoionization was produced
by two-photon absorption from the Rb ground state, for
instance, for the one-color blue laser experiment with the
expected quadratic dependence of the blue laser’s inten-
sity. Figure 2 shows our experimental results for photo-
ionization rate y, versus intensity I, of the blue laser at
two laser detunings & from the 5SxF = 2 — 6Py F’
= 8 state. The quadratic fit to the photoionization rate
confirmed the presence of one-color, two-photon ioniza-
tion. The change in quadratic dependence as the laser
detuning was varied agreed with the expected value. We
also fitted the data of Fig. 2 by assuming simultaneous
contributions from one-color, two-photon ionization from
the ground state with a quadratic dependence on the blue
laser’s intensity and from one-photon ionization from a
residual MOT-induced population in the excited 5Py
state with a linear dependence on the blue laser’s inten-
sity. The results of the fitting allowed us to estimate that
the linear ionization rate from the excited states is 100
times smaller than the quadratic two-photon rate, at least
for the range of laser detunings and intensities that we
explored.

Figure 3(a) shows measured one-color, two-photon cross
section o55'? as a function of detuning & from the 6P

o 6=35MH:z
m 0=20MHz

3.04

T T I T

T
10 15 20 25 30
Ly (W/em®)

Fig. 2. Ratio yph/ﬂ(z) for one-color, two-photon ionization of the
Rb ground state by a 421-nm laser versus laser intensity I, for
laser detunings 6 from the 5S4, F = 2 — 6Pg4, F' = 3 tran-
sition at 7, = 2 us and r;, = 20 kHz. Solid curves, results of a
fit with a quadratic dependence on the blue laser’s intensity.
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Fig. 8. One-color, two-photon cross sections 55 for Rb 58 ion-
ization by a 421-nm laser in near resonance with (a) the 6 P in-
termediate state and (b) the 6P intermediate state, as func-
tions of laser detuning. Solid curve, results of a numerical
simulation without free parameters with the 6p — continuum
dipole moments described in the text.

state. The two peaks, at 8, — 0 and §; — 8y — 265
MHz, correspond to the 5S4, F = 2 — 6Py, F' = 2
and the 58,5, F = 2 — 6Py, F' = 1 transitions, re-
spectively. Figure 3(b) shows the measured two-photon
cross section as a function of detuning & from the 6Pgy
state. The three peaks at §; = 0, 8y = 83 — 51.5, and
8, = 89 — 51.5MHz correspond to the transitions from
the 58, F = 2 to the F' = 3, 2, 1 hyperfine levels of the
6P, state. Data from several runs for the MOT ioniza-
tion losses with different alignments of the MOT and ion-
ization lasers are shown in the same figure. We analyzed
photoionization runs with small ionization losses, and
hence a small modification of the MOT radii, using Eq.
(5). By contrast, photoionization runs with large number
losses were analyzed through the numerical solution of
Eq. (8), with the measured dependence of MOT radii, and
hence of 8%, on number N taken into account. We no-
ticed that a good fit of the N(¢) MOT decay was given by
the exponential decay of Eq. (5), which introduced a g2
value that was the average of the initial and final values,
even when 82’ varied by more than 1 order of magnitude,
for instance from 0.05 to 1 at the ionization peak with
2 X 10° ionization pulses over the 100-s acquisition time.
The scatter in the o552 data and in their uncertainties
was highly sensitive to the optical overlap between MOT
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and photoionization lasers. In the presence of a slight
misalignment the photoionized atoms experienced a
photoionization laser intensity I, that was different from
the peak value inserted into Eq. (1), so 8% was not deter-
mined exactly from Eq. (2). The cross-section uncer-
tainty shown in Fig. 3 is due to the uncertainty in 8% and
to the standard deviation for the fit of the temporal de-
pendence of N in the presence of the ionization laser.
The uncertainty in the I laser intensity resulted in a
negligible contribution to the cross-section error bar. For
good optical alignment a good fit of the dependence of N
on time allowed cross-section determinations with small
error bars, depending only on the uncertainty in B%.
Moreover, we noticed that the smallest uncertainty in the
determination of o55'® was achieved for repetition rate
ron such that ionization rate ypheffwas nearly equal to col-
lisional decay rate y.

The maximum value of the cross section was
~10 *¥cm*s. By comparison, a theoretical analysis of
one-color, two-photon ionization of cesium in the vicinity
of the second excited P intermediate-state resonance,
which explored a range of large detuning only, produced a
maximum value for the cross section near 10 **cm?s at
2-GHz detuning from the intermediate state.'®> Our in-
vestigation, however, demonstrates that large photoion-
ization cross sections are reached with narrowband lasers
operating near resonance with an intermediate level.
The theoretical results at large detuning cannot be used
to extrapolate to the small detunings of our investiga-
tions, and an ad hoc theory is required.

In two-color (421 + 1002), two-photon photoionization,
the high intensity of the infrared laser, ~I,
= 1kW/ecm?, and the larger ionization rate associated
with the smaller excess energy (AE = 9.45meV) lead to
higher losses from the MOT. Figure 4 shows the mea-
sured two-color, two-photon cross section a5 as a func-
tion of detuning & from the 5Si5, F = 2 — 6Py, F’
= 3 transition. As for the one-color ionization, data
from several runs with different alignments of the MOT

6P,
. blue+IR

10-38

s el

o@ (cm* s)

T T T T
100 200 300 400

Detuning (MHz)

Fig. 4. Two-color, two-photon cross sections 55 for Rb 58 ion-
ization by 421 + 1002-nm lasers near resonance with the 6Py
intermediate state as a function of the blue laser detuning from
the 585, F = 2 — 6Pg3y, F' = 3 transition. Solid curve, re-
sults of a numerical simulation without free parameters with the
6p — continuum dipole moments described in the text.
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and lonization lasers are shown in the same figure. Also,
here the cross-section error bars and the scatter in the
data reflect mainly the uncertainty in the determination
of the geometrical factor 8. To derive the ionization
cross section from the analysis of the two-color data we in-
cluded the few-percent contribution to the ionization rate
by one-color, two-photon ionization at 421 nm. For the
intermediate laser at § = 33.6 MHz from 5S,,F = 2
— 6Py F' — 3, a maximum cross section of 4 X 10
cm?s was measured.

We simulated the ionization data by numerical integra-
tion of the equations that describe the interactions of the
lasers with the discrete and continuum atomic states.
Atomic states filled by cascade decay and optical pumping
were also included in the model. The calculation, with-
out free parameters, used estimates for the dipole matrix
elements to the continuum as input parameters. For
one-color, two-photon ionization, dipole moments of 2.7
atomic units for the 6p — es transition and of —5.9
atomic units for the 6p — ed transition were used,'4
whereas the 58Sy — 6P dipole moments were derived
from the 6P lifetimes.® The ionized fraction derived from
the numerical integration allowed us to derive a value for
the two-photon ionization cross section and its depen-
dence on detuning. The continuous curves in Figs. 8 and
4 show the results of the calculations, which are in good
agreement with the experimental data. The description
of ionization by a single two-photon cross section, in both
the experimental analysis and the model, automatically
takes into account the two-step and one-step processes
that contribute nonlinearly to ionization for near-
resonance excitation.!

5. CONCLUSIONS

In conclusion, we have used an original technique for the
absolute determination of the ionization cross sections
from ground state atoms confined in an ultrahigh-vacuum
magneto-optical trap. The method, an extension of trap-
loss measurements, requires only relative measurements
of time constants and does not require absolute calibra-
tion of the number of atoms. The high sensitivity
achieved by the alternate application of trapping and ion-
izing lasers within a high-vacuum MOT allowed us to
measure the ionization rate produced by weak cw lasers
on a cold atomic sample.

We investigated the alkali photoionization for near-
resonant excitation of the intermediate state, leading to
two-photon cross sections that were much larger than
those typically measured with pulsed lasers at larger de-
tunings. In those conditions with near-resonance compli-
cations, the simple I,;, dependence that we used to fit our
data may be questioned. In effect, the simultaneous ex-
citation of several intermediate states may produce shifts
and broadenings of the intermediate states, thereby modi-
fying the quadratic dependence.!® It should be noted
that our experimental investigation was performed with
laser intensities larger than those typically applied in la-
ser cooling experiments but still much weaker than those
applied in the pulsed regimes of most multiphoton ioniza-
tion experiments. Furthermore, our laser sources have a
narrow bandwidth, and therefore the simultaneous exci-
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tation of several intermediate states was negligible, as
demonstrated by the resolution of the hyperfine splitting
within the ionization spectra. In summary, the high
resolution achieved by cold atomic sources and narrow-
band lasers permitted the exploration of an ionization re-
gime in which the lowest-order multiphoton perturbation
theory is still valid.

The limitation of our present approach is connected to
the residual population in the 5P states after the MOT la-
sers are switched off. In the present investigation, with
an extinction ratio of 1 X 10 ® we were able to measure
large photoionization cross sections near resonance with
an intermediate state. To measure weak photoionization
cross sections, for instance in our case at detunings from
resonance larger than 300 MHz for which the cross sec-
tion is reduced by 2 order of magnitude, careful control of
the residual MOT light is required. In fact, Ref. 5 re-
ported that weaker photoionization cross sections from
the Rb ground state were measured in a Rb MOT by in-
sertion of a long delay time between switching the MOT
laser off and the photoionization laser on to reduce the re-
sidual MOT light. We could produce a strong additional
decrease of the atomic excitation owing to residual MOT
light by shifting the MOT laser frequency far from the
resonance line during the photoionization phase. With
this additional control the present technique may be used
for investigation of other regimes of ionization with nar-
rowband lasers, with highly accurate results.
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Abstract

By means of a simple theoretical model and experimental results, we analyse
the two-photon ionization of cold rubidium atoms. We consider a two-step
process in which ground state atoms are ionized by two blue (421 nm) photons,
chosen to be quasi-resonant with the 5S — 6P transition. We show that
for a good description of the process we have to take into account not only
the three states coupled by the laser radiation, but also all the atomic states
mvolved in the spontaneous emission cascade from the 6P to the 58S state, since
optical pumping from 5Si,» (F' = 2) to the 551, (F = 1) states modifies
the ionization efficiency when ionizing near resonance. The experimental
and theoretical determination of ionization cross sections for excitations near
resonance with the 6P; ;; and the 6P3/, intermediate levels is presented.

1. Introduction

The recent development of laser cooling and trapping techniques allowing the controlled
production of dense and cold clouds has opened the path to spectroscopic investigations not
easily accessible with conventional techniques. Cold atoms in magneto-optical traps (MOT)
have been used as excellent tools for the absolute measurements of ionization cross sections.
In laser cooled atomic samples, the investigation of the trap population dynamics represents a
sensitive monitor of the ionization processes, allowing the extraction of accurate values for the
cross sections and their wavelength dependences. In this paper, we discuss an investigation of
the ionization process through the losses from a cold cloud inside a MOT. This technique was
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imtroduced by Dinneen et a/ [ 1] for rubidium atoms, and later applied to other investigations in
rubidium [1-5] as well as in other alkali and alkaline-earth atoms. In [6] trap loss spectroscopy
was applied to ultracold Rb atoms, both thermal and condensed, confined within a magnetic
trap.

In a MOT the trapping lasers excite the atoms to the first excited state, occupied with
a fairly large probability. In order to measure the two-photon ionization cross section from
the ground state of ¥’ Rb atoms, eliminating the photoionization contribution from the excited
state, the trapping lasers that cool and spatially confine the atoms and the photoionizing lasers,
which produce the additional MOT loss, are applied alternatively [5, 7]. After switching
off the trapping lasers, the excited state atoms return quickly to the ground state, and the
photoionization laser may icnize the ground state atoms only. A small expansion of the
atomic cloud occurs while the trap is off. Moreover for a photoionization laser nearly resonant
with an atomic transition, a real excited state population may be produced that returns to the
ground state with the emission of spontaneous photons. That emission (from the 6P state in
our investigation) increases the atomic temperature and hence affects the atomic sample. For
balancing these processes the trapping lasers are turned back on within a few ps. The ionized
atoms unaftected by the MOT lasers lead to a trap loss. The non-ionized atoms, in contrast, are
recaptured and cooled by the trap lasers. This alternate operation of trap and loss phases allows
one to tune the trap loss in order to operate the trap loss spectroscopy in the highest accuracy
regime. Furthermore, by applying a very long sequence of alternate trap/photoionization
lasers and accumulating the photoionization MOT losses, we make maximum use of the long
lifetime associated with the confining high vacuum trap. Thus, a very high sensitivity in the
cross section determination is reached.

In the present experimental determination of two-photon ionization cross section of cooled
rubidium atoms in the 5S;,» ground state by trap loss spectroscopy, the 6P state at 2.94 ¢V
(421 nm wavelength excitation) above the 58/, ground state is used as the near resonant
intermediate state for two-photon absorption. The ionization is reached from the 6P state by
absorbing a 421 nm photon, leading to ionization with an excess energy of 1.70 eV.

The ionization data are analysed by numerical integration of the equations describing the
interactions of the lasers with the discrete and continuum atomic states. The ionized fraction
derived from the numerical integration allows us to derive an estimate for the two-photon
ionization cross section and the detuning dependence. Our analysis is based on estimates
of the bound—free dipole moment that represent an essential part of this work. As the
photoionization experiment is performed with a narrow band laser interacting with an excited
state for a time longer than the excited state lifetime, spontaneous decay into lower lying
states determines the photoionization process. Thus atomic states filled by the spontaneous
decay cascade are included in the model. One-photon ionization from all these states is also
considered. The spontaneous cascade transfers population into a dark hyperfine level of the 55
atomic ground state. As a consequence of this optical pumping (OP) phenomenon a fraction
of the atoms is lost to the photoionization. OP decreases the photoionization efficiency with
a larger reduction at longer times of interaction with the photoionization laser.

As pointed out by Lambropoulos [8], in a correct model of the photoionization process
the first and second steps of the ionization should be considered to be a single process, mainly
because of the nonlinear coupling between the one-step and the two-step channels. Therefore
we analyse the ionization data through the two-photon ionization cross section, even though
this coupling is less important for the present investigation based on low intensity lasers. The
theoretical description of the ionization process may be based on the Schrédinger equation, as
for instance applied to caesium atoms in [9], or instead through Bloch equations for the discrete
atomic states where the ionization process appears as a damping rate for the populations and
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coherences, as for instance in [10]. By following the second approach the coherent excitation
of the 5S—6P (ransition is described using the density matrix formalism, and instead of the 6P
ionization the interaction with the laser field is taken into account through an exira relaxation
rate term.

Section 2 recalls the model for photoionization-induced trap loss. Section 3 describes
the experiment. Section 4 discusses the theoretical determination of the ionization cross
sections from the excited states involved in the present investigation. Section 5 describes the
two-photon ionization model and discusses the OP process in the photoionization efficiency.
Section 6 concludes the present investigation.

2. Trap loss spectroscopy

The dynamics of the number N of trapped atoms in a MOT, with the trap loading shut off and
in the constant density regime [11], predicts an exponential decay, with a time constant 1/y,
determined by collisions with the background gas and infra-trap collisions. In the presence of
ionization by a continuous wave (cw) laser, additional losses, described by a photoionization
rate, shorten the lifetime of the trap. For a cold rubidium cloud composed of atoms in the
ground state, the two-photon ionization rate I‘_,EZS) produced by a single laser with frequency
vpon and intensity Iy, can be written as [6]

I 2
2 2) p(2) ph
I'sd =o5B [ —_— :| (1)
5S 5S hvph

with 05(? being the two-photon ionization cross section which may take into account both
coherent and incoherent ionization processes, with single-step and two-step contributions.
The geometrical correction coefficient 8 takes into account the spatial distribution of the
laser beam and the atomic sample. For typical ionization experiments with pulsed lasers,
equation (1) with a square dependence on the laser intensity /,y, is valid only when the shifts
and widths of the intermediate states near resonance for the two-photon process are not
important [8]. In the regime of weak laser intensities but long interaction times in which we
operate, the saturation of the optical transitions also modifies the ionization process. Therefore,
the proper use of the ionization cross section should be tested.
In the presence of an ionization process, the decay of the MOT number NV becomes [1]

— =—yN-TN. 2)
dt

If the photoionization laser is applied n a sequence of pulses at a repetition rate ryy, each of
them for a time 7y, at the time ¢ after ryn¢ pulses the number of atoms remaining in the trap is

N(t) = Noe 7' ¢ s it 3)

with N, being the initial value, On time scales much longer than r_!, the decrease in the atom

ph >
number is an exponential decay with rate y + F%)’eff, where the photoionization process is

described through the effective ionization decay rate
2),eff 2
I =i o @)

Lo . 2 . . 2),¢ff .
The ionization cross section o2 is derived from the measured Fés)’e making use of

58
equation (1).
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Figure 1. Timing diagram for the trapping lasers (trap) and the photoionizing laser. After switching
off the trapping lasers in a 0.5 us dark time the 5P excited state atoms return to the ground state.
Then a 2 us duration pulse of the 421 nm laser ionizes the atoms in the ground state. The trapping
lasers are turned back on for a 47 us period to cool down the non-ionized atoms, after which the
whole sequence is repeated.

3. Experiment

Photoionization investigations are performed in the high vacuum MOT optimized for collecting
Rb atoms. The MOT trap is filled with an atomic cloud less than 2 mm in diameter with 10?
atoms in the /' = 2 hyperfine state at about 100 ¢ K temperature [7, 12]. The 20 mW power
of the 421 nm photoionizing radiation, generated by frequency doubling a tapered amplifier,
is tuned continuously over both the 58,,, — 6P/, and 5S,,, — 6P;,, transitions. This
radiation is focused on a 30 x 90 gm? waist within the trap [7]. The ionizing laser is applied
as a 2 ps pulse with a Gaussian rise time 7, ~ 0.14 ps controlled by an acousto-optic
modulator. During the application of the 421 nm ionizing radiation the MOT loading process
is blocked (see figure 1). In order to compensate for any heating of the atomic cloud due to
the 6P spontaneous emission in the case where the photoionization laser is nearly resonant,
the trapping lasers are turned back on to cool down the non-ionized atoms for a 47 s period.

In the absence of the photoionization laser the atomic cloud inside the high vacuum MOT
decayed with a 1/y lifetime, owing to the collision with the background gas and MOT intra-
trap collisions. The fluorescence decay in the presence of photoionization was fitted by an

exponential decay with (y + Féi)’eff) ! lifetime. From the difference between the two decay

rates we derived Féi)’eﬂ and the two-photon cross section.

Initially we tested the validity of equation (1) stating that the photoionization rate F%)

is proportional to the square of the laser intensity Iy, at least for the blue laser detuned
out of resonance. Results are shown in figure 2 for different laser detunings & from the
5812, F = 2 — 6P3p, F' = 3 transition. The quadratic fit to the photoionization rate
confirmed the role of the one-colour two-photon ionization process. The change in quadratic
dependences varying the laser detuning agreed with the expected one. From the numerical
analysis reported in section 5 it results that the predicted quadratic dependence is not exactly
verified for very small laser detunings.

Figure 3 reports the measured two-photon photoionization rates Fg?, divided by the
geometric factor ,6(2), as a function of the laser detuning é for the 5812, F =2 — 6Py, I
transitions. The peaks in the spectrum of the ionization cross section correspond to resonances
with the hyperfine levels of the 6P, state. The two peaks at § = 0 and § = —265 MHz
correspond to the 58,5, F = 2 — 6P, F/ = 2 and 58,0, F = 2 — OPp, F' =1
transitions. Figure 4 reports the measured two-photon ionization rates as a function of
the laser detuning & for the 58, F = 2 — 6P3;, F’ transitions. The three peaks at
8 =0, = =87 and § = —138.5 MHz correspond to the transitions from the 5S,,, F = 2
to the F’ = 3,2, 1 hyperfine levels of the 6P3,, state. Making use of equation (1) for the

© 2014 Tous droits réservés. doc.univ-lille1.fr



© 2014 Tous droits réservés.

HDR de Emmanuel Courtade, Lille 1, 2013

Two-photon ionization of cold rubidium atoms with a near resonant intermediate state 971
3.5+
3.04
254
~ 20
@
% 154
s
1.0
05- B §=20MHz
O 6=35MHz
0.0 _Lr \ \ \ \ \ \
0 5 10 15 20 25 30
1, (Wiem?)

Figure 2. MOT photoionization rate Fé?, divided by the geometric factor X plotted versus
the photoionization intensity I, for different detunings from the intermediate 6P3,7 state: § =
20 MHz (squares) and § = 35 MHz (circles). Simulations for both detunings are reported including
the OP effect (solid lines). Note the discrepancy between the straight quadratic fits (dashed lines)
and the numerical simulations.

[ OP excluded
—— OP included

........ 5P excluded

T T T T T T
-300 200 -100 O 100 200
3 (MHz)

Figure 3. Comparison between measured and calculated (solid and dashed lines) two-photon
ionization rates Fg? /B varying the laser detuning & of the near resonant intermediate 6P /2 state.

The photoionization intensity I, is 47 W cm 2, The difference between solid (OP included) and
dashed (OP excluded) lines is due to the OP into the dark 55;/2, # = 1 state. The dotted line
(5P excluded) is the calculated two-photon ionization rate when ionization from the 5P state is not
allowed. The decay from the 6P state to 5P and the 5P ionization by the 421 nm laser gives rise to
a 25% contribution in the ionization process.

maximum value of the rate we derived a cross section of 2.0(4) x 107°* cm* s, with the

uncertainty mainly due to the determination of the 8 geometric factor, as discussed in
[7]. The values of the measured rates depend on several processes, such as the spontaneous
decay into lower lying states and the OP into the dark 5S,,,, F = 1 state. Because of
the occurrence of population saturation on the discrete transition at small detuning, the 05(?
cross sections have not been used to take into account the complex phenomena underlying
the photoionization dynamics. The lines in figures 3 and 4 are the numerical results of the

two-photon photoionization model described in the following section, with the contribution
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Figure 4. Comparison between measured and calculated (solid and dashed lines) two-photon
ionization rates varying the detuning of the near resonant 6P; > state. The intensity of the ionizing
laser was 24 W em 2. The three peaks at § = 0,8 = —87 and § = —138.5 MHz correspond
to transitions from the 55,5, £ = 2 to the ' " = 3,2, 1 hyperfine levels of the 6P3 /2 state. The
difference between solid (OP included) and dashed (OP excluded) lines is due to OP into the dark
5512, ' = 1 state. The contribution of the 5P state to the ionization process is also included.

of the OP into the 5S;/>, F = 1 included or excluded. Furthermore the contribution from
the photoicnization of the 5P intermediate state is also evident, the state producing a large
contribution owing to its occupation and its large one-photon photoionization cross section as
presented in section 4.

4. One-photon ionization rate

As stated in the introduction, the photoionization process from all the excited states will be
analysed through a phenomenological flux-dependent damping term inserted into the atomic
density matrix equations for the discrete atomic states. Following the Weisskopf—Wigner
approximation [13, 14] the one-photon photoionization rate of state j may be written as

I
rv— @ ph
j =9 % [hvph:| ©

where otV is the one-photon ionization cross section. For the one-photon ionization from a

bound state with effective quantum number n* and angular momentum number / to a state
in the continnum with angular momentum number [” and energy A E above the ionization
threshold, the cross section can be evaluated using the formula of [15]

draa?
o _ o

AE |2
=T R ©)

n*,1

(Ein + AE) ) Cy
r=i+1

with « being the fine-structure constant, ay the Bohr radius and Ej,, the threshold ionization

energy. The Cp are algebraic factors obtained from the integration over spin and angular

coordinates. The evaluation of the bound—free radial transition integral K ,ﬁkﬁ’l/ is very delicate
as it depends on the asymptotic parts of the wavefunction for both the bound and the continuum
states

(o)
RO = [ P (1)rG ap o (r) dr %)
0
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Figure 5. In (a) one-photon ionizing cross section 06(12/2

energies (in eV). Experimental values (closed squares) are from the previous investigation of
[18]. Some theoretical values (closed circles) are from previously published work [17], while

(in Mbarn) versus the AE excess

the solid line and the open symbols are from the present investigation. In (b) 0;1) for the
421 nm photoionization of the intermediate states involved in the rubidium ionizing process are
plotted versus the excess energy AE. The open circles indicate values derived from the central-

field model, while the closed triangles are those from the Coulomb approximation. The o values
between 0.2 and 1.27 eV excess energy correspond to 421 nm ionization from the 5Py 2, 5P37,
4D3/2, 6S 1/25 6P1/2, 6P3/2 states.

where P ;(r) and Gagp(r) are the radial wavefunctions of the bound and free states,
respectively. Based on the calculation of the oscillator strengths of non-hydrogenic atoms
within the Coulomb approximation and using the quantum defect method (QDM), the
approach of Dy and Regemorter [16] represents a simple semi-analytical method giving
reasonably accurate results for the bound—free radial transition integral. Values for 06&2/2
estimated within the Coulomb approximation for different excess energies AE are shown
in figure 5(a) as a solid line. Even if the determination of the radial transition integrals
within the Coulomb approximation is more accurate for transitions involving high quantum
numbers as Rydberg states, it provides rapid, but reasonably accurate, estimates for aj(l)
from the intermediate states involved in the ionization process. Figure 5(a) also shows more
sophisticated calculations based on a central-field potential in the framework of a single-
electron model. Some theoretical values were previously reported in [17] in order to interpret
the experimental results of the photoionization at 632.9 and 316.4 nm by Ambartzumian
et al [18]. New theoretical values from this approach are reported for the cross sections of
figure 5(a) at zero excess energy, corresponding to the ionization by a 1002 nm photon [7],
and at 1.70 eV excess energy corresponding to 421 nm ionization.

As explained in the previous work devoted to the central-field calculation of
photoionization cross sections in rubidium [17], calculations can be carried out using different
kinds of parametric potentials, In this work, we use the potential introduced by Klapisch
[19] with a simple analytical form depending on three parameters which are determined
by minimizing the root-mean-square deviations between experimental spin—orbit averaged
energies and those calculated at zero order of perturbation theory. Values of 25 energy levels
were reproduced with a rms deviation of 7.3 x 107> au. We checked that similar results are
obtained by adding an effective polarization potential or by using a more complicated potential
[20] depending on a four-parameter model describing the distribution of charges in the atomic
core shells, with parameters now being adjusted by comparing experimental energies to first-
order calculated ones. The photoionization cross sections of the 65, and, to a lesser extent of
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the 4D3 5 5/2, were found to be most sensitive to the model. The photoionization cross sections
of these levels presented marked non-hydrogenic character. Thus, it should be noted that the
central-field potential approach predicts a very deep Cooper minimum in the ionization cross
section starting from the 68> state, while this minimum is not predicted by the Coulomb—
QDM approach (see data in figure 5(b)). Within a different theoretical analysis, the radial part
Rﬁﬁ’ll was evaluated making use of the results of [15]. This approach was used to produce a
value for the cross section at zero excess energy.

An additional comparison between one-photon cross sections calculated in different
approaches is shown in figure 5(b), examining the ionization from different rubidium excited
states for a given 421 nm ionization photon (with an energy of 2.94 eV). New theoretical
results based on the central-field potential are plotted there. The Coulomb approximation
combined with QDM has also been used to derive estimates for the excited state photoionization
cross sections. The differences between both approaches visible in figure 5(b) for 65, /» and for
4Ds , states are due to the non-hydrogenic behaviour. The values predicted by the central-field
potential have been used in all the numerical simulations presented here for the photoionization
analysis.

5. Model and results

We investigated the two-photon ionization with the laser radiation close to resonance with an
excited state. The blue radiation is quasi-resonant with the 35S — 6P atomic transition. The
detuning ranges from a few to some hundreds of MHz, much smaller than all the fine and the
hyperfine structures of the 6P and the 58 states. To describe the photoionizing process, each of
the hyperfine states involved in the transition has to be considered separately. The blue laser
radiation is weak (on-resonance Rabi-frequency below 100 MHz) and out of resonance by
several GHz from all transitions involving the 58 ,,, I/ = 1 state, so that the coherent coupling
with the laser field involved only the 55/, /' = 2 — 6P, F’ transitions. The cases of
quasi-resonance with the 6Py, or with the 6P;3 > are also treated independently because of the
very large fine-structure splitting between the two excited states (2.32 THz).

As the 2 ps duration of the ionizing pulse is longer than the 6P3,, (0.112 ps) and 6P »
(0.125 pes) lifetimes [21, 22], the 6P population has a non-negligible probability of spontaneous
decay into lower lying states. Therefore, our model included the occupation of the 65, 4D,
5Pi/23,2 and 5812, F = 1 states involved in the spontaneous decays from the 6P states.
Moreover the atoms accumulated into the 55,5, F = 1 state are lost for the laser excitation,
hence OP into that level plays an important role on the ionization process. A schematic
diagram of the atomic levels included in the model for the case of quasi-resonance of the blue
laser with the 6P /, state is shown in figure 6. The one-photon ionization process from all the
intermediate states is also taken into account.

5.1. Coherent excitation

For the investigation of the population dynamics of the discrete states under the influence of
the ionizing laser, the density matrix formalism is used. The time evolution of the density
matrix p can be written as

.0 .
lhgl’: [Ho+V, p] —iklp ®)

where H, is the Hamiltonian of the unperturbed system, V the operator describing the
interaction with the eclectromagnetic field and 1" the operator describing the relaxation
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6P1/2

Figure 6. Schematic diagram of the atomic levels included in the model for the case of quasi-
resonance of the blue laser with the 6P, state. The solid arrow represents the excitation from the
5512, F = 2 to the 6Py, states and the dashed arrows the spontaneous emission from the excited
states.

processes. Within the dipole approximation the operator V defines the coupling between
the atomic dipole moment d and the electric field E given by
E@) = Ey e +c.c. ©

with Ey, o being, respectively, the amplitude and the frequency of the laser field. For instance,
in the case of blue radiation close to the 6P » and within the rotating wave approximation, V
has the following form:
0 Q1/2 $2,/2
V=h|Q/2 -6 0 (10)
2,/2 0 —82

where €2; is the Rabi frequency of the transition 5S,,, F = 2 — 0Py, F' = i, with
i = (1,2), ; being supposed real for simplicity, and &; is the corresponding detuning

Q; = —(O0P12, F' = i|d|5S1)2, F =2)Eo /h (1D
8 = w — (Eep;, — Ess)/h. (12)

The relaxation processes in the density matrix equations involve the spontaneous cascade
of population from the 6P back to the 5S through the intermediate states shown in figure 6.

5.2. Spontaneous decay and ionization efficiency

The spontaneous cascade from the 6P state back to the 58,,,, F = 1 and F = 2 modifies
the ionization rate owing to the occupation of several intermediate states through the cascade
decay shown in figure 6. The intermediate states contribute to the ionization process through
one-photon absorption processes. On the other hand, the ionization efficiency is reduced by
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Figure 7. Occupation of the 551,,, FF = 2 ground state (ground), of the intermediate 5P state
and of the 557, F = 1 state (OP) under excitation by resonant 421 laser light (§ = 0) for a
laser intensity Ipn = 47 W cm 2. The typical time sequence for blue excitation of the 6P; /2, state
represented by the thin line is simulated. The ionization probability is around 2 x 10 #. At the
end of the ionizing pulse, most of the atoms are pumped in the 5S 2, F' = 1 state.

OP into the 58/, I = 1 dark state because it hides population from the ionization process.
Because contributions to the cross section from the cascade occupied states increase or decrease
the measured ionization rate, a precise analysis of the different processes is required.

For an examination of the coniribution from the intermediate states, the temporal
dependence of the atomic occupations is plotted in figure 7 for a typical ionizing pulse at
resonance (6 = 0) using the 6P, intermediate state. The ground state population oscillates
at the Rabi frequency €2 = 27 x 23 MHz. During the pulse time the 5P state is filled up to 6%
by the intermediate states in the spontaneous cascade. From figure 5(b) 05(1? ~ 3 x 06%), the
atoms in the 5P state are ionized very efficiently and the SP occupation contributes largely to
the 421 nm ionization process. This additional ionization channel contributes with an increase
up to 25% for the ionization rates shown in figure 3.

Including OP into the model decreases the photoionization efficiency at longer interaction
times because of the atomic loss in the lower hyperfine ground state. The role of the
5812, I' = 1 0P on the ionization efficiency is clearly shown in the dependence of the effective

05(? cross section on the pulse duration of the ionization laser at different intensities of the

photoionization laser. Figure 8 reports the calculated cross sections 05(? versus the duration
of an ionizing pulse resonant with the 552, F' = 2 — 0P3,, I’ = 3 transition. At Im =
50 W cm™2 for a pulse duration shorter than the 0.112 us 6P;,» state spontaneous lifetime,
OP is negligible (see figure 8(b)). For longer ionizing pulses where OP becomes important,
the ionizing efficiency decreases. OP reduces by a factor 3 the two-photon photoionization
rate in our typical ionization conditions (see figure 4). Note that because in the experiment
the Gaussian rise time of the ionizing pulse is longer than the 6P spontaneous lifetime, OP
is important also within the rising time. The small decrease in the calculated two-photon
photoionization rates at the peak of the resonant values (see figures 3 and 4) is also due to
OP into the 5812, F = 1 state.

At very large values of the photoionization intensity I, the simultancous presence of
saturation on the 55,5, I/ = 2 — 0P34, I’ = 3 transition and OP greatly modifies the 05%)

cross section. In figure 8 effective 05(? values from the numerical simulation are plotted versus
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Figure 8. Numerical simulation results for the two-photon cross sections varying the photoionizing
pulse duration for § = 0, i.e. at resonance with the 5812, FF =2 — 6P32, F " = 3 intermediate

state. In (a) 05(?

OP contribution (dotted line). In (b) zoom of the curve at /i, = 50 W cm 2 for pulse durations
around the 6P3/2 0.112 us spontaneous lifetime where OP becomes non-negligible.

calculated for different laser intensities including (solid line) or not including the

the duration ,;, of the photoionizing pulse for different laser intensities. It is obvious that
by increasing the photoionization intensity, a saturation of the population in the intermediate
OP state is reached. Saturation in the intermediate state takes place mainly because the 6P
photoionization rate is not large enough to avoid a bottleneck in that level. In figure 8, above
the saturation value I ~ 10 mW cm 2% a linear decrease of 05(? is observed for increasing
ionizing intensities.

The presence of saturation and optical pumping also modifies the dependence of the
two-photon ionization rate on the laser detuning. For the measured MOT losses varying
the ionizing intensity reported in figure 2 for two different laser detunings, it appears that a
straight quadratic fit of the measured values (dashed line) reproduces the measured intensity
dependence. Instead the photoionization model predicts an intensity dependence quadratic
only for very low laser intensities and with saturated losses at larger intensities. Moreover for
low laser intensities the curvature of the quadratic behaviour predicted by the simulation is
not proportional to the inverse of the squared laser detuning. This difference is due to the
presence of the optical pumping with a different dependence on the laser detuning as shown in
figure 4. However, owing to the limited number of data points we cannot exclude the presence
of additional damping of the atomic coherences caused by the finite bandwidth of the blue
laser radiation, or other features of the atomic response not included in our model.

6. Conclusion

Trap loss spectroscopy in a MOT is a very sensitive tool for ionization studies and in particular
for absolute cross section measurements. This technique requires only relative measurements
of time constants and avoids a delicate absolute calibration of the atom number. The alternate
application of the trapping and photoionizing lasers, in order to compensate for the expansion
and heating of the cold atomic cloud in the absence of the MOT lasers, allowed us to measure

5 Note that 58 2. F =2 = 6Pz, F / transitions are open. The saturation intensity may be defined applying
the analysis reported in [23] and taking into account that the excited state population decays back to the ground state
through a cascade process. The saturation intensity is also modified by the population and coherence damping rates
induced by the ionization process.
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the two-photon ionization cross sections from the ground state of ®’Rb atoms for conditions
of near resonance with the intermediate OP states. However, for near resonant conditions and
long ionization times, the spontaneous emission decay to other atomic states, and also to a
dark ground state, greatly modifies the ionization efficiency. In order to extract a precise value
of the ionization cross sections the population dynamics under the influence of the ionizing
laser was simulated by a numerical integration of the equations describing the interaction with
the ionizing laser including both discrete and continuum atomic states. Atomic intermediate
states filled by cascade decay and OP are included in our model, and their ionization rates
have been taken into account through additional decay rates. When ionizing near resonance,
the competition between the OP through cascade decay and the ionization into the continuum
becomes important in the ionization process efficiency. The contribution of the OP effect
may amount to a factor 3 in the cross sections near resonance and cannot be neglected in
the analysis of the ionization process. Furthermore for laser excitation in resonance with the
discrete atomic (ransition, the saturation of the intermediate atomic states greatly modifies
the ionization efficiency. For that regime the two-photon cross section shows a strong
dependence on the laser intensity. Therefore the data analysis has been based on the
photoionization rate. Even if our model reprocduces most of the observed phenomena, an
additional refinement is the inclusion of the optical pumping among the different Zeeman
sublevels.

The ionization cross sections from rubidium excited states have been also derived from a
theoretical description based on a central-field potential approach. Moreover, good qualitative
agreement is found between a Coulomb approximation and a more sophisticated calculation
based on a cenfral-field potential in the evaluation of the 0;1) bound—free radial transition
integral. However, some discrepancies between the results of both approaches occur for
levels characterized by non-hydrogenic behaviour of their photoionization cross sections.
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Sympathetic cooling and collisional properties of a Rb-Cs mixture
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We report on measurements of the collisional properties of a mixture of 1335 and 87Rb atoms in a magnetic
trap at uK temperatures. By selectively evaporating the Rb atoms using a radio-frequency field, we achieved
sympathetic cooling of Cs down to a few uK. The interspecies collisional cross section was determined
through rethermalization measurements, leading to good agreement with a theoretical prediction of 5954, for
the triplet s-wave scattering length for Rb in the |F=2,mp=2) and Cs in the |F=4,mp=4) magnetic states. We
briefly speculate on the prospects for reaching the Bose-Einstein condensation of Cs inside a magnetic trap

through sympathetic cooling.

DOI: 10.1103/PhysRevA.71.061401

Laser cooling of neutral atoms, combined with evapora-
tive cooling in conservative (magnetic and optical) traps, has
led to a number of important breakthroughs in atomic phys-
ics, most notably the observation of Bose-Einstein conden-
sation (BEC) in a dilute gas of alkali-metal atoms in 1995
[1]. In recent years, research on ultracold atoms has ex-
panded into the realms of atomic mixtures. Adding a second
atomic species has, among other things, opened up the pos-
sibility to sympathetically cool one atomic species through
collisional energy exchange with the other species [2]. On
the one hand, this has proved an invaluable tool for reaching
the quantum degeneracy regime with fermionic atoms for
which Pauli blocking reduces the evaporative cooling effi-
ciency at low temperatures. On the other hand, ultracold
atomic mixtures are also interesting in their own right. In
particular, the possibility of creating cold heteronuclear mol-
ecules could be an important ingredient in neutral atom
quantum computing due to the expected large permanent di-
pole moment of such molecules. Furthermore, ultracold mix-
tures can lead to interesting quantum phases when loaded
into an optical lattice [3]. A number of mixtures has been
studied in magneto-optical traps (MOTs) [4,5], and recent
experiments by Kerman ef al. [6] have yielded information
about the rovibrational structure of the ®Rb'33Cs molecule.
Furthermore, a few combinations of ultracold atoms have
also been experimentally investigated in conservative traps,
among them Li-Cs [7], K-Rb [8,9], and Na-I.i [10].

In this paper we study the collisional properties of a mix-
ture of ultracold ¥’Rb and '3Cs atoms in a magnetic trap.
Both Rb and Cs have been used in laser cooling of atoms for
more than 15 years now and are important as time and fre-
quency standards. However, not much is known about their
interatomic potentials and collisional properties. While for
the lighter alkali metals the interatomic potentials can be
calculated relatively easily, it has been difficult to do the
same for the Rb-Cs potential. Jamieson et al. [11] calculated
the collisional parameters using several similar-looking
choices for the interatomic potentials, and found that even
for small changes in the potential the s-wave scattering
length varies by up to two orders of magnitude. Furthermore,
the adverse collisional properties (large inelastic cross sec-
tions) of Cs in the magnetically trappable states make experi-
mental studies of Rb-Cs mixtures challenging.
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The experimental apparatus used for this work is similar
to our Rb-BEC setup described in detail elsewhere [12]. We
use a double-chamber vacuum system with a two-
dimensional (2D) collection MOT in the upper chamber and
a six-beam MOT in the lower chamber. In order to trap and
cool both Rb and Cs atoms, the trapping and repumping light
for the two species is superimposed and the same optics
(mirrors, lenses, and wave plates) is used to create the beams
for both MOTs. Once the atoms have been transferred into
the lower MOT, after a brief compressed MOT and molasses
phase, the trapping beams are switched off and the atoms are
optically pumped into the |[F=2,mp=2) and |F=4,mp=4)
magnetically trappable states of Rb and Cs, respectively. Im-
mediately after that, the time-averaged orbiting potential
(TOP) magnetic trap is switched on. Since the two atomic
species have different equilibrium positions in the magnetic
trap (due to gravitational sag), the positions of the MOTs
have to be adjusted accordingly in order to avoid subsequent
oscillations in the TOP trap. This is achieved by tuning the
radiation pressure in the MOT wusing the (wavelength-
selective) quarter-wave plates inserted into the optical path
of the trapping beams.

In order to demonstrate sympathetic cooling, after loading
the atoms into the magnetic trap, we first performed circle-
of-death evaporative cooling (which exploits the rotating
zero-of-field locus on which spin-flips can occur) by continu-
ously reducing the strength of the rotating bias field [13].
Because this cooling technique is not species selective, cool-
ing one or the other species separately (i.e., loading only that
species into the MOT) made little difference.

We then proceeded to apply a radio-frequency field reso-
nant with a Am,=+1 Zeeman transition in the Rb atoms. By
ramping down the frequency of the RF field, forced evapo-
rative cooling is induced as the radius of the surface on
which atoms are transferred into untrapped states shrinks.
Radio-frequency evaporation is species selective as it de-
pends on the Zeeman sublevel spacing. Therefore, only the
Rb atoms were evaporatively cooled in this way. Neverthe-
less, the measured temperature of the Cs atoms exactly fol-
lowed the Rb temperature down to a few uK, clearly indi-
cating that sympathetic cooling was taking place [see Fig.
1(a)]. In fact, repeating the experiment with Cs atoms only, a
much smaller cooling rate, consistent with residual circle-of-
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FIG. 1. (a) Sympathetic cooling of Cs atoms (filled circles)
through RF evaporation of Rb (open circles). Removing the Rb
atoms before the RF sweep, Cs atoms are only cooled slightly by
residual circle-of-death evaporation at a fixed bias field (triangles).
(b) A comparison of experiment and Monte Carlo simulations re-
sults for Cs: no interspecies collisions (dotted line), data set C
(dash-dotted line), data set A (solid line), data set B (dashed line).
Rb temperatures were only slightly sensitive of the cross section.

death evaporation, was observed. Initially, the atom numbers
in the trap were Ngy=~2X10° and N~ 10°. Towards the
end of the ramp, the number of Rb atoms had dropped by a
factor of 10. As expected, sympathetic cooling was efficient
as long as the number of Rb atoms was larger than the num-
ber of Cs atoms; once there were fewer Rb than Cs atoms,
sympathetic cooling stopped.

In order to understand the dynamics of sympathetic cool-
ing and to extract information on the interspecies scattering
properties, we solved the kinetic equations for the atomic
dynamics inside the magnetic trap in the presence of inter-
atomic collisions, treating the collisions through a Monte
Carlo approach [14] (in the following to be called “Monte
Carlo simulations”). Those simulations were extended to
samples of two species with different masses, atom numbers,
and trap frequencies. Since the known values of the Cy co-
efficient for the Rb-Cs molecular potential [15] give a
threshold energy for p-wave scattering of about 50 uK [16],
we took into account both the s-wave and the the p-wave
contributions to the interspecies elastic cross section. Using
the effective range approximation [17,18], the s-wave term
was written in terms of a scattering length a and an effective
range r,, while the p-wave term was expressed in terms of a
p-wave volume A; [19]
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FIG. 2. Rethermalization in a Rb-Cs mixture. The initial differ-
ence between the Rb temperature (open circles) and the Cs tempera-
ture (filled circles) was created by a fast RF evaporation of the Rb
atoms. The solid lines are best fits obtained by a numerical integra-
tion of the differential equations describing the rethermalization
process (see text).
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where k is the modulus of the wave vector of the relative
atomic motion. The angular dependence of the /=1 partial
wave does not affect the efficiency of the p-wave contribu-
tion in the interspecies thermalization process (in contrast to
single-species cross-dimensional relaxation, where it reduces
the p-wave contribution by a factor 3/5 [20]). In order to
analyze the experimental results, we considered the theoret-
ical sets of scattering parameters {a,r,,A} for the triplet
interaction reported in [11], corresponding to data set
A=1{5952a,,190.2a,,-168.5X 10* a}}, data set B
={177.2a,,126.4a,,-4681 X 10* @3},  data  set C
={-317.6a,,424.2a,,-112.3X 10* a2}, and data set D
={-45.37a,,3075a,,-84.22 X 10* a2} (where a, is the Bohr
radius). Numerical simulations using those parameters
showed that only the two sets A and B were consistent with
the observed efficiency of the sympathetic cooling [Fig.
1(b)]. However, systematic effects mainly related to the un-
certainties in the efficiency of the evaporation processes pre-
vented an accurate extraction of the scattering parameters
from this data.

In order to obtain a more accurate measurement of the
scattering cross section, we performed rethermalization mea-
surements. First, Rb and Cs were cooled down to tempera-
tures between 5 and 60 uK by circle-of-death evaporative
cooling. Thereafter, a radio-frequency ramp was applied in
such a way that the Rb atoms were cooled, but with a fast
enough sweep so that there was no energy exchange between
Cs and Rb during the evaporation time. At the end of the RF
ramp there was thus a temperature difference between the Rb
and Cs atoms [21]. The mixture was then held in the mag-
netic trap for up to 20 s and the temperatures of both species
were measured as a function of time. These measurements
were repeated for various mean temperatures of the mixture.

Figure 2 shows the result of such a rethermalization mea-

(1)
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surement. In order to suppress systematic effects as much as
possible, for each experimental run we measured both the Rb
and Cs temperatures without the other species by eliminating
one or the other through a resonant flash before the rether-
malization process started. Typically, we observed single-
species heating rates of up to 350 nK s/,

Rethermalization techniques have been extensively used
to measure collisional scattering lengths and p-wave cross
sections [8,18,22-25]. For mixtures of two clouds prepared
at different temperatures, the relaxation of the temperatures
due to elastic collisions with a certain constant cross section
proceeds exponentially with a rate that can be calculated ana-
lytically through the model of [7]. From the rates obtained by
exponential fits of observed thermalizations one can gener-
ally extract the value of the cross section. We extended that
model to cross sections that explicitly depend on the energy
of the colliding particles [as in Eq. (1)]. In this case the
relaxation rate of the temperatures in the mixture depends
linearly on the effective cross section o, [18,26,27], which,
in the case of Eq. (1), is

f T2 127C*ALx*
g, = dxx’e
0

+
1+ CA%®

4aa®

1 2
(1 - ECarex2> +Ca’x?

@)

where C=2pkg(m T,+m,T,)/(h*M), p is the reduced mass,
and M=m+m,.

We checked that exponential fits to this model and to
Monte Carlo simulations gave the same thermalization rates
to within a few percent [28]. However, due to the decay of
the number of atoms during the thermalization and to the
observed intrinsic heating independent of the interspecies in-
teractions, we could not determine the effective cross section
through a simple exponential fit to the data. Those cross
sections were determined by running a numerical simulation
using the model discussed above for different o, and initial
temperatures of the two species, taking into account the ex-
perimental single-species heating rates and atom number de-
cay. We then compared the results of these simulations with
the experimental data, and from the combination of param-
eters giving the least x> we finally determined o,. The results
of this analysis are plotted in Fig. 3 as a function of the
initial weighted average temperature of the mixed sample.

Having measured the effective scattering cross sections,
we calculated the effective cross sections corresponding to
the scattering parameters predicted by Jamieson ef al. [11]
for the temperature range relevant to our experiment. The
agreement with our data is best for the scattering parameters
of data set A (see Fig. 3).

We note here that due to imperfect optical pumping (and,
possibly, other depolarizing processes during the evaporation
cycle), both the Rb and Cs clouds had admixtures of atoms
in other Zeeman sublevels. In the case of Rb, around 90% of
the atoms were in the desired state |F =2,mp=2), with
around 10% in the |F=2,mp=1) sublevel, while for Cs we
measured (by performing a Stern-Gerlach-type experiment to
separate the Zeeman levels in time of flight) relative popula-
tions of 70-80 % in the |F'=4,my=4) sublevel and 20-30 %
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FIG. 3. Effective elastic scattering cross sections for Rb-Cs col-
lisions as a function of temperature. The theoretical predictions by
Jamieson er al. [11] plotted in this graph are: data set B (dotted
line), data set A (solid line), data set C (dashed line), and data set D
(dash-dotted line). The error bars on the experimental points are
derived from the y” fit (see text).

in |F=4,mp=3). This posed two problems in interpreting our
data. Firstly, the scattering cross sections for atoms in the
various Zeeman sublevels are not necessarily the same. Since
we could not eliminate the populations in the other sublevels,
we can only quote them here to indicate the possible error
involved in our determination of the Rb|F=2,mp=2)
—Cs\b’=4,mp~=4) cross section. Secondly, the presence of
other Zeeman sublevels distorted the density profiles from
which we calculated the Rb and Cs temperatures. This prob-
lem was solved by fitting a double-Gaussian curve with a
fixed separation and extracting the temperature from the
widths of these two Gaussians.

Concerning the inelastic collisional properties of the
Rb-Cs mixture, we found that in the temperature range
5-40 uK and for typical densities of (0.5-2) X% 10'" cm™,
no additional losses in either Rb or Cs in the presence of the
other species occurred. We can, therefore, put the upper limit
of ~107!2 cm? s~! on the inelastic coefficient for Rb-Cs col-
lisions in magnetic fields in the range 4—40 G. In the same
range we also performed a slow sweep of the bias field, but
observed no pronounced losses. This rules out the possibility
of broad interspecies Feshbach resonances (as observed re-
cently for a Na-Li mixture [10]).

Finally, the fact that Cs can be sympathetically cooled by
Rb and that the scattering length for interspecies collisions is
large leads us to speculate whether it might be possible to
reach Bose-Finstein condensation of Cs inside a magnetic
trap using a sympathetic cooling approach. Although Cs was
recently condensed inside an optical trap [29], it would still
be interesting to achieve condensation in a magnetic trap,
thus avoiding the complicated setup of [29]. Since in our
current experiment the number of Rb atoms we could ini-
tially trap was too small to extend the sympathetic cooling
below a few uK, we conducted Monte Carlo simulations
with larger numbers of atoms. Our simulations took into ac-
count the inelastic losses especially of Cs, which in the |F
=4,mp=4) Zeeman sublevel has a zero-energy resonance
[30] associated with a large inelastic collision rate respon-
sible for the failure of all attempts so far to reach Bose-
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Einstein condensation in a magnetic trap. Running simula-
tions with up to 2X 107 Rb atoms in the |[F=2,mp=2)
sublevel, 10° Cs atoms in |F =4,mp=4) and an initial tem-
perature of 10 uK for both species clearly showed that even
with a large (but still realistic) number of Rb atoms and very
low final trap frequencies (chosen so as to reduce the Cs
density and hence inelastic losses), it is not possible to reach
quantum degeneracy in such a scheme. However, using the
|F=1,m=—-1) and |F=3,m;=-3) sublevels for Rb and Cs,
respectively, we found that with the same numbers of atoms
as in the first simulation, the same initial temperature and
similarly large scattering lengths (i.e., >300q,), the thresh-
old for condensation of Cs was reached with roughly 5
% 10* Cs atoms left in the mixture. While we have no precise
knowledge of the scattering length involved in the collisions
between atoms in those sublevels it still seems likely that the
effective scattering length will be sufficiently large to make
the condensation of Cs possible. Nevertheless, further work
needs to be done to experimentally verify the scattering
properties of those sublevels.
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In conclusion, we have demonstrated sympathetic cooling
of Cs atoms down to very low temperatures in a Rb-Cs
mixture, even in the presence of large inelastic losses in Cs.
We have characterized the ultracold collisions between the
two species by measuring rethermalization rates. Monte
Carlo simulations yielded a precise reproduction of the over-
all collision processes. Our results are consistent with a large
interspecies triplet s-wave scattering length. If the scattering
length between atoms in the |1,—1) state of Rb and |3,-3)
state of Cs is similarly large, it appears feasible to reach
Bose-Einstein condensation of Cs in a magnetic trap through
sympathetic cooling with Rb.
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Model for collisions in ultracold-atom mixtures
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(Received 10 May 2005; published 14 September 2005)

We present a model for the collisional properties of a mixture of **Cs and ¥Rb atoms in a magnetic trap at
uK temperatures. The experimental sequence we model corresponds to a selective evaporation of the Rb atoms
using a radio-frequency field, leading to sympathetic cooling of the Cs atoms or, if selective evaporation is
carried out fast, to a difference in temperature between the two atomic species. In the latter case, the two
atomic clouds reached an equilibrium temperature starting from an Rb temperature lower than that of Cs. By
supposing that each atomic cloud was in thermal equilibrium we modeled this rethermalization process through
differential equations for the two atomic temperatures. An alternative approach was based on the Monte Carlo
simulations of the individual collisional processes. The sympathetic cooling and the rethermalization were
analyzed in terms of the inter-species collisional cross-section.

DOI: 10.1103/PhysRevA.72.033408

I. INTRODUCTION

Laser cooling of neutral atoms, combined with evapora-
tive cooling in conservative traps, has led to the production
of ultracold atoms, culminating in the realization of Bose-
Einstein condensates and degenerate Fermi gases. The colli-
sional properties at ultralow temperatures have opened new
research areas of physics and chemistry (see Refs. [1,2]). In
recent years, research on ultracold atoms has expanded into
the realm of atomic mixtures. Adding a second atomic spe-
cies has opened up the possibility to sympathetically cool
one atomic species through collisional energy exchange with
the other species. Moreover the simultaneous trapping of two
different atomic species in a conservative trap allows the
study of several phenomena not observed in single-species
samples. Since the different components can have largely
different intrinsic properties, such as different masses, spins,
elastic, and inelastic scattering properties and quantum sta-
tistics, the collisional and thermodynamical properties of the
mixture may be completely different from those of the indi-
vidual components. Thus new phenomena can be studied,
such as mixing and de-mixing phenomena in Bose-Finstein
condensates [3,4], superfluid dynamics in Bose-Einstein con-
densates [5] or the production of ultracold heteronuclear
molecules [6-8], as well as the realization of new quantum
phases when loaded into an optical lattice [9]. Recent experi-
ments by Kerman e al. [7] have yielded information about
the rovibrational structure of the ®*Rb'*Cs molecule, and
photoassociation to the ground vibronic state of that mol-
ecule was achieved in Ref. [8]. Furthermore, a few combina-
tions of ultracold atoms have also been experimentally inves-
tigated in conservative traps, among them Rb in two different
internal states [10], Li-Cs [11], K-Rb [12-14], and Na-Li
[15,16].

In a recent experimental study [17], we looked at the col-
lisional properties of a mixture of ultracold *’Rb and '*3Cs
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Present address: Université de Lille 1, Villeneuve d’Ascq, France.

1050-2947/2005/72(3)/033408(9)/$23.00

© 2014 Tous droits réservés.

033408-1

PACS number(s): 32.80.Pj, 34.20.Cf

atoms in a magnetic trap. We investigated the sympathetic
cooling of Cs by collisions with Rb and the rethermalization
of the atomic mixture following the creation of a temperature
difference between Rb and Cs. Even if both atoms have been
used in laser cooling for many years, very little is known
about their interatomic potentials and collisional properties.
We have compared the results of our HRb-Cs collisional in-
vestigations to the s-wave scattering length estimated by
Jamieson ef al. [18]. Sympathetic cooling and rethermaliza-
tion techniques have been used previously to measure colli-
sional scattering lengths and p-wave cross sections, for in-
stance in Refs. [12,19].

In order to use and control the interspecies interactions
the proper tools for modeling the collisional processes occur-
ring in an ultracold mixture are required. The present work
describes the theoretical tools we developed in order to ana-
lyze Rb-Cs collisions. We consider the properties of an ul-
tracold mixture mainly from a thermodynamic point of view.
The processes of sympathetic cooling and rethermalization
of samples initially prepared out of thermal equilibrium are
investigated. We examine how these processes depend on the
interactions between the two species and, as a consequence,
how it is possible to study the atomic properties by perform-
ing sympathetic cooling and rethermalization experiments.
The Rb-Cs collisional data are analyzed by making use of
the effective cross section, an average of the cross section
over the kinetic energies of the colliding partners [19-21].
We have interpreted the time evolution of the temperature of
the atomic mixture through an analytical model based on the
approach developed by Mosk ef al. [11]. The original contri-
bution of the present work is the derivation of an analytical
model describing the relaxation processes of the Rb-Cs
atomic mixture, including the complex dependence of the
interspecies elastic cross section on the energy of the collid-
ing particles. Such an analytical model allowed a simple
analysis of the experimental data for the temperature relax-
ation of the two species, without relying on heavy numerical
simulations for each experimental run. That target was
reached by including the effective collisional cross section
into equations for the evolution of the atomic temperatures in
the rethermalization process. We also noticed that experi-
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mental complexities such as the different equilibrium posi-
tions of the two atomic clouds and the inelastic losses of
each species could be easily incorporated into the tempera-
ture equations. In order to test the validity of our analytical
approach we have also compared, for a few cases, the ana-
lytical model to the results of Monte Carlo simulations based
on the extension of previous analyses applied to describe the
collisional properties of a single species [22,23] to the case
of a mixture.

The theoretical analysis of the present work was applied
to analyze the experimental results described in Ref. [17].
The experimental results reported here belong to the large set
of data collected during that investigation and not completely
reported within that work.

This paper is organized as follows: After briefly remind-
ing the reader of the basic notions involved in (single-
species) atomic collisions, in Sec. Il we present a model for
the temporal evolution of an atomic mixture. Thereafter, we
introduce into that model the corrections associated with the
gravitational sag and for the lifetimes of the atomic clouds in
the magnetic trap. Section V presents the results of our
Monte Carlo simulations for the collisional evolution of the
atomic mixture, and then compares that simulation to the
temperature model of the preceding sections. Finally, in Sec.
VI we compare the results of our models and simulations
with experimental data for ultracold Rb-Cs collisions.

II. ATOMS IN HARMONIC POTENTIALS
A. Collision rate

Before studying the atomic mixture, it is useful to recall
the collisional properties of a single-species cloud at tem-
perature 7' confined by a harmonic potential, as in standard
textbooks [24,25]. The spatial and the velocity variables fol-
low a Gaussian phase-space distribution f(r,v) given by

mam

27TkBT

3
) H e—(m(.)]?r]?/ZkBT)—(mujz./szT)7 (1)

J=X:98

f(l‘,V)=N(

where N is the total number of atoms, m is their mass, and @
is the geometric average of the harmonic potential frequen-
cies given by E)=\3/mxmymz. If the atoms have a velocity-
dependent collisional cross-section o(v,,v,), the average
collision rate vy, is given by the collision cross section aver-
aged over the distribution (1)

f BrdPv dPvyo(vy,vy) vy = Volf(r, v f(r,v,)
Ye= - @)
jd3rd3v (r,vy)

The inverse of the collision rate y, determines the time scale
on which the atomic cloud relaxes to the form of Eq. (1)
when brought out of equilibrium by processes such as evapo-
rative cooling. If we suppose the cross section o to depend
only on the modulus of the relative velocity vg=v;—Vv, be-
tween the colliding particles and use the phase-space distri-
bution function f(r,v) given by Eq. (1), the collision rate
becomes
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-N mo zjwd 3_y2< 4kBT) 3)
Y=k ©), DTN T

Then, following Refs. [19-21], we introduce an effective
collisional cross section o, .¢ defined by

” [4kgT
O—C,Eff = 2f dy y3€—yzo.< £ )’> > (4)
0 m

which represents the energy-dependent cross section
weighted by the product of the relative interparticle veloci-
ties and the Boltzmann distribution of the thermal sample.
Then we express Eq. (3) in the following form:

ma’

Ye= NG 5 —Ocr- (5)
B

While in general the integral appearing in Eq. (4) must be
evaluated numerically, there are cases in which one can cal-
culate the collision rate analytically. For an energy-
independent cross section of the form

o=8ma’=o,, (6)

where a is the scattering length, the collision rate becomes
ma’

274y ™

Ye=N

For a cross section of the form

8ma’ oy

(8)

olvg) = = :
N Koy, 1+kd®
1+ 7 Vrd

where ky is the modulus of the wave vector ky=uvg/h of
the interparticle relative momentum and g=m/2 the reduced
mass, the collision rate becomes

—3
¥e= Ny 00l = T (0.0), ©)
B

with {=#?(mkgTa®)™", and

T'(a,x) =f y*ledy. (10)

In Ref. [17], Rb-Cs ultracold collisions were analyzed using
a combination of s-wave and p-wave terms. There, the
s-wave term was written (within the effective range approxi-
mation [19,26]) in terms of a scattering length and an effec-
tive range r,, while the p-wave term was expressed in terms
of a p-wave volume A; [27]. For a single species the cross
section becomes

ko) (1+e)dma®
olkg) = +
8 (1 - %kﬁare)z +lna?

where e¢=1 for bosons and e=-1 for fermions [28]. The
effective cross section is then

(1-e)12aATky
1+ A%

., (1D
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ijd 3 _X2< (1 + &)4md®
O, off = xx'e
ot 0 (1 - %rerz)z +a*Cx?
(1-e)127C?A%*
1+ CARS )’

(12)
where C=ukgT/h>.

B. Atomic mixtures

When two atomic species are simultaneously confined,
the average interspecies collision rate can be calculated
starting from the total interspecies collision rate I'j5, €x-
pressing the total number of collisions between atoms of
different species per unit of time. Indicating with
{N;,m; {w;), T;, fi(r,v)} (i={1,2}) the total number of par-
ticles, the mass, the average trap frequency, the temperature,
and the phase-space density distribution of species i, and
indicating with o7, the interspecies elastic cross section,
I'y5 0t is defined by

F12,10t= f d3”d301d3020'12(V1,V2)|V1— Vz[f1(l’,V1)f2(l‘,Vz)-

(13)

By substituting Eq. (1) into Eq. (13) and by assuming that
the frequencies of the harmonic potentials confining the two
species are related by mzw%)j=ﬁ2m1wij (j={x,y,z}), one

finds
NN e T T
r =\ — +— . 14
12,tot 7TZkB(T1 +ﬁ2T2)3/2 m, m, T12 eff ( )

The quantity o7, ¢ appearing in Eq. (14) represents the ef-
fective interspecies cross section, analogous to the effective
intraspecies cross section defined by Eq. (4),

. —? 2kg(m Ty + myT)
0-12,eff=zf dyy'e™ 0-12< \/Ey)
0 myniy

(15)

The collision rate I';,;, can be expressed in terms of the
two-species average density 1,

N,Nom;"*@&;
[(27kg)(T, + ﬁsz)]m

M= f d3rn1(r)n2(r) = (16)

and of the average relative interspecies velocity U 15, given
by

j d3U1d3vzf1(0,V1)f2(0»V2) |V1 - V2|

URr12=

fd301d30J1(0,V1)f2(0,V2)

T
- \/—B(i+ﬁ>. (17)
T \m; m,

The interspecies collision rate then assumes the compact
form
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L1040t = M120R 120712 eft- (18)

The average collision rate v, ;, experienced by each atom of
species 1 with atoms of species 2 is given by the total colli-
sion rate I'j5 i, divided by the number of particles of species
1

>

32 =3
¥, 1p= I ot _ Nymy™ oy [T, + Err
o2 N, wkp(Ty + 1) Nmy — m, et

(19)

Let us now consider the case in which the difference between
the two temperatures 7'} and 7, is small compared to the
thermodynamic average temperature 7' of the mixture,
N{Ty + N,T:
Tp= A Tl Ll (20)
N+ N,

Then, the quantities defined above can be approximated by
the simplified expressions,

® 2k, Ty
&12,cff=2f dyy%'yza(\/ Z’y>, (1)
0

_3_3
~ Nlszlsz“Zwlw2

12,tot = — —
o 772(’”1“’% + mzw%)kaTF

5—1 2,eff> (22)

mlszUZE)?(T)%

Yea2=N. O 12,eff> 23
Ve, 12 2772( 012 eff (23)

my @} + my@3)* kg
where the total mass M=m +m, and the reduced mass u
=mm,/ M have been used.

III. THERMALIZATION OF ATOMIC MIXTURES

The experimental determination of the collision rate in a
mixture allows us to determine the effective elastic cross
section between the two species. If an atomic mixture is
driven out of thermodynamic equilibrium, for instance by
creating a difference between the temperatures of the two
species, the mixture relaxes towards the equilibrium condi-
tion as a consequence of the interspecies collisions. From the
observation of the time evolution of the two temperatures we
may extract the value of the elastic cross section [12,19]. The
simplest model of the thermalization process ([10,11]) as-
sumes that the two clouds are described by phase-space dis-
tribution functions of the form of Eq. (1) at temperatures T}
and 7.

For atoms confined in a harmonic potential the tempera-
ture is related to the average energy through

(E;) =3kgT,. (24)

In order to calculate the rate at which the two tempera-
tures approach their final common value 7, we determine
the rate at which energy is exchanged between the two spe-
cies due to elastic collisions. The rate of change of the tem-
perature is then derived by using Eq. (24). This procedure is
correct for the collisionless regime, defined by the condition
that the collision rate is smaller than the frequency of the
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confining potential. Estimating the collision rate for a Rb-Cs
mixture under typical experimental conditions [17], even for
the largest value of the elastic cross section allowed by the
unitary limit we find that our mixtures are always in the
collisionless regime, so that the study of thermalization by
means of Eq. (24) is correct.

The total energy exchanged between the two samples per
unit time is obtained by summing, for each pair of colliding
particles in the mixture, the kinetic energy AE’; transferred
by a particle of species i to a particle of the other species
weighted by the rate at which each pair of particles collides.
The time derivative of the total energy of species i is then
given by

dEy;
dttOt!l =—fd3rd3vld31)2f1(l',Vl)fz(l',Vz)

X 015(V1,V2)[ vy = V2|AEI;- (25)
For each species, the use of Eq. (24) leads to

dr; 1 dEp 1 dEy;
dt ~ 3kg di  3kgN; dt

(26)

Performing the integration over the spatial and velocity vari-
ables according to Eq. (25), and using Eq. (26) one finds

dr; o T, T
_l=§ J o wlo-;h 312 _1+_2(Tj_Ti)'

dt 3 Wsz(Tl + B_ T2) my my

27)
Here & defined as
4 p

=— 28
§=7/ (28)

takes into account the fact that the energy exchanged through
elastic collisions between particles with different masses is
smaller than the energy exchanged between particles with the
same mass. The effective cross section oy, for the thermali-
zation process is given by

” 2k T T
Oy = j dy y5ey20-12< A /My> . (29)
My

0

The conservation of energy in the total system, expressed
by the relation N,T;+N,T>=E,/3kz=(N,+N,)T together
with Eq. (27) allows us to write the equations describing the
evolution of the two temperatures in the following form:

AT~ T5) 1
i mmorm T

d(T,(t) - Tg) __
dt Tw(11(2),T5(1)

(I, -Tp)  (30)

with
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gnBloa N +Ny) [T, T, >‘1

T.,T,)= - - —
Tth(l 2) <3772kB(T1+,8'2T2)3/2 m, m,

1Y)

The time evolution of the two temperatures is similar to an
exponential relaxation towards the stationary value 77, but
with a time-varying time constant given by 7y,.

For small deviations of the initial temperatures from the
final temperature T, i.e., for (T}—TF)=(T,~Tr) < Ty, the
variation of the time constant during the thermalization can
be neglected and the evolution of the temperatures follows
an exponential law with a fixed time constant

(32)

= = <§ mlszUz(B?a)i&th >_l
th = — —
3 whg(m &) + myws)*Ty)

where &y, is given by Eq. (29) with T;=T,=T. By compar-
ing Eqgs. (19) and (31) one sees that the collision rate 7y, ,
and the thermalization rate are related by

0o |
Ye12= Skl (33)

For a binary mixture with equal numbers of atoms having
the same mass, and for temperatures low enough that the
elastic cross section can be considered constant, the thermal-
ization rate is 2/3 of the interspecies collision rate, so that on
average each atom experiences 1.5 interspecies collisions
within a time 7y, as first determined by Monroe er al. by
means of Monte Carlo simulations [29]. For binary mixtures
with different numbers of atoms, on the other hand, the ratio
between the collision rate and the thermalization rate de-
pends on the composition of the mixture.

IV. RETHERMALIZATION IN EXPERIMENTS

The above model for the temperature relaxation of an
atomic mixture allows the extraction of the value of the elas-
tic cross section or, more precisely, the value of the effective
cross section, from the observed evolution of the tempera-
tures of the two atomic species. The model, however, does
not take into account two main characteristics of real
samples confined in magnetic traps. The first one concerns
the spatial displacement of one cloud with respect to the
other due to the gravitational sag.

The balance between the magnetic potential and gravity g
displaces the center of the density distribution of species i
from the magnetic trap center by the gravitational sag z, ;=
—g/wii, where w,; is the magnetic trap frequency along the
vertical axis [35]. For a mixture of atoms of different species,
or even for atoms of the same species but in states with
different magnetic moments, the spatial displacement of the
density distributions modifies the overlap of the two spatial
densities and also the total collision and thermalization rates.
By considering the collisions between two clouds distributed
around different centers separated by a differential sag Az,
=2y~ 2o one finds a correction factor F(Az,) to be in-
cluded into all the collisional rates that depends on the over-
lap of the two atomic distributions and is given by
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F(Azp) =™ 1,1 820) 2T+ 7T (34)

A relative displacement of the two clouds that is larger than
the sum of the their spatial widths leads to a significant de-
crease of the density overlap, and thus of the collision and
thermalization rates.

The second complication to be taken into account is the
fact that in real-life experiments the atoms inside the mag-
netic trap have a finite lifetime due to collisions with the
background gas and also due to inelastic collisions between
ultracold atoms. If the lifetime of the atomic sample is com-
parable to the thermalization time, then Egs. (30) should be
modified to include a decay in the atomic number of species
i in the trap with lifetime 7;. For the case of small tempera-
ture changes, T, (t)— Ty, T(t) - Tp<TF, i.e., close to the equi-
librium value, the analytical solution for the time dependence
of the atomic temperature difference AT(7)=T,(¢)-T,(¢) be-
comes

AT(r) = AT(0)e™ T, (35)
where the renormalized time ¢, is given by

N (0)(1 = )+ mNA(0)(1 = e)
= N,(0) +N(0) . (6)

and Ty is given by Eq. (32) evaluated for the initial atomic
number of the two species. Therefore, in units of renormal-
ized time the difference of the two temperatures is still de-
scribed by an exponential decay.

V. SIMULATIONS
A. Monte Carlo approach

The above thermalization model is based on the funda-
mental assumption that each cloud is described by a distri-
bution with a well-defined value of the temperature. In many
cases this assumption cannot be taken for granted. For in-
stance, during evaporative cooling the distribution of the
sample cannot be described by a thermal distribution, as ana-
lyzed in Refs. [30-32]. A more flexible approach without
preliminary assumptions as to the phase-space distribution is
provided by the numerical Monte Carlo (MC) technique, de-
veloped by Bird for molecular gas dynamics [33], which
allows us to study rethermalization, evaporation and sympa-
thetic cooling of one or more species [22,23].

In the case of a single species, the atomic sample is de-
scribed in terms of macroatoms, i.e., the numerical simula-
tion takes into account a number of simulated macroatoms
N, such that N=fN, where N is the total number of atoms
and f is chosen to be an integer power of 2. If the number of
atoms of the sample decreases during the simulated process
as a consequence of the finite lifetime of the sample or of the
removal of atoms due to evaporation, as soon as the number
of macroatoms N; becomes smaller than one-half of the ini-
tial number its value is doubled through a duplication tech-
nique [22].

The atoms are treated as classical particles with positions
and velocities evolving in time under the influence of the
confining potential and of elastic collisions. The flow of time
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is discretized, and at each time step df the dynamical vari-
ables evolve according to the deterministic evolution in the
harmonic potential, which is exactly integrable, and to colli-
sions, which are included as stochastic instantaneous binary
processes. The effect of the collisions is taken into account as
an instantaneous change in the velocities of the two particles
in which the total energy and the total momentum of the pair
are conserved. In order to respect the locality of the colli-
sions, the spatial volume occupied by the sample is divided
into a large number of cells whose linear dimensions are
much smaller than both the length scale over which the gas
density changes significantly and the collisional mean free
path, and collisions are considered only between particles
occupying the same spatial cell.

In this work, we have extended the method just described
to the case of a binary mixture. The simulation scheme was
essentially analogous to the single-species case. For each
species a sample of macroatoms was distributed over the
spatial cells according to the Boltzmann distribution corre-
sponding to the temperature of the sample. The spatial region
of the simulation was chosen according to the size of the
largest atomic cloud. The time step df was chosen on the
basis of the smallest of the collision times for intraspecies
and interspecies collisions. The requirement to take into ac-
count independently the collisions between particles of the
same species and those between particles of different species
was the only feature to be handled with care. In particular,
when the number of atoms of one species was significantly
larger than that of the other species, largely different repre-
sentative factors f; and f, had to be used in order to simulate
a comparable number of macroatoms, thus avoiding both
large statistical fluctuations and the requirement of excessive
memory capacity or computation times.

B. Simulation results

In order to check the validity of the analytical model dis-
cussed in the preceding section we have performed a numeri-
cal simulation of the thermalization process using the Monte
Carlo technique. The MC simulation and the numerical inte-
gration of Egs. (30) for AT were in good agreement. Figure 1
shows the evolution of the temperatures AT of a mixture
composed of 4 X 10* Rb atoms and 3.5 X 10° Cs atoms. Fig-
ure 1(a) refers to an isotropic, energy independent cross sec-
tion given by Eg. (6) with a relative scattering length a
=500a,. In this case the Rb-Cs clouds reach the equilibrium
temperature in a few seconds. Figure 1(b) refers to an energy
dependent cross section given by Eq. (8) with the same scat-
tering length a. The energy dependence significantly reduces
the effective cross section with respect to the zero-energy
limit, and the rethermalization is significantly slower than in
the preceding case. The MC simulation included the pres-
ence of inelastic losses, corresponding to lifetimes of 50 and
17 s for Rb and Cs, respectively. In Fig. 2(a) the temperature
difference AT of case (a) is plotted versus the renormalized
time defined by Eq. (36). In Fig. 2(b), by contrast, the dif-
ference AT of case (c) is plotted versus real time. For the first
case an exponential fit to the temperature curve is in good
agreement with the results of the simulation. On the other
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FIG. 1. (Color online) Thermal relaxation in a Rb-Cs mixture,
for an elastic cross section with relative scattering length a
=500 ag, in (a) without and in (b) with energy dependence. The
symbols are the results of MC simulations, whereas the lines are the
results of the numerical integration of Egs. (30).

hand, in the second case the exponential decay does not re-
produce the slowing down of the relaxation.

‘We have also simulated the rethermalization for an atomic
mixture in which initially one of the two atomic species was
not in thermal equilibrium. This situation arises naturally in
our experiments in which we prepared the two clouds at
different temperatures by performing a fast rf sweep on the
Rb atoms and is due to the fact that rf evaporation is not truly
three dimensional [30,32]. In fact, if the rf cut is swept down
on a time scale that is short compared to the atomic collision
time, the cloud can end up with different thermal distribu-
tions described by three different temperatures 7,7, T ;.
In our experiment on Rb-Cs mixtures, the rf cut on Rb acted
mainly in the horizontal (x,y) plane and led to different tem-
peratures in the horizontal and vertical directions. Figure 3
shows the time dependence of the temperatures for the two
atomic clouds of the mixture, supposing different initial tem-
peratures, T, =T, ,=4.2 pK, T, ;=9.6 uK for the Rb atoms.
The MC simulation confirmed that a thermal equilibrium
along the different axes was reached and that the Rb-Cs re-
thermalization time with an anisotropic Rb temperature was
essentially the same as in the isotropic case. This implies that
using the average temperature of the species with an aniso-
tropic thermal distribution does not alter the outcome of a
rethermalization measurement (at least not for the small
anisotropies present in our experiments).

VI. COMPARISON WITH EXPERIMENT
A. Experimental configuration and protocol

In order to demonstrate the validity of our theoretical ap-
proach, we compare the results of our model calculations
with the experimental data obtained in a Rb-Cs mixture. The
experimental setup and protocol is reported in detail in our
previous work [17,35], and here we limit ourselves to de-
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FIG. 2. In (a) and (b) the symbols show the evolution of AT
corresponding to the data of Fig. 1(b), and the lines are exponential
fits to the simulated data. In (a) AT is displayed versus the renor-
malized time 7, defined in Eq. (36), whereas in (b) it is displayed
versus real time.

scribing briefly their essential features. We started with a
sample of ultracold atoms in a time-averaged orbiting poten-
tial (TOP) magnetic trap, with Rb and Cs in the magnetically
trapped stretched states, |[F=2,m;=2) and |[F=4,m=4), re-
spectively. By means of a fast initial stage of circle-of-death
evaporation, we produced samples of about 2.5 X 10° Rb at-
oms and 5X10° Cs atoms, at temperatures around 25 u.
After circle-of-death evaporation, further cooling was ef-
fected by applying a radio-frequency field resonant with a
Amp==+1 Zeeman transition, whose frequency was slowly
swept. Because rf evaporation depends on the Zeeman-
sublevel spacing and is species selective, only Rb atoms
were evaporatively cooled. Nevertheless, owing to sympa-
thetic cooling the Cs temperature followed the Rb tempera-
ture decrease. The properties of the two atomic clouds at
variable times during the evaporation were measured.

In a different approach after circle-of-death evaporative
cooling, rf evaporative cooling was applied to Rb, with a
frequency sweep that was fast enough so that no energy ex-
change between Cs and Rb took place, and hence at the end
of the rf ramp a temperature difference between the Rb and
Cs atoms remained. Immediately afterwards, the temperature
of both species was measured as a function of time. These
rethermalization measurements were performed at various
temperatures of the mixture. Before rethermalization, the
atom numbers in the trap were Ny, ~2 X 106 and N~ 10°,
with Rb temperatures in the 5-10 uK range and Cs tempera-
tures in the 10-30 pK range.

B. Experimental data

Figure 4 shows experimental and theoretical results for
the Rb-Cs mixture for the case of rf evaporation of Rb and
sympathetic cooling of Cs. The Cs temperature closely fol-
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FIG. 3. (Color online) Evolution of the temperatures in a Rb-Cs
atomic mixture with a temperature anisotropy in one species. The
Rb atoms had different initial temperatures for the x,y directions
(dotted line) and for the z direction (dashed line). The solid line for

the colder species is the average temperature 7= (27, + T)/3.

lowed the Rb temperature during the evaporation, from the
initial value of 27 uK to about 7 K. In the absence of Rb,
the Cs atoms were only very slightly cooled due to residual
circle-of-death evaporation. In order to extract from these
measurements the magnitude of the interspecies elastic cross
section we performed numerical MC simulations of the
evaporation and sympathetic cooling process. Simulations
neglecting the interspecies collisions reproduced the
observed behavior of a single species, and also the Cs
circle-of-death cooling. For the Rb-Cs interspecies elastic
scattering parameters, we relied on the theoretical predictions
by Jamieson er al. [18], and for the effective cross section
of the Rb-Cs collisions we used Eq. (12). In particular
we considered the theoretical sets of scattering parameters
(ag,7r,,A;) for the triplet interaction indicated in
the following: data set A={595.2a,,190.2a,,-168.5
X 10%3}, data set B={177.2a,,126.4a,,-4681 X 10*a}},
data set C={-317.6a,,424.2a,-112.3 X 104a8}, and data set
D={-45.37a,,3075a,,-84.22 X 10*a}}. Figure 4(a) shows
that only the two sets A and B, corresponding to a large
elastic cross section, are consistent with our measurements,
while the data set C corresponding to a smaller cross section
leads to the simulated temperature of Cs being larger than the
experimental value. Figure 4(b) shows the Rb temperatures
for the x and z directions. The temperatures T, and T, were
different at the beginning of the evaporation stage since the
previous circle-of-death evaporation was fast compared to
the atomic thermalization rate. The MC simulation repro-
duced the differential cooling of Rb in the horizontal and
vertical directions. We noticed that the elastic collisions with
Cs atoms increased the thermalization rate, and 7, ap-
proached T, more quickly. For the scattering parameters of
data set B, this effect is slightly more pronounced, since the
effective elastic cross section given by Eq. (12) was larger
than in the case of data set A. Therefore the average tempera-
ture of the rubidium sample was lower in the mixture than in
the single-species system. The simulation also reproduced
the measured decrease in the Rb atomic number during the
sympathetic cooling process.

Figure 5 shows the results of rethermalization measure-
ments. After the fast rf-evaporation phase of Rb, the tem-
peratures were T;(r=0)=25 pK and T,(#=0)=46 uK for Rb
and Cs, respectively. At later times the temperatures of the
two clouds approached one another and eventually became
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Time (s)

FIG. 4. (Color online) Sympathetic cooling of Cs atoms through
1f evaporation of Rb atoms. In (a) data for Rb (open squares) and
for Cs (filled circles) and results of Monte Carlo simulations for Cs,
no interspecies collisions (dotted line), data set C (dashed-dotted
line), data set A (solid line), data set B (dashed line). Rb error bars
are similar to those for Cs. In (b) data and simulations for 7} and 7},
of the Rb atoms. The solid and dashed lines are the results of the
numerical simulations for the temperatures 7, and 7, respectively.
The thick lines correspond to data set A, the thin lines to data set B.

equal within times on the order of 10 seconds. The measure-
ments performed with a single species showed that both
atomic clouds were affected by a temperature increase, with
intrinsic heating rates between 100 nKs™ and 350 nKs™
presumably due to technical noise in the magnetic field
sources. For the thermalization data of Fig. 5, the Rb tem-
perature shows a significant increase. The Cs temperature, on
the other hand, showed only a small decrease because of the
inelastic collisions in the central region of the cloud [34], and
also because the Cs number was about 4 times larger than the
number of Rb atoms. The analysis of the rethermalization
measurements was based on the integration of Egs. (30) for
several values of the effective scattering cross section. The
overlap of the density distribution of the two species was

T(UK)

0 2 4 6 8 10 12 14 16
Time (s)

FIG. 5. (Color online) Rethermalization in a Rb-Cs mixture,
after the creation of an initial temperature difference between Rb
(squares) and Cs (circles) by a fast rf evaporation of the Rb atoms.
Each point is the average of four independent measurements, and
the error bar is their standard deviation. The solid lines are best fits
obtained by a numerical integration of the equations describing the
rethermalization process.
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calculated according to Eq. (34). The analysis included the
intrinsic heating and the presence of Rb and Cs atoms in
other Zeeman sublevels due to imperfect optical pumping
(10 percent for Rb and 20-30 percent in Cs) and depolariz-
ing processes occurring during the evaporation cycle [36].
We calculated the y? between the simulation results and the
experimental data. For each thermalization measurement we
extracted the value of the effective cross section by consid-
ering the range of cross sections minimizing the value of the
X°- For the case of Fig. 5, for instance, we obtained a cross
section corresponding to an effective scattering length a g
=18Of§8a0. From an analysis of the rethermalization mea-
surements for different temperatures of the atomic mixture
we concluded that the data set A provided the best fit of the
Rb-Cs collisional data [17].

VIL. CONCLUSIONS

The integration of Egs. (30) reproduced the evolution for
the temperatures of the two species within the atomic mix-
ture. Our method constitutes a very efficient way to analyze
the experimental data with the inclusion of all the atomic
processes actually observed in the experiments. The substan-
tial decay of the number of atoms during the thermalization
process, the presence of a significant intrinsic heating, the
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relative displacement of the samples due to gravity and the
correction to the overlap of the density distributions of the
two species were included into our model. Neither the two
atomic temperatures nor their difference followed a relax-
ation which could be modeled in a simple way, and a
straightforward exponential fit to the relaxation of those
quantities cannot be used to extract the correct value of the
elastic cross section. The minimization of the difference be-
tween the numerical simulation and the experimental data
was, therefore, our procedure of choice to determine the ac-
tual value of the effective interspecies cross section. Sympa-
thetic cooling and rethermalization of the atomic mixture,
combined with our theoretical model, may be applied to ex-
plore Rb-Cs ultracold collisions in the lower hyperfine states,
too.
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Abstract

We used microwave radiation to evaporatively cool a mixture of of '**Cs and *’Rb atoms in a magnetic trap. A mix-
ture composed of an equal number (around 10*) of Rb and Cs atoms in their doubly polarized states at ultracold tem-
peratures was prepared. We also used microwaves to selectively evaporate atoms in different Zeeman states.

© 2005 Elsevier B.V. All rights reserved.

PACS: 32.80.Pj; 32.10.Fn; 84.40.Ba

Keywords: Alkali mixture; Microwave evaporation; Microwave selection

1. Introduction

Laser cooling techniques, combined with evap-
orative cooling in magnetic traps, allow the Bose-
Einstein condensation (BEC) of a dilute atomic
gas [1]. Typically, the atoms are trapped in con-
servative magnetic potentials and ultracold tem-
peratures are reached through evaporative
cooling using, for instance, radiofrequency (rf),
microwave (mw) or circle-of-death techniques.

* Corresponding author. Tel.: +39 050 2214292; fax: +39 050
2214333,
E-mail address: ciampini@df.unipi.it (D. Ciampini).

The evaporation methods have different applica-
bility and efficiency, which is more evident when
dealing with combinations of ultra-cold atoms.
A few combinations of ultra-cold atoms have
been studied in conservative traps, among them
Li-Cs [2], K-Rb [3-5], and Na-Li [6,7].

In experiments on ultracold atoms and atomic
mixtures the use of mw radiation in evaporative
cooling has been explored by a number of groups
and has become a commonly used technique in the
field. For example, controlled state selective evap-
oration of a single species was applied in [8]. Selec-
tive evaporative cooling of a single species in a
two-species magnetic trap was used in [4,9,10],

0030-4018/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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for the sympathetic cooling of °Li by "Li in [11]
and for the sympathetic cooling of °Li by **Na
in [6]. We have applied mw evaporation to a mix-
ture of ultra-cold *'Rb and **Cs atoms in a mag-
netic trap in order to explore sympathetic cooling
and the collisional rethermalization between the
two species, as reported in [12]. With the aim of
producing a very cold Cs sample, we explored
the temperature limits associated with circle-of-
death, rf and mw evaporation. This detailed explo-
ration is the topic of the present work.

Our best approach for evaporating the Rb—Cs
mixture was the sequential application of different
evaporative cooling processes: an initial stage of
circle-of-death evaporation active on both species,
followed by direct mw evaporative cooling of Cs,
and finally rf cooling of Rb that led to sympathetic
cooling of Cs through collisional energy exchange
with Rb atoms. Applying the usual sequence of
circle-of-death followed by radio-frequency evapo-
ration for achieving BEC in a TOP trap, we
verified that, to a good approximation, circle-
of-death evaporation is equally efficient on Cs
and Rb atoms. We discovered that owing to
the large Cs—Rb interspecies scattering length
arp_cs = 590ay [12] sympathetic cooling of Cs
atoms by collisions with Rb is a very effective pro-
cess. However, the Rb atom population is substan-
tially depleted before very low Cs temperatures are
achieved. Therefore, in order to reach very low Cs
temperatures, we introduced an intermediate stage
of mw evaporation. This sequence of different
evaporation techniques was optimised in order to
allow us to measure the Cs—Rb relative scattering
length at a temperature of 6 pK, as we reported
in [12]. In the case where rf evaporation of Rb
was applied without the intermediate step of
microwave evaporation, the lowest temperature
achieved for performing the scattering length mea-
surement was at least two times larger.

While characterizing the Rb—Cs ultracold mix-
ture we faced the presence of ultracold atoms in
Zeeman sublevels different from the desired doubly
polarized state. For several degenerate gas investi-
gations, an incomplete atomic magnetization rep-
resents a great difficulty. Therefore, we employed
a mw irradiation technique to selectively evaporate
Rb or Cs atoms in specific Zeeman sublevels [13].

© 2014 Tous droits réservés.

While rf evaporation drives transitions between
all the Zeeman sublevels of a hyperfine state, the
applied mw evaporation acts only on a given Zee-
man sublevel. We report magnetization measure-
ments for the Rb and Cs atoms before and after
selective mw evaporation. This magnetization
purification process could be useful for exploring
the dependence of the scattering length on the Zee-
man state.

This manuscript is organized as follows: Section
2 describes the experimental setup used for the
preparation of the cold Rb-Cs mixture, the gener-
ation of mw radiation and its delivery to the atomic
sample and mw spectroscopy within the magnetic
trap. The evaporative cooling of the atomic mix-
ture by mw radiation is described in Section 3,
while the state-selective removal of atoms is in Sec-
tion 4. Section 5 presents some conclusions.

2. Experimental setup and techniques
2.1. Optical components

We used a double-chamber vacuum system with
a 2D collection MOT and a six-beam MOT
[15,12]. Once the two species MOT was filled, after
brief compressed MOT and molasses phases the
trapping beams were switched off and the atoms
were optically pumped into the |[F=2, mg=2)
and [F=4, mp=4) doubly polarized states of
Rb and Cs, respectively. Immediately after that,
the TOP magnetic trap was switched on. The bias
field By of the TOP rotating at 10 kHz in the hor-
izontal plane was created by two pairs of coils, fed
by a common function generator through a 90°
phase shifter. A schematic of the coils for the
TOP trap is presented in Fig. 1.

The temperature of the atomic mixture was
then lowered first by circle-of-death evaporation
and afterwards by radiative evaporation (rf and/
or mw radiation). The atom number and tempera-
ture were measured by flashing on a beam reso-
nant with one of the atomic species and
recording the resulting shadow cast on a CCD
camera by the atom cloud. For a given atom, dif-
ferent Zeeman sublevels can be magnetically
trapped and, after switching off the magnetic trap,
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Rf colls

Quadrupole

coils \

microwave
antenna

TOP coils

Fig. 1. Schematic of the coils for the magnetic trap. The
quadrupole axis is along the horizontal direction while the bias
field, produced by the TOP coils, rotates in the horizontal
plane. The rf coils and the mw antenna are visible.

all of them were imaged by the same resonant laser
flash. In order to observe their relative populations
for Rb, we used a very shallow magnetic potential
in order to maximize the spatial separation along
the vertical direction between the equilibrium posi-
tions of the sublevels [15], the so-called gravity sag.
For Cs atoms, it was not possible to spatially dis-
tinguish the atoms in the |F =4, mg = 4) Zeeman
sublevel from those in the |F=4, my=23) state
using the differential gravity sag, the ratio of the
magnetic moments of the two trapped states being
only %, compared to the value of 2 for Rb. Thus in
order to monitor the Cs atoms in different suble-
vels as separate clouds, we performed a Stern—
Gerlach type experiment (3 ms in which the atoms
are in the quadrupole field only) separating the
Zeeman levels in time-of-flight.

2.2, Microwave source

The mw radiation was produced by a frequency
locked oscillator system composed of a Sweep
Oscillator (HP 8350B), a Frequency Counter {HP
5343A) and a Source Synchronizer (HP 5344A).
The frequency sweep and the mw switch were com-
puter-controlled and synchronized to the experi-
mental cycle. The mw radiation was amplified up
to 5 W by a second power amplifier (Kuhne, model
KU702 for the C-band, 4-8 GHz, and model
KU922 for the X-band, 8-12 GHz). The mw radi-
ation was delivered to the atoms by a dielectric rod

© 2014 Tous droits réservés.

antenna. In our experiment we used two different
antennas, one made of teflon, optimized to deliver
radiation at 9.2 GHz and one made of plexiglass,
used in the region around 6.8 GHz. The antennas
consist of a circular-section dielectric rod directly
inserted into the circular end of a metal waveguide
for the X (Cs) and C (Rb) bands. The rod is con-
ically shaped at both ends, with the cone lengths
equal to 6 and 8 cm for the Cs and Rb antennas,
respectively. Such linearly tapered-rod antennas
have been extensively studied, and the presence
of a dielectric close to the conductor structure pro-
foundly modifies the performance of the antenna
[16].

In a preliminary experiment, we verified the
behavior of the mw antennas by monitoring the
reflection coefficient with a network analyzer over
a band of frequencies around the desired fre-
quency. For both antennas, the reflected power
fraction never exceeded —10 dB, with a modula-
tion structure related to the presence of objects
adjacent to the antenna. The effect of the dielec-
tric rod is to concentrate the mw field in a lobe
in the direction of the cone termination [17], and
the directivity gain is determined primarily by the
antenna length. We experimentally found that
for the same on-axis distance from the conductor
waveguide, the field intensity was amplified by a
factor 2.4 when the dielectric rod was inserted
(see Fig. 2). We also noticed a large reflection of
the mw radiation due to metallic objects located
in front of the antenna.
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Fig. 2. Relative intensity of the e.m. field measured at various
distances from the end of the X-band metal waveguide, in the
presence (solid squares) and in the absence (open squares) of
the dielectric rod extension. The dashed line marks the distance
where the cold atoms are located during the experiment.
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2.3. Microwave spectroscopy
- 3.5
We performed mw precision spectroscopy of - 3.0
the trapped Rb and Cs atoms by inducing transi- = o5 Z
tions between their hyperfine levels |[F=1+1/2, ; =
mp=1+1/2yand |[F=1—1/2, mg=1—1/2). As -20
pointed out previously [18-20], for a cloud of mag- - 1.5
netically trapped atoms the inhomogeneity due to A o
I T [ [ I I

the energy level shifts broadens the transition fre-
quency and limits the attainable precision. Fur-
thermore, in a TOP trap the presence of the
time-varying field of the trap introduces a time-
varying detuning that greatly complicates the
interaction between trapped atoms and mw radia-
tion [21]. Our mw spectroscopical investigation
within the TOP trap for an interaction time long
compared to the rotating field period demon-
strated a strong dependence of the mw transition
linewidth on the temporal variation of the modu-
lus of the rotating bias field. The analysis of the
condensate micromotion in the TOP [22] shows
that the atoms follow an orbit corresponding to
a constant total modulus of the magnetic field if
the amplitude By of the bias field is constant dur-
ing the horizontal rotation. On the other hand,
the total magnetic field experienced by the atoms
during their motion contains components varying
at the rotating field and its harmonics in the
presence of an elliptical rotating bias field. Such
an elliptical bias field appears, for instance, if the
two linearly oscillating magnetic fields whose
superposition produces the rotating bias field are
not very precisely matched in amplitude and
phase. This behavior is confirmed by the data of
Fig. 3 for the number of Rb atoms remaining in
the magnetic trap after 10 s application of 5W
mw radiation whose frequency was scanned over
the resonant value. For a 30% ellipticity of the bias
field we observed a well-defined double peak struc-
ture for the mw transition (open squares). When
the ellipticity of the bias field was compensated
by adjusting the relative value of the magnetic field
amplitudes in the two pairs of TOP coils and the
phase, the two peaks coincided (solid circles). This
method is very sensitive: operating at our maxi-
mum amplitude of the bias field, a phase mismatch
of 5° between the two oscillating fields and an
ellipticity of 10% broadens the mw transition by

© 2014 Tous droits réservés.
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mw

Fig. 3. Number of Rb atoms after application of mw radiation
for 10 s in the TOP trap as a function of the mw frequency for
two different choices of the relative amplitude of the oscillating
fields of the TOP trap, leading to a 30% ellipticity (open squares,
left axis) and to a circular rotating bias ficld, compensated in
ellipticity and phase as described in the text (full circles, right
axis). The full lines are double Gaussian and Lorentzian fits,
respectively, to the data sets.

~4 MHz. We found this fine adjustment procedure
of the bias field based on the linewidth of the mw
transition to be more sensitive than the procedure
based on the optimization of the circle-of-death
evaporation efficiency. Morecover, we performed
mw spectroscopy within the TOP trap for an inter-
action time short compared to the period of rota-
tion of the TOP field, and finally performing
spectroscopy in time of flight in the presence of a
rotating bias field or a weak homogeneous
magnetic field. In this sequence of experiments
we eliminated the residual inhomoegenous broad-
ening and measured a decreasing linewidth. The fi-
nal imiting linewidth at full mw power, 5 W (the
power injected into the waveguide), was around
100 kHz, in good agreement with the theoretical
value obtained by estimating the amplitude of
the mw magnetic field (~70 mQG) at the position
of the atoms from the power inserted into the
waveguide and the enhancement factor due to
the teflon cone (as seen in Fig. 2).

3. Evaporation procedure
3.1. Circle of death

In a TOP trap the temperature of the atomic
mixture can be lowered through circle-of-death
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evaporative cooling, defined by the rotating zero
of field created by the (static) quadrupole and
the (rotating) bias field. By continuously reducing
the strength of the rotating bias field the circle-of-
death shrinks and atoms from the high energy tail
of the distribution are progressively removed from
the sample. In the double polarized Zeeman states
Cs and Rb atoms have the same magnetic mo-
ment. Therefore, at the same temperature they
have the same spatial extension in a magnetic trap,
and circle-of-death evaporation is simultaneously
applied to both species. At low temperatures and
high atomic density, circle-of-death evaporation
becomes inefficient because it requires a continu-
ous increase of the trapping frequencies leading
to an increased atomic density, resulting in large
three-body losses. At the end of our circle-of-death
evaporation phase, Rb and Cs atoms were in ther-
mal equilibrium at ~15 pK.

3.2. Radiative evaporation: radiofrequency

Radiative evaporation uses an e¢.m. radiation
field to transfer atoms from a trapped to an un-
trapped state in an energy-selective way. The
advantages of radiative evaporation (rf and mw)
are that the magnetic potential does not have to
be modified to sustain the evaporation since the es-
cape rate is precisely controlled by the amplitude
and the frequency of the applied radiation.

Rf induced evaporation between |F, mp = F)
and |F, mg=F — 1) states exploits spin-flips of
atoms on a resonant energy shell defined by

gripB(X) = han, (1)

where B(X) is the modulus of the instantaneous lo-
cal magnetic field defining the cut energy of the
shell, up is the Bohr magneton, gg = 2/(21+ 1) is
the Landé factor, with 7=3/2 for ¥Rb and
I="17/2 for *3Cs, and w,¢ is the rf field frequency.
Notice that Eq. (1), and the following one for the
mw evaporation, 1s derived in the limit of weak
Zeeman splitting. For F> 1 the rf transition de-
fined by Eq. (1) transfers atoms into a different
Zeeman state that is still magnetically trapped.
However, because of power broadening the rf radi-
ation induces a chain of transitions between differ-
ent Zeeman levels starting from trapped states to

© 2014 Tous droits réservés.

untrapped ones leading to a loss of atoms from
the magnetic trap. By ramping down the frequency
., the radius of the surface volume where the res-
onance condition is fulfilled shrinks, leading to an
effective forced evaporation [1].

Eq. (1) specifies that rf evaporation depends on
the Zeeman-sublevel spacing. When tf radiation is
applied to a mixture of atoms, the cut energy of
the atoms to be evaporated is different. In a Rb-
Cs mixture, owing to the difference in the Landé
factor, the Cs cut energy is half that for Rb atoms.
Thus, when the most energetic Cs atoms are re-
moved by the rf radiation, cold Rb atoms at the
bottom of the potential are also removed. On the
contrary, cooling the Rb atoms with rf has no di-
rect effect on the Cs temperature, because the rf
field is not resonant with the trapped Cs atoms.

3.3. Radiative mw evaporation

For a mixture of atomic species mw evaporative
cooling represents an efficient alternative to rf
evaporative cooling. Mw evaporation uses transi-
tions between Zeeman sublevels belonging to dif-
ferent hyperfine levels of the ground states. For a
transition between the hyperfine states |F, mg = F)
and |[F — 1, mg = F — 1) of an alkali atom, the res-
onance condition is

heons + gg(2me — DupB(¥) = hmy, ()

where @ye/2n is the hyperfine splitting (~9.2 GHz
for Cs, ~6.8 GHz for Rb), and /2% the mw
frequency. The previous equation indicates that
the mw resonance conditions for Cs and Rb are al-
ways very different and the two evaporation pro-
cesses are independent.

Fig. 4 shows the temperature and atom number
of the Cs cloud at the end of mw evaporation in
the absence of Rb atoms in the magnetic trap.
During the evaporative cooling the mean tempera-
ture of the Cs cloud decreased in direct proportion
to the number of atoms. The cloud was irradiated
by a mw frequency ramp with a fixed starting
frequency and varying final frequency. The evapo-
ration took place after a magnetic compression
phase and a circle-of-death cooling stage. The data
points at the far right describe the initial condition
before the application of the mw radiation. The
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20d e 7T o ¢ » them,.the mw transitions of Eq. (2) are well sepa-
O N PN o rated in frequency, at 30-40 G trap field and in the
100+ s © -15 o absence of saturation broadening. Thus, the mw
% go- o = field is resonant with one Zeeman state only, leav-
= F102 ing the residual population of the other sublevels
60 ¢ o5 uncooled by the mw radiation. This residual pop-
0n® 6 § ulation is eventually cooled through sympathetic

o ¢ 0.0 . .. . .
T T T | cooling collisions with the atoms in the other Zee-

9.28 9.30 9.32 9.34

Vfin (GHZ)

Fig. 4. Temperature (full diamonds) and number of atoms
(open circles) of the Cs cloud as a function of the final value of
the mw frequency. Initial frequency 9.40 GHz, trap bottom
9.271 GHz, duration of the evaporation ramp 5s and mw
power 3 W. These data were from single experimental runs and
the uncertainties due to the fit of the single images were smaller
than the size of the data points.

dependence of the final temperature of the Cs
cloud on the mw intensity is shown in Fig. 5. In
our experiments, we generally observed a lower
efficiency for the mw evaporation compared to rf
evaporation. Owing to imperfect optical pumping
(and, possibly, other depolarizing processes during
the evaporation cycle), both the Rb and Cs cold
clouds had admixtures of atoms in other Zeeman
sublevels, as discussed in the following Section.
While the radio-frequency radiation, inducing a
chain of transitions between the equally spaced
Zeeman sublevels, evaporates atoms from all of

mw power (dBm)

- inf 6.1 9
I I I

50 4.}

N ;
)

T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

mw amplitude (mG)

T (uK)

Fig. 5. Cs temperature as a function of the mw power (in the
upper horizontal scale), and of the mw ficld amplitude at the
atom position (in the lower scale), for a given evaporation ramp
(from 9.3 to 9.22 GHz) with 5 s duration. The data uncertainty
is due to statistical averaging over several experimental runs.
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man state, but the overall efficiency of the mw
evaporation is reduced. From the data of Fig. 4
for Cs, assuming an atomic occupation of the sin-
gle Zeeman sublevel |F=4, mg=4), we derived
that under mw evaporation the increase of the
phase space density followed a N 2 law with N
the atom number, a law similar to that required
for the runaway regime reached by the rf evapora-
tion [1]. However, the occupation of the |[F =4,
mg = 3) sublevel for the data in Fig. 4 is around
30-40%, as extracted from the Stern—Gerlach type
experiments performed with ultracold Cs atoms
(see Section 4), and that occupation greatly de-
creases the effective efficiency of the phase-space
compression by the mw evaporation.

3.4. Sympathetic cooling

After the preparative stages of circle-of-death
and mw evaporation we verified that when
performing rf evaporation on the Rb atoms, the
measured temperature of the Cs atoms exactly fol-
lowed the Rb temperature down to a few pK, indi-
cating that sympathetic cooling was taking place,
as long as the remaining number of Rb atoms,
compared to the Cs atom number, was sufficient
to sustain the thermalization. By applying mw
techniques, we were able to prepare a mixture of
4% 10* Rb atoms in the |F =2, mp = 2) state and
10* Cs atoms in the |F = 4, mg = 4) state at about
6 uK (mean trapping frequency 70 Hz). This tem-
perature is of the same order of magnitude as that
reported by the ENS group [24] for Cs in the same
atomic state in their early search for condensation
of Cs. From our data we extrapolated that for Cs a
temperature around 3 pK could be achieved if all
of the Rb was evaporated. A detailed model of
the sympathetic cooling phase was developed in
[12]in order to derive the Rb—Cs interspecies scat-
tering length.
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4. State selective evaporation

Another application of the state selectivity pro-
vided by the mw evaporation technique is state
purification. Since at the end of the circle-of-death
evaporation phase we measured a percentage of
around 80% of Rb atoms in the desired doubly
polarized state |F = 2, mg = 2), with around 20%
in the |F=2, mg=1) sublevel, we used the mw
radiation to eliminate the populations in the suble-
vels other than the desired doubly polarized state.
This is not achievable using rf radiation since,
owing to saturation broadening, the resonance
condition of Eq. (1) is equally fulfilled for atoms
in all trapped Zeeman states. The results of the
state selective evaporation in a Rb atomic sample
is shown in Fig. 6. The two peaks in the upper re-
cord correspond to the absorption profile of 0.8
uK Rb atoms in the different Zeeman states, spa-
tially separated along the vertical direction because
of the differential sag. In Fig. 6(b), atoms in the
|F=2, mg=1) state have been reduced from
10% to an undetectable level, with no loss of atoms
from the |F = 2, mg = 2) state, when 100 mW mw
radiation at 6.858 GHz resonant with the the
hyperfine transition at the bottom of the magnetic
trap was applied for 10 s. Even if the mw radiation
was not resonant with the whole sample because of
inhomogeneous broadening, rethermalizing colli-
sions allowed the evaporation to act on the whole
hyperfine level occupation. In Fig. 6(c), mw radia-
tion at 6.904 GHz was applied to the |[F=2,
mg = 2) hyperfine level with a residual 6% final
occupation in that state.

For Cs atoms, performing a Stern—Gerlach type
experiment separating the Zeeman levels in time-
of-flight at the end of the circle-of-death evapora-
tion phase we detected relative populations of Cs
atoms in the |F =4, mg = 4) Zeeman sublevel and
in |F=4, mpg=3) of 60% and 40%, respectively.
The percentage of atoms in the unwanted Zeeman
sublevel was higher for Cs atoms than for Rb
atoms. In Fig. 6(d), the density profile of a Cs cloud
is shown after the application of 5 s of mw radia-
tion at 9.250 GHz resonant with the |F=4,
mg = 3) — |[F =3, mg = 2) transition at the bottom
of the trap, followed by a Stern-Gerlach phase,
with a remaining fraction of mg=3 atoms of
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Fig. 6. Rb integrated absorption profile in free fall (a) before
and (b), (c) after selective mw evaporation, as in the text. The
two peaks correspond to the |[F=2, mg=2) and |[F=2,
mg = 1) states experiencing a different gravitational sag for a
mean trap frequency of 25.7 Hz, with the atomic position
measured downwards from the quadrupole symmetry center. In
(b), (¢) and (d) mw evaporative cooling produced a purification
of Rb magnetization, as in the text. In (d), integrated
absorption profile of Cs atoms, detected though a Stern—
Gerlach type experiment, after selective removal of atoms in the
|FF =4, mg = 3) state, with the procedure explained in the text.
Note that for better visibility we chose in (a), (b) and (c) a
logarithmic vertical scale, while in (d) the vertical scale is linear.

30%. The number of Cs atoms before the applica-
tion of the mw was around 10* and their tempera-
ture ~4 pK at 51 Hz mean trapping frequency. By
applying a 10 s mw evaporation phase, similar to
that applied to the Rb atoms, we were able to re-
duce the fraction of atoms in the |[F =4, mg = 3)
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state to about 20%. The different Zeeman occupa-
tions for Rb and Cs that we found to start with
in the magnetic trap and the different efficiency of
the selective mw removal of atoms in the Rb and
Cs case are compatible with the rate of density-
dependent inelastic collisions of Cs atoms leading
to a change of the mg quantum number, as re-
ported by [23]. From our data taken at a Cs density
of 8x 10" cm * we infer an inelastic rate coeffi-
cient around 1x107"* em’s~'. This value is in
agreement with the losses reported in the experi-
ment of [23] performed at a different magnetic field
and a higher temperature.

5. Conclusions

In a two-species experiment, mw techniques are
a very useful method to perform radiative evapo-
ration, in particular when combined with other
cooling techniques. Mw evaporation is very flexi-
ble with respect to the choice of the magnetic trap
confining the atoms, because even for a large
change of the local magnetic field determining
the mw resonance, the shift of the mw resonance
frequency remains within the emission bandwidth
of the mw source. We showed that both Rb and
Cs atoms can be efficiently evaporated using mw
radiation. For a Rb—Cs mixture the insertion of
a Cs mw evaporation stage allowed us to reach
temperatures in the 15 pK range for both species.
A similar temperature could be reached through
sympathetic cooling only wasting approximatively
50% of the Rb atoms. The combination of circle-
of-death, mw and rf evaporative cooling allowed
us to perform collisional studies of the Rb—Cs mix-
ture and to derive the value of the interspecies scat-
tering length, around 590q, [12]. As the main
difference between rf and mw evaporation, owing
to the presence of multiphoton transitions the rf
field depletes all Zeeman sublevels of a target
hyperfine state. By contrast, the mw evaporation
is Zeeman sublevel selective. In fact we have made
use of this selectivity associated with the mw radi-
ation to remove either Rb or Cs atoms from
specific Zeeman sublevels, manipulating and puri-
fying the magnetization of our Rb-Cs mixture.
Making use of the differential gravitational sag

© 2014 Tous droits réservés.

or of the Stern-Gerlach separation we verified
the efficiency of the mw selective evaporation. On
the basis of precise simulations for the mw or rf
evaporation, a quantitative comparison between
the efficiencies reached in rf and mw evaporation
could be performed. Furthermore additional infor-
mation on the elastic, and inelastic, collisional
properties of the ultracold mixture could be de-
rived. However, owing to the complexity of atomic
Zeeman/hyperfine level structure such a simula-
tion represents a very difficult task. Finally, we
used mw spectroscopy to precisely calibrate the
ellipticity of the rotating bias field of a TOP trap.
All these applications of the mw evaporation are
useful for the preparation of an atomic mixture
in precisely controlled conditions.
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Using a simple model for nonlinear Landau-Zener tunneling between two energy bands of a Bose-
Einstein condensate in a periodic potential, we find that the tunneling rates for the two directions of
tunneling are not the same. Tunneling from the ground state to the excited state is enhanced by the
nonlinearity, whereas in the opposite direction it is suppressed. These findings are confirmed by
numerical simulations of the condensate dynamics. Measuring the tunneling rates for a condensate
of rubidium atoms in an optical lattice, we have found experimental evidence for this asymmetry.

DOI: 10.1103/PhysRevLett.91.230406

The phenomenon of Landau-Zener (1.Z) tunneling [1]
is a basic quantum mechanical process. It is based on the
solution of the Schrodinger equation for a two-level dy-
namics when a parameter of the Hamiltonian system is
time dependent. If at time t = —oo the system is prepared
in one adiabatic state of the Hamiltonian, the time de-
pendence of the Hamiltonian implies that at time ¢ =
+oo there is a finite probability that the system will
occupy the other adiabatic state. As far as this tunneling
behavior is concerned, complete symmetry exists be-
tween the adiabatic states. Variations of the 1.Z. model
have been studied [2—-4], and an observation of LZ dy-
namics in classical optical systems has been reported [5].
More recently, LZ tunneling within a periodic potential
was studied for a nonlinear two-level system in which the
level energies depend on the occupation of the levels [6,7].
It was discovered that a nonlinearity with a positive sign
enhances the tunneling probability between the ground
band and the first excited band. Moreover, Niu and co-
workers discovered a nonzero LZ tunneling probability
even in the fully adiabatic limit when the nonlinearity
was larger than a critical value [7]. Critical values for
deformations of the energy level structures were obtained
in Refs. [6,8,9]. In a Bose-Einstein condensate (BEC)
inside a periodic potential such as an optical lattice, the
mean-field interaction between the atoms can be compa-
rable to other energy scales of the system, and hence the
level-dependent energy shift can lead to an observable
modification of the tunneling behavior.

In the present work we explore, theoretically and ex-
perimentally, the I.andau-Zener tunneling between Bloch
bands of a Bose-Finstein condensate in an accelerated
optical lattice. The optical lattice depth controls the tun-
neling barrier, while the optical lattice acceleration con-
trols the time dependence of the Hamiltonian. We show
that the mean-field nonlinearity produces an asymmetry
for the tunneling probability. More precisely, the tunnel-
ing probability from the lower energy adiabatic state to
the upper one is enhanced, while the inverse tunneling
probability is suppressed. Numerical integration of the
one-dimensional Gross-Pitaevskii equation and a simple
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two-state model demonstrate this asymmetry. Moreover,
our experimental data obtained with a rubidium Bose-
Einstein condensate confirms this prediction.

The asymmetry in the tunneling transition probabil-
ities can be explained qualitatively as follows: The
nonlinear term of the Schrodinger equation acts as a
perturbation whose strength is proportional to the energy
level occupation. If the initial state of the condensate in
the lattice corresponds to a filled lower level of the state
model, then the lower level is shifted upward in energy
while the upper level is left unaffected. This reduces the
energy gap between the lower and upper levels and en-
hances the tunneling. On the contrary, if all atoms fill the
upper level, then the energy of the upper level is increased
while the lower level remains unaffected. This enhances
the energy gap and reduces the tunneling.

The motion of a Bose-Einstein condensate in an accel-
erated 1D optical lattice (see Fig. 1) is described by the
Gross-Pitaevskii equation

R A 2V

’%‘m( Fr M"L’)‘“ ok
4mh’a
I S, 1
Py M

where M is the atomic mass, k; = 7/d is the optical
lattice wave number with d the optical lattice step, and
Vp is the strength of the periodic potential depth. The
s-wave scattering length a; determines the nonlinearity
of the system. Equation (1) is written in the comoving
frame of the lattice, so the inertial force Ma; appears asa
momentum modification. The wave function ¢ is normal-
ized to the total number of atoms in the condensate, and
we define ny as the average uniform atomic density.
Defining the dimensionless quantities E,. = h*k?/2M,
% = 2k;x, f = 8E,,.t/h, and rewriting § = ¢/ /ng, ¥ =
Vo/16E ec, & = May /16E, . k;, C = mayny/k3, Eq. (1) is
cast in the following form [7]:

N 1<7ii — at)2¢/1 + veos()y + ClylPy,  (2)
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FIG. 1. Band structure of a BEC in an optical lattice (Vy =
2E..) and LZ tunneling [ground to excited state (a) and excited
to ground state (b)]. When the BEC is accelerated across the
edge of the Brillouin zone (BZ) at quasimomentum 1, LZ
tunneling can occur. Further acceleration will result in the
condensate part in the upper level undergoing LZ tunneling
to higher bands with a large probability (due to the smaller gaps
between higher bands), leaving them essentially unaffected by
the lattice. After the first crossing of the edge of the BZ,
increasing the lattice depth and decreasing the acceleration
leads to a much reduced tunneling rate from the ground-state
band at successive BZ-edge crossings (see text).

where we have replaced X with x, etc. In the neighborhood
of the Brillouin zone edge we can approximate the wave
function by a superposition of two plane waves (the two-
level model of Ref. [7]), assuming that only the ground
state and the first excited state are populated. We then
substitute ¢(x, 1) = a(t)e'?™ + b(r)e! V%, with |a(r)]> +
[6(£)]? = 1, in Eq. (2). Comparing the coefficients of e'?*
and eil@a U~ linearizing the kinetic terms, and dropping
the irrelevant constant energy 1/8 + C[1+ (lal* +
|6]%)/2], Eq. (2) assumes the form

G0 [ 0 o)
3)

where o, i = 1,2,3, are the Pauli matrices [10]. The
adiabatic energies of Eq. (3) have a butterfly structure at
the band edge of the Brillouin zone for C = v [7-9], but
in the present work we always work in a regime where
C < v; hence that structure plays no role.

230406-2
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In the linear regime (C = 0), evaluating the transition
probability in the adiabatic approximation, we find the
linear LZ formula for the tunneling probability r

r=e ™/ )

In the nonlinear regime, as the nonlinear parameter C
grows, the lower to upper tunneling probability grows as
well. The upper to lower tunneling probability, on the
other hand, decreases with increasing nonlinearity [11].
We derived the tunneling rate from the numerical inte-
gration of Eq. (3). In Fig. 2(a) we plot the lower to upper
tunneling rates [initial (a, b) = (1, 0)] and the upper to
lower tunneling rates [initial (a, b) = (0, 1)] of the Bose-
Einstein condensate as a function of the nonlinear pa-
rameter C for different accelerations of the optical lattice.
We see that for C = 0 the rate is the same for both
tunneling directions, whereas for C # 0 the two rates
are different, and the smaller the acceleration the larger
the difference. This result is intuitive since for very small
accelerations the main contribution originates from the
nonlinear effect [the linear tunneling of Eq. (4) being
small], while for large accelerations the main contribution
comes from the linear effect. We confirmed the presence
of a tunneling asymmetry by integrating directly Eq. (1)
(taking into account the full experimental protocol

0.8
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4
1
/
©
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r (tunneling rate)

FIG. 2. LZ tunneling rate r within the two-level model as a
function of the nonlinear parameter C for different acceler-
ations. Results are for v = 0.134 corresponding to V, =
2.2E ., in (a) for « = 0.01, 0.04, 0.07, corresponding to a; =
0.8, 3.2, 5.6 ms~2 from bottom to top, and in (b) for & = 0.036
corresponding to a; = 2.9 ms 2 In (a), the dashed (solid)
lines correspond to tunneling from the excited (ground-state)
band. In (b) experimental results denoted by open (filled)
symbols correspond to tunneling from the excited (ground
state) band. The experimental points at C = 0.025 have been
rescaled from Fig. 4 using the Landau-Zener formula to match
the acceleration to the one used to obtain the other experimen-
tal points. The shaded area represents the confidence region for
the prediction of the two-level model, taking into account the
uncertainty in our measurement of the lattice depth.
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described below), finding qualitative agreement with the
prediction of the two-state model. For small C values, we
have fitted the C dependence of the tunneling rate of
Fig. 2(a) through the following expression [6,7]:

F(C) — e*(n'vz/Za)(ltBC/v) (5)

with 8 =0.75,0.17,0.14 for the different acceleration
values.

Experimentally, we investigated the asymmetric tun-
neling using a setup described indetail in [12,13]. Briefly,
we create condensates of N =~ 10* rubidium atoms in a
time-orbiting potential trap. Once condensation has been
achieved, the mean trapping frequency 7, of the mag-
netic trap is adiabatically reduced to values between 15
and 50 Hz. Thereafter, two laser beams with waists of
1.8 mm and intersecting at an angle # = 38° at the posi-
tion of the condensate are switched on with a linear ramp
of duration 7y, = 10 ms, thus ensuring adiabaticity of
the loading process. The beams are detuned to the red side
of the rubidium atomic resonance by =~ 30 GHz and have
a variable frequency difference Av between them, con-
trollable through two acousto-optic modulators which are
also used to vary the intensity of the beams. In this way, a
periodic potential with lattice constantd = 1.18 pum and
lattice recoil energy E../h = 455 Hz is created, which
through the frequency difference Ar can be made to
move at a constant velocity v = dAv or accelerated
with a; = d%r.

Landau-Zener tunneling between the two lowest en-
ergy bands of a condensate inside an optical lattice is
investigated in the following way (see Fig. 1). Initially,
the condensate is loaded adiabatically into one of the two
bands. Subsequently, the lattice is accelerated in such a
way that the condensate crosses the edge of the Brillouin
zone once, resulting in a finite probability for tunneling
into the other band (higher-lying bands can be safely
neglected as their energy separation at the edge of the
Brillouin zone is much larger than the band gap). After
the tunneling event, the two bands have populations re-
flecting the Landau-Zener tunneling rate (assuming that,
initially, the condensate populated one band exclusively).
In order to experimentally determine the number of
atoms in the two bands, we then increase the lattice depth
(from =~ 2E. to = 4E_,.) and decrease the acceleration
(from =~ 3 ms™2 to =~ 2ms~2). In this way, successive
crossings of the band edge will result in a much reduced
Landau-Zener tunneling probability (of order a few per-
cent). The fraction of the condensate that after the first
tunneling event populated the ground-state band will,
therefore, remain in that band, whereas the population
of the first excited band will undergo tunneling to the
second excited band with a large probability (around
90%) as the relevant gap is smaller by a factor of =~ 5
for our parameters. Once the atoms have tunneled into the
second excited band, they essentially behave as free par-
ticles since higher-lying band gaps are smaller still, so

230406-3
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they will no longer be accelerated by the lattice. In
summary, using this experimental sequence we selec-
tively accelerate that part of the condensate further that
populates the ground-state band. In practice, in order to
get a good separation between the two condensate parts
after a time of flight, we accelerate the lattice to a final
velocity of 4 — 6v,. [14] and absorptively image the
condensate after 22 ms (see Fig. 3).

In order to investigate tunneling from the ground-state
band to the first excited band [Fig. 1(a)], we adiabatically
ramped up the lattice depth with the lattice at rest and
then started the acceleration sequence. The tunneling
from the first excited to the ground-state band is inves-
tigated [Fig. 1(b)] by initially preparing the condensate in
the first excited band by moving the lattice with a velocity
of 1.5v,. when switching it on. In this way, in order to
conserve energy and momentum, the condensate must
populate the first excited band at a quasimomentum half-
way between zero and the edge of the first Brillouin zone
[15]. Thereafter, the same acceleration sequence as de-
scribed above is used. For both tunneling directions, the
tunneling rate is measured as

Ntunne]
r=—, 6)
Nto[

where N, is the total number of atoms measured from the
absorption picture. For the tunneling from the first excited
band to the ground band, Ny, 1s the number of atoms
accelerated by the lattice, i.e., those detected in the final
velocity class 4 v,., whereas for the inverse tunneling
direction, Nyne 18 the number of atoms detected in the
v = 0 velocity class.
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FIG. 3. Profiles of absorption images taken after 22 ms of
time of flight of condensates released after the acceleration
procedure described in the text. The condensates were prepared
in the ground-state band in (a) and in the first excited band in
(b) in an optical lattice with depth Vy = 2.6E. and a; =
2.9ms 2,
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FIG. 4. Landau-Zener tunneling between the two lowest en-
ergy bands of a condensate in an optical lattice as a function of
the lattice depth (carrying a £10% systematic error) for o =
0.025 corresponding to a; = 2.0 ms~2. Tunneling rates from
the ground-state band to the first excited band (filled symbols)
and vice versa (open symbols) are virtually identical and agree
with the linear prediction (dashed line) as the nonlinear pa-
rameter C =~ 0.025 is small for the trap used in these measure-
ments (Vi = 15 Hz).

In Fig. 4 we report the two tunneling rates as a function
of lattice depth for a condensate in a weak magnetic trap
and hence a small value of the interaction parameter C
[16]. In this case, both tunneling rates are essentially the
same and agree well with the linear Landau-Zener pre-
diction. By contrast, when C is increased, the two tunnel-
ing rates begin to differ, as can be seen in Fig. 2(b).
Qualitatively we find agreement with the theoretical pre-
dictions of the nonlinear Landau-Zener model, whereas
quantitatively there are significant deviations. We believe
these to be partly due to experimental imperfections. In
particular, the sloshing (dipolar oscillations) of the con-
densate inside the magnetic trap can lead to the conden-
sate not being prepared purely in one band due to
nonadiabatic mixing of the bands if the initial quasimo-
mentum is too close to a band gap. Furthermore, a nu-
merical simulation of the experiment shows that for large
values of C, for which the magnetic trap frequency was
large, the measured tunneling rates are significantly
modified by the presence of the trap. We have, however,
verified that when C in the simulation is varied without
varying the trap frequency, the asymmetric tunneling
effect persists. In order to test our theory more quantita-
tively in BEC systems, the condensate could be held in
an optical dipole trap with a small longitudinal trap
frequency.

In summary, we have numerically simulated Landau-
Zener tunneling between two energy bands in a periodic
potential and found that, in the presence of a nonlinear
interaction term, an asymmetry in the tunneling rates
arises. Experimentally, we have measured these tunnel-
ing rates for different values of the interaction parameter
and found qualitative agreement with the simulations.
Future experiments could probe the complicated and
time-dependent tunneling behavior due to the changing
tunneling rate for multiple crossings of the zone edge.
Furthermore, when the two lowest bands are initially
equally populated, the tunneling behavior should again
be linear We also note here that the phenomenon of
asymmetric tunneling should be a rather general feature
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of quantum systems exhibiting a nonlinearity. For in-
stance, calculating the energy shift due to a nonlinearity
for two adjacent levels of a harmonic oscillator, one finds
that both levels are shifted upwards in energy, the
shift being proportional to the population of the respec-
tive level. The energy difference between the levels,
therefore, decreases if only the lower state is populated
and increases if all the population is in the upper
level. Finally, we note that state-dependent mean-field
shifts have also been observed in measurements of the
clock shift in ultracold and Bose-condensed atomic
samples [18].
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Abstract: From a two-level model for nonlinear .andau-Zener
tunnelling between two energy bands of a Bose-Einstein conden-
sate in a periodic potential we obtain unequal tunnelling rates
for the two directions of tunnelling. With increasing nonlinearity,
tunnelling from the ground state to the excited state is enhanced,
whereas in the opposite direction it is suppressed. These find-
ings are confirmed by numerical simulations of the condensate
dynamics. Measuring the tunnelling rates for a condensate of ru-
bidium atoms in an optical lattice, we have found experimental
evidence for this asymmetry. We discuss the limitations of our
approach and possible future experiments.
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1. Introduction

Cold atoms and, more recently, Bose-Finstein condensates
(BECs) in optical lattices have attracted increasing interest
since their first realization. In particular, the formal simi-
larity between the wavefunction of a BEC inside the peri-
odic potential of an optical lattice and electrons in a crystal
lattice have triggered theoretical and experimental efforts
alike. Many phenomena from condensed matter physics,
such as Bloch oscillations and Landau-Zener tunnelling
have since been shown to be observable also in optical lat-
tices.

The phenomenon of Landau-Zener (1.Z) tunnelling [1]
is a basic quantum mechanical process. It is based on the
solution of the Schrodinger equation for a two-level dy-
namics when a parameter of the Hamiltonian system is
time dependent. If at time ¢ = —oo the system is prepared
in one adiabatic state of the Hamiltonian, the time depen-
dence of the Hamiltonian implies that at time ¢ = +4o0
there is a finite probability that the system will occupy the
other adiabatic state. As far as this tunnelling behavior is
concerned, complete symmetry exists between the adia-

batic states. Variations of the LZ model have been stud-
ied [2-4], and an observation of I.Z dynamics in classi-
cal optical systems has been reported [5]. More recently,
LZ tunnelling within a periodic potential was studied for
a nonlinear two-level system in which the level energies
depend on the occupation of the levels [6,7]. It was dis-
covered that a nonlinearity with a positive sign enhances
the tunnelling probability between the ground band and
the first excited band. Moreover, Niu and coworkers dis-
covered a nonzero LZ tunnelling probability even in the
fully adiabatic limit when the nonlinearity was larger than
a critical value [7]. Critical values for deformations of the
energy level structures were obtained in refs. [6,8,9]. In a
Bose-Finstein condensate inside a periodic potential such
as an optical lattice, the mean-field interaction between the
atoms can be comparable to other energy scales of the sys-
tem and hence the level-dependent energy shift can lead to
an observable modification of the tunnelling behavior.

In a recent work we have explored, theoretically and
experimentally, the asymmetric Landau-Zener tunnelling
between Bloch bands of a Bose-Einstein condensate in
an accelerated optical lattice [10]. In the present work we

* Corresponding author: e-mail: morsch@df.unipi.it

© 2014 Tous droits réservés.

(© 2004 by ASTRO Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co, KGaA

doc.univ-lille1.fr



© 2014 Tous droits réservés.

Laser Physics
148

Letters

HDR de Emmanuel Courtade, Lille 1, 2013

89

M. Jona-Lasinio, O. Morsch, et al.: Nonlinear effects in periodic potentials

provide additional theoretical and experimental evidence.
In our experimental system, the optical lattice depth con-
trols the tunnelling barrier, while the optical lattice accel-
eration controls the time dependence of the Hamiltonian.
We show that the mean-field nonlinearity produces an
asymmetry for the tunnelling probability between the adi-
abatic states of the Hamiltonian. More precisely the tun-
nelling probability from the lower energy adiabatic state
to the upper one is enhanced, while the tunnelling prob-
ability from the higher energy level to a lower level is
suppressed. Numerical integration of the one-dimensional
Gross-Pitaevskii equation and a simple two-state model
demonstrate this asymmetry. Moreover, our experimental
data obtained with a rubidium Bose-Einstein condensate
confirms this prediction.

The asymmetry in the tunnelling transition probabili-
ties can be explained qualitatively as follows: the nonlin-
ear term of the Schrodinger equation acts as a perturbation
whose strength is proportional to the energy level occu-
pation. If the initial state of the condensate in the lattice
corresponds to a filled lower level of the state model, then
the lower level is shifted upward in energy while the up-
per level is left unaffected. This reduces the energy gap
between the lower and upper level and enhances the tun-
nelling. On the contrary, if all atoms fill the upper level
then the energy of the upper level is increased while the
lower level remains unaffected. This enhances the energy
gap and reduces the tunnelling. The overall balance leads
to an asymmetry between the two tunnelling processes.

This paper is organized as follows. After describing
our theoretical approach in section 2, we explain the ex-
perimental technique in section 3. Section 4 presents a
discussion of our results and the experimental and con-
ceptual difficulties encountered in obtaining them. Finally,
our conclusions are given in section 5.

2. Theory

The motion of a Bose-Finstein condensate in an accel-
erated 1D optical lattice (see Fig. 1) is described by the
Gross-Pitaevskii equation

Loy 1 0 ?
1ha =97 (_Zh£ — MaLt> P+ (1)

47rh2a5
M

+%cos<2kzr)w+ [,

where M is the atomic mass, k7, = 7/d is the optical lat-
tice wavenumber with d the optical lattice step, and V; is
the strength of the periodic potential depth. The s-wave
scattering length a g determines the nonlinearity of the sys-
tem. Equation (1) is written in the comoving frame of the
lattice, so the inertial force May, appears as a momentum
modification. The wavefunction v/ is normalized to the to-
tal number of atoms in the condensate and we define ng as

the average uniform atomic density. Defining the dimen-
sionless quantities

Ereo = R°K2J2M, & = 2kpa,t = 8E,cot/h,
and rewriting

,IZ) - 7/’/ v 100,
& = May, /16 Eyeckr,

U= ‘/0/16E7"scz
C = masno/ k3,
Eq. (1) is cast in the following form [7]:

; ; 2
z% = % <—z% - at) Y+ vcos(z)y + C |1Z1|2 ¥, (2)
where we have replaced z with x, etc. In the neighborhood
of the Brillouin zone edge we can approximate the wave
function by a superposition of two plane waves (the two
level model of ref. [7]), assuming that only the ground state
and the first excited state are populated. We then substitute
in Eq. (2)

Pz, t) = a(t)e'® + b(t)e'@ 12, 3)

with |a()]? + [b(t)|* = 1. Comparing the coefficients of
el and X9~ D7  linearizing the kinetic terms and drop-
ping the irrelevant constant energy

1/8+ C[1+ (lal® + [6I*)/2],

Eq. (2) assumes the form

() = | Yt S| (%) )
o \n) T 2727 \
C a
5008 = 1Py ().

where o; (i = 1,2, 3) are the Pauli matrices. The adiabatic
energies of Eq. (4) have a butterfly structure at the band
edge of the Brillouin zone for C' > v [7-9], but in the
present work we only consider a regime where C' < v,
hence that structure plays no role.

In the linear regime (C' = 0), evaluating the transition
probability in the adiabatic approximation, we find the lin-
ear L.Z formula for the tunnelling probability »

2
7':exp{—7;l} (5)
«

expressing the occupation changes in terms of the rate o
at which the diagonal energies of the linear Hamiltonian
change their value, and of the off-diagonal interaction en-
ergy v. In the nonlinear regime, as the nonlinear param-
eter C' grows, the lower to upper tunnelling probability
grows as well until an adiabaticity breakdown occurs at
C = v [7]. The upper to lower tunnelling probability,
on the other hand, decreases with increasing nonlinear-
ity [11]. We derived the tunnelling rate from the numerical
integration of Eq. (4). In Fig. 2 we plot the lower to upper
tunnelling rate (initial (a, b)) =(1, 0)) and the upper to lower
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Figure 1 Band structure of a BEC in an optical lattice (Vo = 2 Ei..) and LZ-tunnelling (ground to excited state (a) and excited to
ground state (c)). When the BEC is accelerated across the edge of the Brillouin zone (BZ) at quasimomentum 1, I.Z tunnelling can
occur. Further acceleration will result in the condensate part in the upper level undergoing I.Z tunnelling to higher bands with a large
probability (due to the smaller gaps between higher bands), leaving them essentially unaffected by the lattice. After the first crossing
of the edge of the BZ, illustrated in (a) and (c), increasing the lattice depth and decreasing the acceleration leads to a much reduced
tunnelling rate from the ground state band at successive BZ-edge crossings, as shown in (b) for the ground to excited state tunnelling

and in (d) for excited to ground state

tunnelling rate (initial (a, b) =(0, 1)) of the Bose-Einstein
condensate as a function of the nonlinear parameter C'. We
see that for C' = 0 the rate is the same for both tunnelling
directions whereas for C' # 0 the two rates are different.
We confirmed the presence of a tunnelling asymmetry by
integrating directly Eq. (1) (taking into account the full ex-
perimental protocol described below), finding qualitative
agreement with the prediction of the two-state model.

‘The nonlinear regime is interpreted straightforwardly
by writing Eq. (4) as

0 [a o ) a

o (z;) =[gos+ 5] <b)+ ©
C [ |a* —ba a

T2\ —a*b |b? b/

The nonlinear off-diagonal terms modify the interac-

tion term v in a way equivalent to a Rabi frequency in the
two-level model. Using the adiabatic approximation tech-

nique of [12], we evaluated the off-diagonal scalar product
between the two states a*b and found

. v . @

b e e P {%ﬂtz +v2} @
for a transition from the lower state to the upper one. For
the opposite tunnelling direction the expression simply
changes sign. In Eq. (6) we can identify an off-diagonal
term v + C a*b which acts as an effective potential. Thus
for small C' values we can modify the linear 1.7 formula
Eq. (5) to include nonlinear corrections, substituting the
potential v with the effective potential vepy = [v + C a*b|
(modulus is needed since a*b is complex). The explicit ex-
pression for v gy is then

C C?
=4/l &£
Veff 1‘\/ Vo2 f o2 + A(a2t2 + v2)’

and within the spirit of this adiabatic approximation we
can put o — 0 obtaining

c  C?
p = f1E =t 9
Vefr = ¢ v+4212 ©)

(8)
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Figure 2 LZ tunnelling rate r as a function of the nonlinear pa-
rameter C'. The dashed and continuous lines represent the result
of the two-level model Eq. (4) for a transition from the lower
level to the upper one and vice versa, respectively. The open and
filled symbols are the results of the numerical integration of Eq.
(1) taking into account the presence of the harmonic trap and
simulating the full experimental procedure. Transition rates are
evaluated by mean of the Fourier transform method. Results are
for v = 0.134 corresponding to Vo = 2.2 Erec and a = 0.036
corresponding to az, = 2.9 ms 2. Here (' was varied by varying
the trap frequency

where the upper and lower signs corresponds to initial
conditions of excited/ground states. For small C' values,
we have fitted the C' dependence of the tunnelling rate of
Fig. 2 through the following expression [6, 7]:

mo? C .
r0) = e {50205} (10)
with 8 = 0.17, neglecting the small correction of second
order in C/v.

The interpretation of the nonlinear diagonal elements

in Eq. (6) is not as straightforward as for the off-diagonal
ones and the nonlinearity seems to act in the opposite way.
In reality this is not the case. We are interested in the be-
havior of the energy levels at the band edge where the cor-
rect hamiltonian eigenfuntions are sine and cosine eigen-
states, i.e., sin(z/2) and cos(z/2) wavefunctions. There-
fore the nonlinear behavior cannot be derived from Eq. (6)
where the basis functions were plane waves, and instead
we must write an equivalent version in the sine-cosine
base. It is worth noting that because of nonlinearity the
hamiltonian matrix cannot simply be transformed into the
new basis with a rotation matrix: the new hamiltonian ma-
trix must be recalculated from scratch. We start from a
wavefunction in the following form:
Yz, t) = e [/ ()1 —e ™)+ ()1 + e )] (A1)
with |a’ ()% +[b'(£)|> = 1. By substituting this expression
into Eq. (2), within the same approximations, the potential
and nonlinear terms now become

.g a/ 71’ a/ +
Yo\ ) 29\ w

(12)

+9 (|a’\2—|b'|2) _2a/*b/
2\ 2wt (e ) )

The last term of this equation simplifies in

1/—wv+C 0 1/—v—-C 0

§< 0 U—C) 5( 0 v+C>’ (13)
when considering a filled lower level (a’,d") = (1,0)
(Eqg. (13), left) or a filled upper level (a’,b') = (0,1)

(Eq. (13), right). In this representation the diagonal el-
ements directly express the energy eigenvalues at the
band edge. Evaluating the energy gap AFE we have:
AFE = v — C when starting with a filled lower level and
AFE = v + C when starting with a filled upper level. In
the first situation the gap will be smaller than in the linear
case and tunnelling will be enhanced while in the second
one it will be larger and tunnelling will be suppressed. This
situation is illustrated in Fig. 3 for parameter values similar
to those realized in our experiment.

3. Experiment

Experimentally, we investigated the phenomenon of asym-
metric tunnelling between the energy bands of Bose-
Einstein condensates in an optical lattice using a setup
described in detail in [13,14]. Briefly, we create conden-
sates of N ~ 10* rubidium atoms in a time-orbiting po-
tential (TOP) trap. Once condensation has been achieved,
the mean trapping frequency Vy,qp of the magnetic trap is
adiabatically reduced to values between 15Hz and 50 Hz.
Thereafter, two laser beams with waists of 1.8 mm and in-
tersecting at an angle 6 = 38deg at the position of the
condensate are switched on with a linear ramp of duration
Tramp = 10ms, thus ensuring adiabaticity of the load-
ing process. The beams are detuned to the red side of
the rubidium atomic resonance by ~ 30GHz and have
a variable frequency difference Av between them, con-
trollable through two acousto-optic modulators which are
also used to vary the intensity of the beams. In this way,
a periodic potential with lattice constant d = 1.18 um
and lattice recoil energy F,../h = 455Hz is created,
which through the frequency difference Av can be made to
move at a constant velocity v = dAv or accelerated with
ar, — d%3Y For the current experiment, lattice depths be-
tween 0.25 ... and 2.5 F,... were used.

Landau-Zener tunnelling between the two lowest en-
ergy bands of a condensate inside an optical lattice is
investigated in the following way (see Fig. 1). Initially,
the condensate is loaded adiabatically into one of the two
bands. Subsequently, the lattice is accelerated in such a
way that the condensate crosses the edge of the Brillouin
zone once, resulting in a finite probability for tunnelling
into the other band (higher-lying bands can be safely ne-
glected as their energy separation at the edge of the Bril-
louin zone is much larger than the band gap). After the
tunnelling event, the two bands have populations reflect-
ing the Landau-Zener tunnelling rate (assuming that, ini-
tially, the condensate populated one band exclusively). In
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Figure 3 Bloch bands in the neighborhood of the band edge. Dashed and continuous lines represent the linear and nonlinear bands,
respectively. The upper picture shows the situation for a transition from the lower band to the upper one. The opposite transition is
shown in the lower picture. Parameters are v = 0.2 and C' = 0.08. The energy gap is reduced by nonlinearity in the upper picture
whereas in the lower one it is enlarged, enhancing or reducing the tunnelling rate, as the case may be

order to experimentally determine the number of atoms in
the two bands, we then increase the lattice depth (from
~ 2H,.. to = 4F,..) and decrease the acceleration
(from ~ 3ms ? to ~ 2ms ?). In this way, successive
crossings of the band edge will result in a much reduced
Landau-Zener tunnelling probability between the ground
state band and the first excited band (of order a few per-
cent), as pictoriallly illustrated in Fig. 1(b) and (d). The
fraction of the condensate that after the first tunnelling
event populated the ground state band will, therefore, re-
main in that band, whereas the population of the first ex-
cited band will undergo tunnelling to the second excited
band with a large probability (around 90 percent) as the
gap between these two bands is smaller than the gap be-
tween the two lowest bands by a factor ~ 5 for our parame-
ters. Once the atoms have tunnelled into the second excited
band, they essentially behave as free particles since higher-
lying band-gaps are smaller still, meaning that the fraction
of the condensate that populated the first excited band after
the first tunnelling event will no longer be accelerated by
the lattice. In summary, using this experimental sequence
we selectively accelerate that part of the condensate fur-
ther that populates the ground state band. In practice, in
order to get a good separation between the two condensate
parts after a time-of-flight, we accelerate the lattice to a fi-
nal velocity of 4 — 6 v, [15] and absorptively image the
condensate after 22 ms (see Fig. 4).

4. Results and discussion

In order to investigate tunnelling from the ground state
band to the first excited band (Fig. 1 (a)), we adiabatically
ramped up the lattice depth with the lattice at rest and then
started the acceleration sequence. The tunnelling from the
first excited to the ground-state band is investigated in a
similar way (Fig. 1 (c)), except that in this case we ini-
tially prepare the condensate in the first excited band by
moving the lattice with a velocity of 1.5 v,... (through the

26 —
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T T T T T T 1
-8 -6 -4 -2 o] 2 4
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26—
2.4 —
22—
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Figure 4 Profiles of absorption images taken after 22ms of
time-of-flight of condensates released after the acceleration pro-
cedure described in the text. The condensates were prepared in
the ground state band in (a) and in the first excited band in (b)
within an optical lattice with depth Vo = 2.6 Eycc and ar, = 2.9
ms 2. In this experiment, C' ~ 0.1

frequency difference Av between the acousto-optic mod-
ulators) when switching it on. In this way, in order to con-
serve energy and momentum the condensate must populate
the first excited band at a quasi-momentum half-way be-
tween zero and the edge of the first Brillouin zone [16].
Thereafter, the same acceleration sequence as described
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above is used in order first to induce Landau-Zener tun-
nelling and then to separate the fraction of the condensate
that underwent tunnelling to the lowest band from the one
that remained in the first excited band. For both tunnelling
directions, the tunnelling rate is measured as

NUTLTLE
o tumnel (14)
Ntot

where Ny, is the total number of atoms measured from the
absorption picture. For the tunnelling from the first excited
band to the ground band, Nyypne 1S the number of atoms
accelerated by the lattice, i.e. those detected in the final
velocity class 4 vy, whereas for the inverse tunnelling di-
rection, Nyynner 18 the number of atoms detected in the
v = 0 velocity class.

When C is small, both tunnelling rates are essentially
the same and agree well with the linear L.andau-Zener pre-
diction. By contrast, when C' is increased, the two tun-
nelling rates begin to differ, as can be seen in Fig. 4, where
the tunnelling rate from the ground to excited state, calcu-
lated using Eq. (14), is 0.72 &= 0.10, whereas from the ex-
cited to the ground state we measured r» = 0.37£0.05. The
errors on the tunnelling rates are statistical errors obtained
by averaging over roughly 20 experimental runs in each
case, giving a relative error of ~ 15%. Qualitatively we
find agreement with the theoretical predictions of the non-
linear Landau-Zener model, whereas quantitatively there
are significant deviations. We believe these to be partly due
to experimental imperfections. In particular, the sloshing
(dipolar oscillations) of the condensate inside the magnetic
trap can lead to the condensate not being prepared purely
in one band due to non-adiabatic mixing of the bands if
the initial quasimomentum is too close to a band-gap. Fur-
thermore, a numerical simulation of the experiment shows
that for large values of C, for which the magnetic trap fre-
quency was large, the measured tunnelling rates are sig-
nificantly modified by the presence of the trap. We have,
however, verified that when C' in the simulation is varied
without varying the trap frequency, the asymmetric tun-
nelling effect persists.

One of the basic problems one has to face in studying
periodic potentials experimentally is that the periodicity is
only approximated: the experiment is not infinitely wide.
Moreover, in our case the presence of the harmonic trap
leads to additional difficulties. If the condensate is dragged
too far from the rest position of the harmonic potential,
the dragged part starts to feel the elastic force due to the
potential and hence does not feel a constant force any-
more. For this reason it is not possible to study large C'
values by varying only the harmonic trap frequency (for
our experimental parameters, C' ~ 0.11 was found to be
the largest acceptable value both from numerical simula-
tions and from experiment, corresponding to a harmonic
trap frequency of about 50 Hz). In future experiments, one
might study large C values by increasing the atomic den-
sity in the condensate by using an additional optical trap
in order to increase the radial trapping frequency or, alter-
natively, by using Feshbach resonances to vary the atomic

0.7 -
o °
= 0.6 - °
; °
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Figure 5 1Z tunnelling rate » as a function of the nonlinear pa-
rameter C'. Lines and data as in Fig. 2. In contrast to that figure,
here C' was varied by varying the atomic scattering length as; the
harmonic trap frequency was fixed at 20 Hz

scattering length as. The results of a numerical simulation
using this last method are reported in Fig. 5.

Because of the elastic force of the magnetic harmonic
trap, it is important not to drag the condensate too far from
the rest position. Whereas in the experiment it was nec-
essary to accelerate the condensate sufficiently in order to
separate the fraction that underwent tunnelling from that
which remained in the original band, in the numerical sim-
ulation we could limit ourselves to crossing the edge of the
BZ once. Thereafter, rather than simulating the entire time-
of-flight procedure, we performed a Fourier transform of
the density profiles. From the intensities of the Fourier
components we could then calculate the tunnelling prob-
abilities. Also, this method showed us that the presence
of the harmonic potential makes it difficult to have a pure
ground state or a pure excited state. Even when loading
the condensate into the ground band (with the lattice at
rest during the loading process), a small fraction of atoms
is typically loaded into the excited band because of the
presence of the harmonic trap. This means that when we
measure the fraction of atoms in the excited band after the
tunnelling process, we are measuring the sum of the atoms
that were in the ground band and underwent tunnelling into
the excited band plus the atoms that already were in the ex-
cited band and did not undergo tunnelling into the ground
band. This situation is explained in Fig. 6.

Numerical simulations confirm that this effect is not
negligible and is even more important when measuring
the tunnelling process from the excited band to the ground
one. In order to extract the ”true” tunnelling rate from the
numerical data, we reason as follows. Let |a(—00)|? and
|b6(—c0)|? be the population of the two levels before the
tunnelling occurs and |a(+oc)|? and |b(+cc)|? the pop-
ulation after the tunnelling has occurred; for a transition
from the lower level to the upper one we have

la(+00)[* = |a(=00)[* Pi + [b(=00)[*(1 — P2)

where P; is the nonlinear tunnelling probability we want
to measure and (1 — P») is the probability for the atoms in

(© 2004 by ASTRO Ltd.
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Figure 6 An example of tunnelling from the lower band to the
upper one. On the left hand side of the picture we see a large
population in the a state plus a small population in the b state due
to the finite size of the condensate. At the edge of the BZ, arrows
indicate the possible paths for the two populations. The final state
is represented on the right hand side of the picture

the excited band to remain in the excited band. The non-
linear tunnelling probability is then
|a(+o0)[?

p(=o0)?
P aCoP T la(Coo)?

1-P).

Here P, plays the role of a free parameter since it is
not possible a priori to evaluate it and since we are in a
non-linear regime it is not even possible to take the linear
probability 5 as an approximation. In Fig. 5 and 2 we used
P, = 1 for tunnelling from the lower state to the upper one
and P» = 0 for the opposite direction.

5. Conclusions

In summary, we have numerically simulated Landau-
Zener tunnelling between two energy bands in a periodic
potential and found that, in the presence of a nonlinear in-
teraction term, an asymmeltry in the tunnelling rates arises.
Experimentally, we have measured these tunnelling rates
for different values of the interaction parameter and found
qualitative agreement with the simulations. Future exper-
iments could probe the complicated and time-dependent
tunnelling behavior due to the changing tunnelling rate for
multiple crossings of the zone edge. Furthermore, when
the two lowest bands are initially equally populated, the
tunnelling behavior should again be linear. We also note
here that the phenomenon of asymmetric tunnelling should
be a rather general feature of quantum systems exhibiting
a nonlinearity. For instance, calculating the energy shift
due to a nonlinearity for two adjacent levels of a harmonic
oscillator, one finds that both levels are shifted upwards in

energy, the shift being proportional to the population of the
respective level. The energy difference between the lev-
els, therefore, decreases if only the lower state is populated
and increases if all the population is in the upper level. Fi-
nally, we note that state-dependent mean-field shifts have
also been investigated in measurements of the clock-shift
in ultra-cold and Bose-condensed atomic samples [19,20].
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Abstract

We investigate the possibility of inducing a bosonic current which is rotational
( Vx v %+ ﬁ) in a pseudo 1D quasi-condensate confined in an optical toroidal
trap. 'The stability of such a current is also analysed using a hydrodynamics
approach. We find that such a current is uniform when the circular symmeitry
is preserved and energetically stable when the modes of elementary excitations
are resiricted to one dimension. This scheme allows us to distinguish between
aquasi and a true condensate by measuring the rotational spectra of the sample.

1. Introduction

Bose—Finstein condensates (BECs) provide an important quantum system where one can
observe many important phenomena such as the superfluid-Mott insulator transition [1] and
vortices [2-5]. Recent advances in experimental techniques [6, 7] have stimulated interest in
one-dimensional (1D) Bose gases. The 1D case leads to some interesting physics which does
not occur in higher dimensions. The experimental feasibility of realizing a tightly confined
(1D) trapped gas has been investigated theoretically using Bessel light beams [8]. It is well
known that a true BEC cannot occur at any finite temperature in an interacting homogeneous
Bose gas in 1D [9], due to long wavelength fluctuations; nor can it occur in the limit of zero
temperature [10], due to quantum fluctuations. However, the presence of a trapping potential
changes the density of states at low energies, and in the weakly interacting limit a BEC may be
formed [11]. Recently Petrov et al discussed three different regimes of quantum degeneracy
which can occur in a condensate confined ina 1D trap [12]: BEC, quasi-condensate and Tonks—
Girardeau gas. In the weakly interacting limit a BEC exists, but as the interaction becomes
stronger the mean field energy becomes important. When this energy becomes of the order of
the energy level spacing of the trap, fluctuations again become significant. In this regime, the
system forms a quasi-condensate, with local phase coherence, rather than the global coherence

0953-4075/04/224397+08%$30.00 © 2004 IOP Publishing Ltd  Printed in the UK 4397

95

doc.univ-lille1.fr



HDR de Emmanuel Courtade, Lille 1, 2013

96 CHAPITRE 5. PUBLICATIONS

4398 A B Bhattacherjee et al

Figure 1. Schematic representation of the optical torus described by equation (1). This optical
torus can be generated by the interference of a standard Gaussian beam with a counter-propagating
hollow beam generated by a pair of axicon [18, 19].

associated with a true condensate. The quasi-condensate density has the same smooth profile
as a true condensate but the phase fluctuates in space and time. Phase fluctuations of the
condensate are caused mainly by low energy collective excitations [12]. Quasi-condensates
in 3D have been observed experimentally in equilibrium [13, 14] and non-equilibrium [15].
The fact that the velocity of a true condensate U, (7,1) = h/m Vo (7, 1) (with ¢ (7, 1)
being the phase of the condensate) leads to the important consiraint namely irrotationality
v x T, (7, 1) = 0. On the other hand, the normal component which is substantially higher
in a quasi-condensate as compared to a true condensate is not constrained by the condition of
irrotationality. Hence we take advantage of this property of the quasi-condensate and propose
in this work the use of a 2D optical rotator to produce a rotational bosonic current ( Vx v #0
where ¥ = U] + 7, and v, is the velocity of the normal component) in a quasi-condensate
and study the conditions under which this current is stable. We show that using this scheme,
it is possible to distinguish between quasi-condensate and true condensate. It is to be noted
that such a current is not a vortex. Such a rotator has been proposed for cold atoms based on
the principle of transfer of angular momentum of the photons to the atoms [16] using a TEMy,;
circularly polarized Laguerre—Gaussian beam. It has been experimentally demonstrated that a
blue-detuned hollow Bessel laser beam formed by an axicon can be successfully used to trap
laser cooled metastable xenon atoms [17]. Experimentally, caesium atoms have been trapped
in an all blue-detuned stack of optical rings by the interference of a standard Gaussian beam
with a counter-propagating hollow beam generated by a pair of axicon [18, 19]. We propose
the use of such an experimental scheme with a TEMy; beam in order to realize the 2D optical
rotator.

2. Description of the optical torus

We will examine the motion of a condensate within an optical toroidal ring trap as
experimentally realized in [19] and previously theoretically analysed by Wright et af [16].
The potential created by the optical laser may be writien as
V) = imol(r — 1) + tmols 6))

where x? + y?> = r? and ry is the location of the potential minimum and also the mean radius
of the torus. w,(w,) is the oscillation frequency along the z(r) direction. Because we suppose
the plane of the ring is perpendicular to the direction of gravity (z direction in our system),
the atomic energies are not affected by gravity. The optical torus described by the potential of
equation (1) is represented in figure 1.

The atomic motion within the toroidal trap includes also a rotational energy along the
centre of the torus, described by the following rotational Hamiltonian:

n* 8

=3 @
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where the moment of inertia for an atom with mass i 1s given by I = mrg. If p is the rotational
quantum number, then the rotational Hamiltonian defines an energy spectrum whose energy
spacing is linked to the rotation frequency 2 for Ap = 1 as

2p+ D
Q:(p )_

2
2mr]

3

Note that the rotational frequency £2 depends only on the radius of the ring ry. In the
radial direction, the ring radius is approximately the radius of the laser beam. Extending the
experimental parameters of [18] to Rb atoms, with a beam radius of about 50 rem, potential
height of 10 Eg and wg ~ 27 x 3.7 kHz, where E and @y are respectively the recoil energy
and frequency, one can find w, ~ 27 x 0.06 kHz, ®, ~ 27 x 15kHz and 2 ~ 27 x 0.023 Hz
(for the p = 0 — p = 1 transition).

Moreover we will suppose, as in [16] that using for the laser field a high order circularly
polarized Laguerre—Gaussian mode, an orbital angular momentum is transferred by the laser
field to the atoms. Therefore, the rotational motion of the condensate atoms at the frequency
£2 can be excited by the laser field. Let us now systematically investigate the collective modes
of a true condensate and that of a quasi-condensate (in the presence of a rotational velocity
field) in an optical torus.

3. Collective modes of a true condensate in an optical torus

For a true condensate the velocity is the gradient of a scalar, the velocity field is thus irrotational,
unless the phase of the order parameter has a singularity (vortex). A simple description of the
collective oscillations is provided by the irrotational hydrodynamics equations of superfluids

ong

a”t + V%] =0 @)
T, 2

m al; + 7|:m205 +V (7, t)+ggdn5i| =0 )

where n, (7, t) is the superfluid spatial density, v,( 7, ) is the superfluid velocity field in
the laboratory frame and m is the mass of the atom. The parameter gs; characterizes the
strength of the inter-atomic interactions and is related to the s-wave scattering length a, for a
3D gas by g3s = dh’a; /m. These equations are valid in the Thomas—Fermi limit, where the
so-called quantum pressure term is neglected. The density can be written as n, = ng + dn;,
and v; = 3 +87v; where no(3) is the equilibrium density (velocity) and 8n, (87} ) is a small
perturbation of the density (velocity) from its equilibrium value. The equilibrium density s,
is given by ng = (u — V(r))/gs4- The collective oscillations can be derived by looking for
general time-dependent solutions of the form (see [20, 21])

Sn (T, 1) = ap + o1 (X% + V7)) + 0pz” + 03Xy + 0uxz + U5 yZ (©6)
ST, 1) = V(Bo+Br(x> + ) + oz’ + Baxy + faxz + Psyz) )

where «; and B; are time-dependent parameters to be determined. In the linear limit, one can
look for solutions varying in time like e 7. Linearizing equations (4) and (5) and inserting
dny and 87, and solving for the modes o for w, = @y = w,, one finds

ol = (4w} +3w]) + %\/160)jL +90? — 1607 w? ®)
a)z(lzo,m::tl):a)3+a)§ ©
w*(l =2,m = +2) = 207. (10)
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Figure 2. Mode frequencies of equations (8), (9) and (10) as functions of the radial trap
frequency w,..

We recover the dispersion laws in an anisotropic potential which are well known to be
independent of the interatomic strength [22]. Figure 2 displays these modes as a function of
the radial frequency which are seen to be stable. The frequencies are normalized with respect
to the o, axial frequency. In the following we will allow for the condition of ‘rigid ring’
(tight confinement) condensate, i.e. the particles are constrained to move only along the path
x?2+y? = rg. Moreover, at sufficiently low temperatures with the radial motion of particles
(the centre of mass modes along the x and y directions) essentially frozen because the radial
frequency o, is much more than the mean-field interaction energy, a tight confinement regime
is reached. The experimental configuration of [18, 19] is so flexible that it can satisfy these
conditions very easily, as in section 2. In that regime, some degrees of freedom are eliminated
and the radial motion of particles (the centre of mass modes along the x and y directions) is
essentially frozen.

4. Collective modes of a quasi-condensate in an optical torus

4.1. Rotational velocity field of a quasi-condensate

The special properties of superfluids are a consequence of their motions being constrained
by the fact that the velocity (7; (7, ¢)) of the condensate is proportional to the gradient
of the phase (¢(7,1)) of the wavefunction, that is, W, (7.1) = h/mV¢(7.1). We
see directly from this definition that ¥, (7, 1) satisfies two important constraints, namely
the condition of irrotationality V x T, (7,t) = 0 and the Onsager—Feynman quantization
condition § T (7, 1) - A7 =nh/m (n = 0,41, £2...). Obviously, in a simply connected
geometry with condensate wavefunction finite everywhere, the condition of irrotationality
implies the Onsager—Feynman quantization condition with n = 0, but for more general cases
mvolving vortices or in a torus (multiply connected geometry), 72 can be nonzero.

In stable or metastable equilibrium the total bosonic current will have contributions from
both the normal and the superfluid components (Landau’s two fluid hypothesis). Now if by
some mechanism, the condensate in the torus with mean radius »y is made to rotate with
an angular velocity €2, then the linear velocity of the normal component will be simply €2ry
while the linear velocity of the superfluid component will be consitrained by the quantization
condition and in general cannot be equal to 2ry. In fact, a simple statistical mechanical
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argument shows that the lowest free energy is obtained when 7 takes the value closest to
€2/€2. where 2, = h / mrg. For /€2, « 1,n is equal to zero and consequently the
superfluid component no longer contributes to the circulating current. At larger values of
€2 (>$€2./2), the superfluid will contribute to the total angular momentum an amount ~n<2,.
From an inspection of equation (3) for the p = 0 — p = 1 transition together with the
definition of €2., we find that €2/ €2, = 0.5 irrespective of the radius of the 2D optical rotator.
Consequently, in a true condensate, where the normal component is extremely low, the total
bosonic current is almost zero for €2/€2, < 1. Based on the above discussion, we argue
that in a quasi-condensate, where the normal component is substantially higher than a true
condensate, for 2/ Q. < 1, the normal component will contribute significantly to the bosonic
current, which one could detect. Thus using this proposal, it could be possible to distinguish
between a quasi-condensate and a true one.

We propose that the theoretical scheme introduced in [16] may be used to transfer orbital
angular momentum of the photon to a cloud of ultra-cold atoms in a quasi-condensate state.
A velocity field created in such a manner is rotational. This velocity field can be visualized

by introducing a vector potential A in the quasi-condensate total velocity 7 = T, + v,

T(P) = %[7¢(7’)+ A (11)

where the vector potential A is associated with the rotational component of the velocity

"8 x7 (12)
h

with € = Qk. Qis the rotational angular velocity of the sample. The corresponding rotational
velocity field which is actually the velocity of the normal component

Tt = Ty = Q(=yi +x)) (13)

with V' x v, = 2. The angular velocity of the sample is easily adjusted by the mean ring
radius ry (see equation (3)).

4.2. Stability conditions for stable persistent current

Let us now analyse the condition for the existence of a steady velocity field ", of the form
of equation (13) in a quasi-condensate for a ring in the presence of a weak perturbation
(a slightly distorted potential). The perturbed potential is written as

V() = imel(r — ro)’ + tmol + im(8w:)’x” + im(8wy)*y” (14)

where dw, and dew, are small external perturbations in the frequencies along the x and y
directions. In the presence of the perturbation, the irrotational component of the velocity
field is now also included which is written as Viyot = V5 = & ?(xy). Therefore, the total

velocity field is
T(F) = (o — Q)yi + (@ + Dxj. (15)

The macroscopic description of modes with circulation is provided by the equations of
two component rotational hydrodynamics [21, 23]
oV

2
mW-'_ [%+V(T>, t)+ggdns+2g3dnn:| =m7v X (Vx 7). (16)

In the following, we will ignore fluctuations in the density of the normal component
n,: this is the static Popov approximation which corresponds to treating the dynamics of the
condensate moving in the static mean field of the condensate thermal cloud [23]. We will also
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neglect damping due to interaction between superfluid and normal component. The modes
obtained by neglecting damping corresponds to the undamped finite temperature Stringari
normal modes [23]. The continuity equation leads to the following expression for a:

L 200 — G an
297 — (Bwy)? + (8w,)?)

Thus we see from equation (15) that the irrotational component of the velocity field which
comes into the picture as a result of the perturbation destroys the bosonic current with uniform
angular velocity 2. From equation (17) we infer that for such a uniform current to exist, we
must have (8w,)> = (Swy)z. The conservation of circular symmetry guaraniees a uniform
current in the quasi-condensate. In the presence of a weak, static, asymmetric perturbation,
angular momentum is not conserved. In a rotating quasi-condensate, scattering of particles
against such an asymmetric perturbation will ultimately bring the fluid to rest. Having found
circular symmelry as a necessary criterion for a uniform current to exist, we now proceed to
calculate the collective modes in the non-equilibrium state. Collective modes in the presence
of a rotational velocity field for a trap with circular symmetry can be derived as in section 3 by
looking for time-dependent solutions for §n and § ¥, We now allow for rigid ring condensate
and assume that we still have motion in xz (yz) planes and also centre of mass motion along
the z direction. The density and velocity fluctuations are now proportional to z2, xz, yz. These
modes from the usual hydrodynamic approach are found to be

w? = 30)Z2 (18)
and roots of the equation
@ + Qo — (92 + a)zz)a) — Q(QZ + wg) =0. (19)

Equation (19) reveals that due to the rotational velocity component, the system does not
satisfy Kohn’s theorem, ie. w® # a)f As € — 0, we regain Kohn'’s theorem. The modes
calculated from equations (18) and (19) are plotted in figure 3. Negative frequencies of
excitations are taken as the signature of energetic instability which is a result of the absence of
thermodynamic equilibrium [24]. The mode corresponding to the centre of mass motion along
the z direction from equation (18) (dashed line in figure 3) is always positive and constant.
This nondependence on €2 is a consequence of the absence of excitations in the xy plane due
to the rigid ring. We find that for a non-zero value of €2, one of the modes in the xz (yz) planes
of equation (19) (lower curve in figure 3) is always negative. This signals energetic instability
because the magnitude of the smallest root is always equal to the angular velocity €2. This is
equivalent to the Landau criterion of super-fluid stability [25, 26] with respect to proliferation
of elementary excitations, i.e. the bosonic current becomes unstable when the frequency of
the lowest energy excitation becomes equal to or more than the angular velocity. This implies
that the presence of fluctuations in the xz and yz planes will not support the rotational velocity
of the normal component and Kohn’s theorem will be restored. A similar result is found for
a Bose gas in a toroidal container using the Bogoliugov approximation [27]. The instability
in [27] originates from the possibility for a single vortex to escape gradually from a bulk
condensate. Thus to have an energetically stable current we need to freeze the motion in xz
and yz planes. This means that we restrict the modes of the elementary excitations to only the
z direction whose frequency is given by equation (18). It is to be noted that the dipole mode
(0)2 = a)g) , which is also the motion of the cenire of mass is only decoupled from the internal
degree of freedom. The rotation of the normal component is still capable of destroying this
dipole more because the normal component is acting like an impurity and its motion around
the torus is constantly changing the centre of mass of the condensate. This is unlike in the case
of a vortex where the entire condensate is uniformly rotating and hence keeping the centre of
mass intact.
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Figure 3. Calculated mode frequencies as functions of the angular frequency £2. The dashed line
corresponds to the centre of mass frequency along the z direction from equation (18). The other
two solid line curves correspond to the scissoring modes in the xz (yz) planes of equation (19).
The negative frequencies of the lower curve are the signature of instability (see text).

Let us now look into the possible experimental realization of such a pseudo quasi-
condensate in our proposed scheme. The mean field interaction frequency gs4 N / h2mr; for
N = 10* and a, = 5 nm (in the case of Rb) is found to be ~27 x 0.6 Hz, much less than the
radial trap frequency (~2m x 60 Hz, see section 2) which implies that we are indeed in the
pseudo 1D regime. Following [12], one can introduce a dimensionless quantity o = 4mwa, /1,
where | = \/h/ma, is the amplitude of axial zero point oscillations. The regime of a weakly
interacting gas corresponds to o << 1. In this regime, the condensate is in the Thomas—
Fermi regime if the number of particles N > o~!. The decrease of temperature to below
the degeneracy temperature kg 1; = Nheo, leads to the appearance of a quasi-condensate
which at T < 7, turns to a true condensate. The critical temperature T, is determined by
kpTer = R, (32N /9a?)/3. For N ~ 10* and using the values of the trap parameters given
earlier (see section 2), we find 7y = 1.1 mK and T, = 8.7 K. Working between these two
temperature limits and having o, > g3 N / h2n’r§, one can thus be in the pseudo 1D quasi-
condensate regime. This scheme allows us to distinguish between a quasi-condensate and a
true condensate by simply measuring the rotational spectrum of the sample. The rotational
spectrum of the sample can be measured by using two consecutive Bragg pulses probing the
momentum distribution in a trapped Bose gas at low temperature [28, 29]. A stimulated Raman
transition involves absorption of a photon from one beam followed by stimulated emission
mto the other; if the system is in a quasi-condensate and tight confinement regime then this
process will transfer orbital angular momentum off to the atom, but no linear momentum in
the axial or radial directions.

5. Conclusion

In conclusion, we have proposed the use of a new type of optical toroidal trap to induce a
uniform rotational bosonic current (which is not a vortex) in a quasi-condensate. The principle
of producing such a rotational current is based on the transfer of angular momentum of the
photon to the atoms of the normal component. The angular velocity induced by the proposed
2D optical rotator is exactly half the critical angular velocity required by the superfluid
component to contribute to the total bosonic current. Hence, the given optical rotator is unable
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to transfer any angular momentum to the atoms in the superfluid component. We are thus able
to distinguish between a quasi-condensate and a true condensate by measuring the rotational
spectrum of the sample by two-photon Bragg spectroscopy. Our analysis indicates that such
a rotational current is uniform when the circular symmeiry of the ring trap is conserved and
energetically stable when the elementary excitations are completely frozen in the transverse
direction (xy plane).
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Dark optical lattice of ring traps for cold atoms
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We propose an optical lattice for cold atoms made of a one-dimensional stack of dark ring traps. It is
obtained through the interference pattern of a standard Gaussian beam with a counterpropagating hollow beam
obtained using a setup with two conical lenses. The traps of the resulting lattice are characterized by a high
confinement and a filling rate much larger than unity, even if loaded with cold atoms from a magneto-optical
trap. We have implemented this system experimentally, and demonstrated its feasibility. Applications in statis-
tical physics, quantum computing, and Bose-Einstein condensate dynamics are conceivable.

DOI: 10.1103/PhysRevA.74.031403

Optical lattices provide a versatile tool to study the dy-
namical properties of cold and ultracold atoms. They are
presently the topic of intense research activity, in particular
because they represent an outstanding toy model for various
domains. In statistical physics, cold atoms in optical lattices,
through their tunability, made possible the observation of the
transition between Gaussian and power-law tail distributions,
in particular the 'Isallis distributions [1]. Condensed matter
systems and strongly correlated cold atoms in optical lattices
offer deep similarities, as in the superfluid-Mott-insulator
quantum phase transition [2], in the Tonks-Girardeau regime
[3] or for the emergence of a macroscopic current in periodic
potentials [4]. In quantum computing, optical lattices appear
to be an efficient implementation of a Feynman universal
quantum simulator [5], and are among the most promising
candidates for the realization of a quantum computer [6].

One of the main advantages of the optical lattices is their
high flexibility. By varying the shape of the lattice, a wide
range of configurations is reached. Currently, many studies
deal with one-dimensional (1D) lattices, in particular be-
cause quantum effects are stronger in low-dimensional sys-
tems [7]. A particularly interesting situation concerns 1D lat-
tices with periodic boundary conditions, because many new
effects appear [8]. Recently, an experimental implementation
has been proposed, where the lattice sites are distributed
along rings [9]. In a more complex configuration, the sites
themselves could have the shape of a ring, allowing, e.g., the
study of solitons in 1D Bose-Einstein condensates (BECs)
with periodic boundary conditions [10] or atomic-phase in-
terferences between such BECs [11]. Experimental realiza-
tion of such 1D rings is still an open question, as either a
lattice or a single trap. Large magnetic single-ring traps have
been produced, in connection with the study of the atomic
Sagnac effect [12,13], but their transverse confinement is
weak, and they cannot be considered as 1D rings. A more
promising proposition is an optical trap built with twisted
light obtained from two counterpropagating I.aguerre-
Gaussian beams with an azimuthal phase dependence [14].
Those authors suggest that an optical lattice of such ring
traps could be created by combining several twisted molas-
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ses. Such an arrangement has the drawback of trapping the
atoms where the light intensity is maximum. This may result
in serious perturbations of the atoms due to the trapping
beams [15]. In particular, some applications in quantum
computation require trapping of the atoms in dark lattices, to
make the system tobust against decoherence [16]. Contrary
to bright lattices, where even a 1D configuration leads to 3D
trapping, 1D dark lattices do not trap atoms in 3D: only 3D
dark lattices trap atoms in 3D [15]. So far, the only proposal
for such a lattice consists in a Gaussian beam making a
round trip in a confocal cavity [17]. A difference of waist
between the two directions of propagation leads to a lattice
of ring traps with N/2 periodicity, where N is the optical
wavelength. Such a device has the advantage of generating
high light intensity inside the cavity and so deeper traps than
with free-propagating beams. But this is obtained at the cost
of flexibility: for example, changing the ring radius requires
changing the cavity mirrors. These difficulties probably ex-
plain why, to our knowledge, this proposal has not yet been
realized experimentally.

We propose here a different geometry for a dark lattice of
ring traps, obtained from a hollow beam and a counterpropa-
gating Gaussian beam, without any cavity. The radius and
the thickness of the rings can be adjusted independently, and
due to the stiff edges of the hollow beam, the trap steepness
is much larger than in [17]. Finally, the filling rate of each
site is much larger than unity, even when loaded with a
magneto-optical trap (MOT), unlike 3D dark lattices, which
require the use of a BEC. The filling rate should even reach
values in excess of 1000 atoms per site if an adequate se-
quence is used to turn on the lattice.

The paper is organized as follows: We first discuss the
principle of the lattice of ring traps, then describe the experi-
mental realization, and finally show preliminary results con-
cerning cold atoms loaded in the lattice.

Each individual trap is a 3D dark ring, and the lattice is a
1D stack of such rings. Thus, the global shape of the poten-
tial is a bright full cylinder with a pile of ring wells inside.
To obtain this potential, a standard (Gaussian beam interferes
with a counterpropagating hollow beam with no azimuthal
phase dependence [18], unlike the Laguerre-Gaussian beams
used, e.g., as waveguides [19]. Both beams have the same
blue-detuned frequency, so that the trapping sites correspond
to the zero-intensity places. Both beams propagate along the

©2006 The American Physical Society
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FIG. 1. (a) Theoretical transverse profile of the Gaussian
(dashed) and hollow (full) beams used in the experiment. (b) The
resulting transverse potential at the bottom of the well. Parameters
are those used in the experiments.

z vertical axis, and the hollow beam is a cylindrical beam,
with an intensity distribution along the radial direction r as
illustrated in Fig. 1(a) (solid line). When the two beams are
out of phase, two pairs of zeros of intensity appear symmetri-
cally on each side of the center, at =100 and 130 um on
Fig. 1(b), where the two beam intensities are equal. Because
of the cylindrical symmetry, these zeros correspond to two
concentric rings along the azimuthal direction. In contrast,
when the two beams have the same phase, the intensity pro-
file reaches its maximum. This interference pattern results in
a potential U which is, in the limit of weak saturation and
large detuning, proportional to the light intensity I:
21

U=%a I W
where A is the detuning, I the saturation intensity, and I" the
width of the atomic transition. Because the outer ring is shal-
low, only the inner ring, at r=100 gm, is a trap.

A hollow beam as described above is easily produced by a
conical lens [18]. Conical lenses are extensively used to pro-
duce Bessel-Gauss [20] or annular beams [21,22]. To gener-
ate an annular hollow beam, we use a converging lens L to
shape the incident Gaussian beam, and then a conical lens.
Each incident ray is deviated toward the optical axis z by the
conical lens, and thus the incident GGaussian beam is trans-
formed into a ring [18]. A second conical lens is used to
collimate the radius r of the ring, so that after this second
lens, » becomes constant with z. The resulting hollow beam
has a radius r which depends only on the distance between
the two conical lenses, while its thickness Ar depends on the
focal length of L. Thus r and Ar are adjustable indepen-
dently.
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FIG. 2. 2D representation of the potential as a function of the
radius » and the longitudinal coordinate z. The complete potential
has a revolution symmetry around the axis r=0. Parameters are
those of Fig. 1. Note that the scales along z and r are different. Dark
corresponds to a zero potential. Significance of points A, B, and C'is
given in the text.

The potential is obtained by focusing the Gaussian beam
and the counterpropagating hollow beam at the same point,
so that the wave surfaces are planes perpendicular to the
propagation axis. The resulting potential has a periodicity of
N/2, with a shape depending locally on the phase ¢ between
the two beams. It is illustrated through the theoretical plots
of Figs. 1(b) and 2 where, for the sake of simplicity, we used
the parameters of the experimental demonstration described
below: the hollow and Gaussian intensities are, respectively,
Ig=14 mW and I;=11.5mW [Fig. 1(a)], with A/27
=70 GHz. Figure 1(b) shows the potential transverse profile
at the bottom of the wells. The geometry of the ring appears
clearly, with a confinement of the order of r/10 for
U<200E,, and a height for the external barrier of 580E,,
where E, is the recoil energy. Secondary minima, originating
in the residual diffraction produced by the mask used to re-
move inner rings of the hollow beam [18], appear inside the
main ring, but because of their weak depth, they should not
be annoying in most applications.

A better understanding of the potential distribution can be
obtained from Fig. 2, where U is plotted in gray scale versus
r and z. The potential is periodic along z, with a period A/2.
Atoms with low enough energy are confined in a torus with a
half-ellipse cross section with axes of the order of 0.1 and
10 pm, corresponding on the figure to the dark zone at the
point C. The height of the external barrier varies with z. The
minimum height U,=580E,, at point A of Fig. 2, occurs at
the same z as the bottom of the main well [Fig. 1(b)]. The
internal barrier has a channel structure, with the lowest pass
at point B (Fig. 2), at a height of Uz=200F,, between two
successive longitudinal sites.

The number of atoms that we should be able to put in
each site of this lattice depends of course on the density of
the cloud of cold atoms used to load the lattice, but also on
the spatial overlap between the cloud and the lattice. In par-
ticular, when the atoms are loaded from a MO', the capture
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volume of the lattice is decisive for its filling rate. In the
present case, the capture volume is determined by the hollow
beam diameter, which may be chosen as several hundreds of
micrometers. For example, with r=100 um (Fig. 2) and an
initial cloud of radius 1 mm, 1.5% of the initial atoms are
inside the hollow beam. Thus, if the lattice is loaded with a
cloud of 10% atoms in 4 mm?, which are the typical charac-
teristics obtained from a MOT, 1.5 X 106 atoms are loaded in
2000 sites, leading to a filling rate much larger than 1.

To test the feasibility of this lattice, we have implemented
an experiment with the characteristics described above.
Cesium atoms are initially cooled in a standard MOT with a
—3I" detuning from resonance. At time t=—40 ms, the mag-
netic field is turned off, while at time r=—30 ms, the detun-
ing is increased to —5I" and the trap beam intensity is de-
creased: this sequence allows us to obtain at time =0 a
40 pK molasses, corresponding to an energy of 200F,, with
10% atoms in typically 4 mm®.

The hollow and Gaussian beams are produced by two
laser diodes injected by a single master laser diode in an
extended cavity, which ensures the same frequency for both
beams. For this demonstration, the beams are tuned 70 GHz
above the atomic transition. In these conditions, the power of
the Gaussian and hollow beams, respectively, 11.5 and
14 mW, is sufficient to reach the needed potential depth of
200E,. The Gaussian beam has a minimum waist of 140 wm,
located at the level of the MOT. The axicon setup is mounted
on an optical rail, to guarantee good stability of the beam.
The incident beam is collimated with a waist equal to
645 pm. The two conical lenses, with a vertex angle of 2°,
are separated by a distance of about 10 cm, adjusted to ob-
tain »=1 mm. The L focal length of 500 mm leads to
Ar=100 pm. A telescope located just before the trap reduces
these values to r=100 um and Ar=10 pm. We obtain in
the MOT a transverse distribution of the hollow beam which
is in excellent agreement with the theoretical one.

To load the cold atoms inside the lattice, the latter is
turned on at a time #<<0, so that, when the molasses is
switched off, the atoms are already distributed inside the
wells. At time =0, the atoms start to fall under the effect of
gravity, except for those that are trapped in the lattice. The
free atoms need typically 25 ms to quit the camera field of
view, so that for £>25 ms, only atoms interacting with the
optical lattice remain. To observe the atoms, we switch on
during 1 ms the trap laser beams near resonance, and we
used a low-noise cooled charge-couple device camera to de-
tect the fluorescence emitted by the atoms. A typical picture
is shown in Fig. 3. As the resolution of the imaging setup is
about 10 pm, individual rings separated by A/2 cannot be
distinguished. On the contrary, the picture resolves the trans-
verse distribution characterized by two maxima resulting
from the side view of the rings. The dashed line is the theo-
retical distribution obtained when the potential is approxi-
mated by a double Gaussian curve. Thus the experimental
distribution is less contrasted because the inner walls of the
actual wells are flatter than the outer ones.

Figure 4 shows the evolution of the population of the
lattice as a function of the time, for the above parameters.
The points are obtained by integrating the experimental pic-
tures along the z axis. In order to test the robustness of the
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FIG. 3. Left, side view of the lattice obtained by taking a snap-
shot of the fluorescence of the atoms in the lattice at time
r=40 ms. Right, the corresponding transverse distribution (solid
line) and a rough estimate of the theoretical distribution (dashed
line). The two-bump structure reveals the annular structure of the
traps.

procedure, eight measurements have been done for each
point on the abscissa. Figure 4 shows that the number of
atoms decreases exponentially with time. The fit to an expo-
nential (solid line in Fig. 4) gives a lifetime of 30 ms. This
value is in good agreement with the theoretical lifetime of
the atoms resulting from collisions and spontaneous emis-
sion. The number of atoms in the lattice is also in good
agreement with the theoretical one: after 40 ms, there are
still 30 000 atoms. Assuming that these atoms are localized
in about 700 lattice sites, we reach a filling rate of 40 atoms
per site. Note that, actually, we have no direct proof of the
localization of the atoms, but only the periodic optical poten-
tial can prevent the atoms from falling. However, only a
direct observation of atom localization, through, e.g., Bragg
diffraction, would demonstrate unambiguously that atoms
are trapped in the lattice.
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FIG. 4. Number of atoms in the lattice versus time. The main
plot is on a linear scale, and the number of atoms is given as a
percentage of the molasses population. The solid line corresponds
to the fit by an exponential with a decay time 7=30 ms. In the inset,
the same results are shown on a logarithmic scale, with the absolute
number of atoms. In both cases, points are experimental.
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In conclusion, we propose here a lattice geometry consist-
ing of a 1D stack of ring traps, and show its experimental
feasibility. The experimental setup remains relatively simple,
because the lattice is created from only one pair of beams
and it does not need any cavity, contrary to the propositions
in, respectively, [14,17]. The other characteristics of this lat-
tice are high confinement of the atoms due to the stiff walls
of the trapping sites; large capture volume and filling rate,
due to the independence of the torus radius and thickness;
and weak interaction between light and atoms, as the traps
are dark. We implemented such a lattice experimentally, and
loaded it directly from a MOT. We measure the lifetime of
the atoms in the lattice of 30 ms. Although we have no direct
evidence of the localization of the atoms in the lattice sites,
this demonstrates the feasibility of this system. The lifetime
should be improved by changing some parameters which
were not optimized for this feasibility demonstration. For
example, a decrease of the initial temperature of the atoms in
the molasses by an adequate cooling sequence leads to rela-
tively deeper traps. An increase of the detuning A of the
lattice, which requires more intense laser sources, reduces
the spontaneous emission. Finally, a decrease of the pressure
of the thermal atoms, through, e.g., the use of a double cell,
improves the collision rate. Each of these enhancements will
contribute to lengthening the lifetime of the atoms in the
lattice. If better filling rates are necessary, it would also be
possible to increase it. Indeed, when the lattice is switched
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on, many atoms are heated on the lattice axis, because this
axis corresponds to a maximum of the potential. To avoid
these extra losses, we plan to switch on the lattice in two
steps. First, the hollow beam is switched on just after the trap
beams are switched off, so that the atoms inside the beam are
trapped and remain in the cylinder. Then, the Gaussian beam
is switched on progressively, so that the atoms are adiabati-
cally pushed into the ring traps. This precaution prevents the
atoms from being heated by a sudden increase of the poten-
tial.

Finally, it would be interesting to study the dynamics of
the atoms in this lattice geometry. Moreover, this lattice
could be used in systems where interactions between atoms
in the same or neighboring sites are required, or when peri-
odic limit conditions are necessary.

The Laboratoire de Physique des Lasers, Atomes et Molé-
cules is Unité Mixte de Recherche de I’Université de Lille 1
et du CNRS (UMR 8523). The Centre d’Etudes et de Recher-
ches Lasers et Applications (CERLA) is supported by the
Ministere chargé de la Recherche, the Région Nord-Pas de
Calais and the Fonds Furopéen de Développement
Economique des Régions. The group is supported by the
Institut de Recherche sur les Composants logiciels et maté-
riels pour I’Information et la Communication Avancée

(IRCICA).

[1] P. Douglas, S. Bergamini, and F. Renzoni, Phys. Rev. Lett. 96,
110601 (2006).

[2] M. Greiner, O. Mandel, T. Esslinger, T. W. Hinsch, and 1
Bloch, Nature (London) 415, 39 (2002).

[3] B. Paredes, A. Widera, V. Murg, O. Mandel, S. Folling, T.
Cirac, G. V. Shlyapnikov, T. W. Hinsch, and 1. Bloch, Nature
(London) 429, 277 (2004).

[4] A. V. Ponomarev, J. Madrofiero, A. R. Kolovsky, and A.
Buchleitner, Phys. Rev. Lett. 96, 050404 (2006).

[5] D. Jaksch and P. Zoller, Ann. Phys. 315, 52 (2005).

[6] O. Mandel, M. Greiner, A. Widera, T. Rom, T. W. Hiinsch, and
1. Bloch, Nature (LLondon) 425, 937 (2003); K. G. H. Vollbre-
cht, E. Solano, and J. I . Cirac, Phys. Rev. Lett. 93, 220502
(2004).

[7] M. Kramer, C. Menotti, L. Pitaevskii, and S. Stringari, Eur.
Phys. I. D 27, 247 (2003); T. Stoferle, H. Moritz, C. Shori, M.
Khél, and T. Esslinger, Phys. Rev. Lett. 92, 130403 (2004); M.
Cristiani, N. Malossi, M. Jona-Lasinio, M. Anderlini, E. Cour-
tade, and E. Arimondo, Opt. Express 12, 4 (2004).

[8] C. L. Pando L and E. J. Doedel, Phys. Rev. E 71, 056201
(2005); D. W. Hallwood, K. Burnett, and J. Dunningham,
e-print quant-ph/0602025.

[9] L. Amico, A. Osterloh, and F. Cataliotti, Phys. Rev. Lett. 95,
063201 (2005).

[10] R. Kanamoto, K. Saito, and M. Ueda, Phys. Rev. A 73,

033611 (2006).

[11] B. P. Anderson, K. Dholakia, and E. M. Wright, Phys. Rev. A
67, 033601 (2003).

[12] S. Gupta, K. W. Murch, K. L. Moore, T. P. Purdy, and D.
Stamper-Kurn, Phys. Rev. Lett. 95, 143201 (2005).

[13] A. S. Arnold, C. S. Garvie, and E. Riis, Phys. Rev. A 73,
041606(R) (2006).

[14] A. R. Carter, M. Babiker, M. Al-Amri, and D. L. Andrews,
Phys. Rev. A 73, 021401(R) (2006).

[15] N. Friedman, A. Kaplan, and N. Davidson, Adv. At., Mol.,
Opt. Phys. 48, 99 (2002).

[16] A. Kay, J. K. Pachos, and C. S. Adams, Phys. Rev. A 73,
022310 (2006).

[17] T. Freegarde and K. Dholakia, Opt. Commun. 201, 99 (2002).

[18] B. Dépret, Ph. Verkerk, and D. Hennequin, Opt. Commun.
211, 31 (2002).

[19] K. Bongs, S. Burger, S. Dettmer, D. Hellweg, J. Arlt, W. Ert-
mer, and K. Sengstock, Phys. Rev. A 63, 031602(R) (2001).

[20] R. M. Herman and T. A. Wiggins, J. Opt. Soc. Am. A 8, 932
(1991); J. Arlt and K. Dholakia, Opt. Commun. 177, 297
(2000).

[21] P.-A. Bélanger, Appl. Opt. 17, 1080 (1978).

[22] I. Manek, Yu. B. Ovchinnikov, and R. Grimm, Opt. Commun.
147, 67 (1998); L. Cacciapuoti, M. de Angelis, G. Pierattini,
and G. M. Tino, Eur. Phys. J. D 14, 373 (2001).

031403-4

© 2014 Tous droits réservés.

doc.univ-lille1.fr



HDR de Emmanuel Courtade, Lille 1, 2013

107

Publications stress oxydant

© 2014 Tous droits réservés. doc.univ-lille1.fr



HDR de Emmanuel Courtade, Lille 1, 2013

108 CHAPITRE 5. PUBLICATIONS

Nanoscale RSCPublishing

Hypericin-loaded lipid nanocapsules for photodynamic
cancer therapy in vitrot

Cite this: DOI: 10.1039/c3nr02724d
Alexandre Barras,? Luc Boussekey,” Emmanuel Courtade® and Rabah Boukherroub*®

Hypericin (Hy), a naturally occurring photosensitizer (PS), is extracted from Hypericum perforatum plants,
commonly known as St. John's wort. The discovery of the in vitro and in vivo photodynamic activities of
hypericin as a photosensitizer generated great interest, mainly to induce a very potent antitumoral effect.
However, this compound belongs to the family of naphthodianthrones which are known to be poorly
soluble in physiological solutions and produce non-fluorescent aggregates (A. Wirz et al., Pharmazie, 2002,
57, 543; A. Kubin et al, Pharmazie, 2008, 63, 263). These phenomena can reduce its efficiency as a
photosensitizer for the clinical application. In the present contribution, we have prepared, characterized, and
studied the photochemical properties of Hy-loaded lipid nanocapsule (LNC) formulations. The amount of
singlet oxygen ('0,) generated was measured by the use of p-nitroso-dimethylaniline (RNO) as a selective
scavenger under visible light irradiation. Our results showed that Hy-loaded LNCs suppressed aggregation of

Hy in agueous media, increased its apparent solubility, and enhanced the production of singlet oxygen in
Received 25th May 2013

. . . . . 1 .
Accepted 20th August 2013 comparison with free drug. Indeed, encapsulation of Hy in LNCs led to an increase of 'O, quantum yield to

0.29-0.44, as compared to 0.02 reported for free Hy in water. Additionally, we studied the photodynamic
DOI: 10.1039/c3nr02724d activity of Hy-loaded LNCs on human cervical carcinoma (HelLa) and Human Embryonic Kidney (HEK) cells.

WWw.rsc.org/nanoscale The cell viability decreased radically to 10-20% at 1 pM, reflecting Hy-loaded LNC25 phototoxicity.

the injury enhance the efficacy of PDT in vivo and contribute to

the long-term control.* PDT has many advantages and is an

alternative to conventional therapies for cancer treatment.>®
Photosensitizers are most frequently classified as porphyrin-

Introduction

Photodynamic therapy (PDT) has emerged in recent years as a
non-invasive therapeutic modality for the treatment of various
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cancers and particularly for the treatment of superficial
tumours (e.g. oesophagus, bladder, and melanoma).®* PDT is
based on the combined use of a photosensitizer (PS), oxygen
and suitable light radiation penetrating many tissues. Taken
separately, these three elements are harmless. The photo-
sensitizing substance is designed to concentrate selectively in
the tissue to be treated. The radiation then triggers a reaction
that will cause a sufficient photodynamic oxidative stress
leading to cell death, resulting from necrosis or apoptosis.
Indeed, the reaction produces reactive oxygen species (ROS),
such as highly reactive singlet oxygen (*0,) and other free
radicals with cytotoxic effects. Other effects observed on blood
vessels and the immune response involved in the destruction of
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based or nonporphyrin-based molecules.” Hematoporphyrin
derivatives are among the first generation PS and have been
successfully used as PDT agents in the area of oncology. Many
other photosensitizers, chemically pure and more efficient,
have been designed to overcome the problems of the first
generation PS agents.® An ideal PS should be stable in its pure
form with minimal toxicity in the absence of light exposure.
Absorption of light in the red region (>600 nm) with high singlet
oxygen quantum yield is required to buck for maximum light
penetration and production of ROS. Moreover, selective accu-
mulation of the sensitizer in tumor tissue is essential for tar-
geted therapeutic efficiency.

Hypericin (Hy, Fig. 1), St. John's wort extract natural PS, has
many advantages. Hy displays strong fluorescence (important
for imaging), has a large quantum yield and does not induce
toxicity without irradiation (no side effects up to 2 mg per day).
Moreover, Hy can be activated at a wavelength around 600 nm,
which penetrates more deeply without damaging the tissue
constituents such as DNA or proteins. As most photosensitizers,
Hy is highly hydrophobic and can easily aggregate in aqueous
media."?* The strong interactions between photosensitizer
molecules through hydrophobic interactions can affect their
photophysical (decrease of 'O, formation), chemical (decrease

9-11
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Hypericin

Fig. 1 Chemical structure of hypericin (Hy) and its encapsulation in lipid nano-
capsules (LNCs)

of the solubility) and biological properties. It is thus mandatory
to use delivery systems to overcome most of the short-comings
associated with the classical photosensitizers. Therefore, in
recent years, there has been huge progress in the development
of new delivery systems.'>** The use of biodegradable or non-
biodegradable nanocarriers for photosensitizers is a very
attractive pathway because these delivery systems can overcome
limitations of PS agents like poor aqueous solubility and
selectivity.''*'® Hypericin incorporation into nanoparticles
allows the systemic administration of this hydrophobic and
insoluble molecule under acceptable physiological conditions
and may be assessed for photodiagnostic and photodynamic
therapy.

Although several delivery systems have been reported for Hy
and other photosensitizers," to the best of our knowledge there
is no investigation on the encapsulation of photosensitizers
reported in lipid nanocapsules (LNCs). LNCs belong to this
generation of stealth colloidal carriers.” These nanocapsules
are obtained without organic solvents and with pharmaceuti-
cally acceptable excipients. Such nanocapsules present a stable
monodisperse size distribution and their mean diameter can be
well-controlled in the range of 20-95 nm." They are made up of
an oily liquid triglyceride core surrounded by a hydrophilic
surfactant, Solutol® HS15, which exposes a medium PEG chain
containing an average of 15 ethylene glycol units conferring
long-circulating properties' and inhibiting the P-glycoprotein
efflux pump (P-gp).2*** The rationale behind this approach is to
improve the aqueous solubility and delivery, and to increase
phototoxicity efficacy by nanoencapsulation of Hy. Indeed,
Hy-loaded polylactic acid (PLA) nanoparticles (NPs) induced a
higher photoactivity than free drug in vitro on the NuTu-19
ovarian cancer cell model derived from Fischer 344 rats.*
Moreover, nanoencapsulation of Hy in PLA allowed the in vivo
fluorescence photodetection of ovarian metastases in Fischer
344 rats bearing ovarian tumors and the results showed an
improved selective accumulation of Hy in malignant ovarian
tissues when NPs were used.?® Therefore, LNCs seem to be an
alternative and attractive approach for controlled delivery of Hy.

In this work, we report on Hy encapsulation in lipid nano-
capsules. Hy-loaded LNCs were prepared by a phase inversion
process in a size range of 25-100 nm. The resulting nano-
capsules were characterized in terms of size, charge and drug
loading. Finally, the influence of lipid nanocapsules’ size and
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Hy loading on the production of singlet oxygen and the in vitro
phototoxicity of the encapsulated Hy in comparison with free
drug were evaluated on human cervical carcinoma (HeLa) and
Human Embryonic Kidney (HEK) cells.

Experimental section
Materials

Hypericin (Hy, purity >99%) was provided by Planta Natural
Products (Wien, Austria). A stock solution of Hy was prepared in
dimethylsulfoxide at 10 mM and stored at —20 °C in the dark.
Labrafac™ Lipophile WL 1349 (caprylic/capric triglyceride),
Phospholipon® 90G (soybean lecithin at 97.1% of phosphati-
dylcholine), and Solutol® HS15 (a mixture of free polyethylene
glycol 660 and polyethylene glycol 660 hydroxystearate) were
generously provided by Gattefosse S.A.S. (Saint-Priest, France),
Phospholipid GmbH (K&ln, Germany), and Laserson (Etampes,
France), respectively. Deionized water was obtained from a
Milli-Q plus system (Millipore, Paris, France). ER-Tracker™
Blue-White DPX and MitoSOX™ Red were purchased from Life
Technologies (Grand Island, USA). Methylene Blue (MB) and all
other chemical reagents and solvents were obtained from
Sigma-Aldrich (Saint-Quentin Fallavier, France).

Lipid nanocapsule preparation

Hy was mixed with Labrafac prior to all the preparation steps.
Thereafter, LNCs were formulated at nominal sizes of 25, 50,
and 100 nm using a phase inversion method of an oil-water
system, as described by Heurtault." Briefly, the oil phase was
mixed with appropriate amounts of Solutol, Phospholipon 90G,
NaCl and distilled water, and heated under magnetic stirring up
to 85 °C. The mixture was subjected to 3 temperature cycles
from 70 to 90 °C under magnetic stirring. Then it was cooled to
78 °C and 3.3 mL of distilled cold water (0 °C) were added. The
resulting suspension was stirred at room temperature for
another 10 min before further use. The different compositions
of the formulations are displayed in Table 1. The percentage
composition of Hy is just the total initial mass percentage of the
components for the lipid nanocapsules (1.26 g).

Particle size, zeta potential, UV-Vis and fluorescence
measurements

LNCs were characterized in terms of size, charge and drug
loading. The average diameter and polydispersity index (PI)
were determined by dynamic light scattering using a Zetasizer®
Nano ZS (Malvern Instruments S.A., Worcestershire, UK). The

Table 1 Composition of the components for the lipid nanocapsule preparation
for a total initial mass of 1.26 g. 25, 50 and 100 stand for the average diameter
innm

Labrafac Solutol Phospholipon NaCl Water

(%) (%) 90G (%) (%) (%)
LNC25 20.0 32.4 3.0 1.7 42.9
LNC50 33.3 19.1 3.0 1.7 42.9
LNC100 40.0 12.4 3.0 1.7 42.9

This journal is © The Royal Society of Chemistry 2013
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zeta potential was measured using the electrophoretic mode
with the Zetasizer®. All the batches were diluted at 1/100 (v/v) in
distilled water (filtered over 0.22 pm) prior to the analysis and
analyzed in triplicate. UV-Vis spectroscopic measurements were
carried out on a Perkin Elmer Lambda 950 dual beam spectro-
photometer operating at a resolution of 1 nm in a 1 cm spec-
trometric cuvette. Fluorescence spectra were recorded using a
HORIBA Jobin Yvon IHR 320 spectrometer coupled with a
microscope upon excitation of the 480 nm line of an argon
laser (10 mW) for 10 s at room temperature. The laser beam
was focused onto the liquid with a 10x microscope objective,
which produces a beam waist of ~1.5 pm on a lens filled with
solutions (400 pL).

Drug loading and encapsulation efficiency

The drug loading was directly determined by reversed phase-
high performance liquid chromatography (RP-HPLC). RP-HPLC
analyses were realized on a Shimadzu LC2010-HT (Shimadzu,
Tokyo, Japan). A 5 um C, QS Uptisphere® 300 A, 250 x 4.6 mm
column (Interchim, Montlucon, France) was used as the
analytical column. The column was heated to 40 °C. The mobile
phase was a mixture of eluent A (trifluoroacetic acid 0.05% in
H,0) and eluent B (trifluoroacetic acid 0.05% in CHs;CN) at a
flow rate of 1 mL min~". The linear gradient was 0% to 80% of
eluent B in 30 min and detection was performed at 590 nm. A 10
mM stock solution of Hy was prepared in dimethylsulfoxide for
the calibration curve. Concentrations of 5-50 uM of Hy in
dimethylsulfoxide were prepared from this stock. Each sample
was injected (40 pL) into the RP-HPLC column. Calibration
curves were obtained by linear regression of drug concentration
(1M) versus the peak area and are shown in Table 2.

For the determination of Hy encapsulation rates, LNCs were
separated from the supernatant using disposable PD-10 desalting
columns (Sephadex® G-25 for gel filtration as the stationary
phase, Amersham Biosciences). The column was stabilized with
25 mL of distilled water. Then 1 mL of the LNC suspension was
deposited on the column and 1.5 mL of water were added to fill in
the dead volume of the column. Finally, the LNCs were collected
with 4 mL of distilled water as eluent. We measured Hy concen-
trations by RP-HPLC before and after filtration to determine the
encapsulation efficiency (EE) using eqn (1).

EE(%) = M x 4 x 100%
Ylrorar

1
where [Hy]|,nc: amount of Hy loaded in the LNCS; [Hylrorac:

total Hy amount in LNC suspension; dilution factor of gel
filtration = 4.

Table 2 Calibration curves and linear regression of Hy

Retention  Regression Linear
Compounds  time equation® kdrog range b
Hy 26.6 min Y=75034X 75034 5-50pM  0.999

¢ Equation, where Y is the peak area and X is the concentration of
compounds.  Correlation coefficient (n = 5).

This journal is © The Royal Society of Chemistry 2013
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Drug leakage and stability

The drug leakage and stability experiments were performed by
placing filtered LNCs at 4 °C in the dark for one month. Samples
were evaluated for their drug content as well as any changes in
their physical appearance. After gel filtration, the amount of Hy
was determined by RP-HPLC similar to the encapsulation effi-
ciency as described above. For the physical stability, we
measured the mean diameter and polydispersity by DLS. All
measurements were performed in triplicate.

Detection of singlet oxygen

The p-nitroso-dimethylaniline (RNO)-bleaching method was
used to measure the relative 'O, generation efficiency of
Hy-loaded LNCs.>*** The 'O, generation efficiency was fol-
lowed by the bleaching of RNO at 440 nm with the trans-
annular peroxide intermediate formed as a result of the
reaction between singlet oxygen and imidazole. The solution
containing the medium alone as a negative control, blank
LNCs, MB, Hy alone or Hy-loaded LNCs was prepared in the
presence of imidazole (8 mM) and RNO (12.5 pM) in a 50 mM
phosphate buffer (pH = 7.4). Samples in a 1 cm spectrometric
cuvette, placed at a distance of 1.8 cm, were irradiated at room
temperature in air through a long pass filter (A = 420 nm, to
suppress the light with wavelength shorter than 420 nm) for
60 min using a visible lamp (Spot Light Source 400-700 nm,
1.9566-03, Hamamatsu, Japan). The intensity of the light was
measured using a PM600™ Laser Fiber Power Meter
(Coherent Inc., USA) and was determined to be 0.59 W. The
decrease of the absorbance caused by RNO bleaching was
monitored spectrophotometrically on a Perkin Elmer Lambda
950 dual beam spectrophotometer operating at a resolution of
1 nm in the region of 350-550 nm. All measurements were
performed in duplicate. In order to estimate the 0O, quantum
yield of Hy-loaded LNC aqueous formulations, the natural
logarithm values (In A/A,) of RNO at 440 nm were plotted vs.
the photoirradiation time and fitted with a pseudo-first-order
kinetic model. The "0, quantum yield of Hyloaded LNCs
in aqueous solution can be estimated using methylene blue
(MB) as a standard (®ms = 0.52 in aqueous solution)*®
using eqn (2).*

kine Ivs

¢LNC = ¢MB

Tine kup @
where @yy: the 'O, quantum yield of MB in aqueous solution as
a standard; A nc and kyg: the rate constants for photoreaction
of RNOwith Hy-loaded LNCs and MB, respectively; I; nc and Iyg:
light absorbed by Hy-loaded LNCs and MB in aqueous solution,
respectively, which are estimated by integration of the absorp-
tion bands in the region of 420-700 nm.

Cellular localization

The Hela (cervix carcinoma, human) cells were maintained in
DMEM supplemented with 10% (v/v) fetal-calf serum (FCS) and
penicillin/streptomycin in a 5% CO, atmosphere at 37 °C. Cells
were seeded on round glass coverslips into 12-well plates (2 x
10° cells per 1 mL media per well) 48 h before experiments. Cells
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were washed with PBS, maintained in serum-free medium and
incubated for 5 h in a CO, atmosphere at 37 °C in the presence
of 1 uM Hy in PBS-DMSO (<1%) or 1 pM 0.04% Hy-loaded
LNC25. After incubation, the cells were washed three times with
PBS and then maintained in DMEM supplemented with 10%
FBS with 1 uM of ER-Tracker Blue-White DPX for 20 min or 5 uM
of MitoSOX Red for 10 min at 37 °C. After incubation, the
stained cells were washed three times with PBS, and fixed with
4% paraformaldehyde at room temperature for 15 min. The
fixed cells were then washed three times with PBS, mounted and
observed using a Nikon A1-R (Nikon Instruments, Tempe, AZ)
laser confocal microscope (Nikon 60x Oil) excited at 561 nm
and 404 nm, respectively.

Cell culture and in vitro phototoxicity

The Hela (cervix carcinoma, human) and HEK (Human
Embryonic Kidney) cells were maintained in DMEM supple-
mented with 10% (v/v) fetal-calf serum (FCS) and penicillin/
streptomycin in a 5% CO, atmosphere at 37 °C. Cells were
seeded into 96-well plates (1 x 10" cells/100 pL media per well)
48 h before experiments. Prior to incubation, cells were washed
with PBS. The medium was replaced with 100 pL of serum-free
medium containing blank LNC25, free Hy at 0.25, 0.5, and 1 uM
in PBS-DMSO (<1%), and 0.04% Hy-loaded LNC25 at 0.25, 0.5,
and 1 pM. After 8 h incubation, cells were washed three times
with PBS and then maintained in DMEM supplemented with
10% FCS. Cells were irradiated through a long pass filter (A =
420 nm, to suppress the light with wavelength shorter than
420 nm) for 12 min using a visible lamp (Spot Light Source 400-
700 nm, L9566-03, Hamamatsu, Japan). The intensity of the
light was measured using a PM600™ Laser Fiber Power Meter
(Coherent Inc., USA) and was determined to be 10 mW. Light
positive controls (with blank LNCs or without Hy) and dark
controls (with and without Hy) were included. After 18 h at
37 °C, cell viability was colorimetrically measured by perform-
ing MTT assays. After removing the medium and washing by
PBS, 100 uL of MTT solution (1 : 10 dilution of the 5 mg mL *
fresh MTT stock solution in PBS) were added. After incubation
for another 3 h, the resulting formazan dye was dissolved in
dimethylsulfoxide (50 pL) and the absorbance intensity was
measured by a microplate reader (PHERAstar FS, BMG LAB-
TECH GmbH, Germany) at 570 nm with background subtrac-
tion at 650 nm. The cell viability was determined as the
percentage of live cells per total non-treated cells.

Live cell irradiation and imaging by video-microscopy

The Hela and HEK cells were maintained in DMEM supple-
mented with 10% (v/v) fetal-calf serum (FCS) and penicillin/
streptomycin in a 5% CO, atmosphere at 37 °C. Cells were
seeded into a 35 x 10 mm cell culture dish (1 x 10> cells per 2
mL per well) 48 h before experiments. Prior to incubation, cells
were washed with PBS. The medium was replaced with 2 mL of
serum-free medium containing 0.04% Hy-loaded LNC25 at 1
uM. After 2.5 and 5 h incubation, cells were washed three
times with PBS and then maintained in DMEM supplemented
with 10% FCS. For video-microscopy experiments, cells were
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kept under normal physiological conditions. For this purpose, a
temperature-controlled and atmosphere (CO,, N, and O,)-regu-
lated incubator was designed. The cells were irradiated by using
a mercury lamp with a 580 nm bandpass filter (10 nm full width
at half maximum) in order to match the absorption spectrum of
Hy. All experiments were performed with a 10x phase-contrast
objective. The size of the image (568 x 758 mm?®) permits the
observation of more than 200 cells. One hundred cells were
typically irradiated within the light spot (320 pm FWHM) with a
power of 9 uW (at 580 nm) for 15 min. The whole field image was
detected using a CCD camera and the time-lapse lasted for 14 h
with an image taken every 15 min. Cells lying outside the
mercury lamp spot provided a control sample. In order to char-
acterize the cell death during video-microscopy experiments,
cells were incubated with Annexin-V-Fluorescein in a Hepes
buffer containing PI (propidium iodide) (Annexin-V-FLUOS
Staining Kit, Roche). Annexin-V binds in a Ca®>" dependent
manner to negatively charged phospholipid surfaces, and shows
high specificity for phosphatidylserine. Therefore, it stains
apoptotic and necrotic cells. Propidium iodide stains only the
DNA of leaky necrotic cells and allows for a distinction between
apoptotic and necrotic cells.

Results and discussion
Preparation and characterization of Hy-loaded LNCs

Hy, a natural photosensitizer (PS) extracted from Hypericum
perforatum, displays a complex chemical structure as depicted
in Fig. 1. Hy formulation was achieved by mixing with excipients
at optimized concentrations using the phase inversion method
as described above."” This method offers a good control over the
nanocapsules’ size (25, 50 and 100 nm) with monodisperse size
characteristics (PI < 0.20) (Table 3). Hy was entrapped in the
LNCs with high encapsulation efficiency (>93%) due to the poor
solubility of Hy in water. Moreover, its stability was confirmed
through the heat cycles required to produce Hy-loaded LNCs
with 99% remaining intact at the end of the cycling process. The
physicochemical properties of Hy-LNCs are quasi-identical to
the blank LNCs, and the presence of the Hy had no effect on the
mean diameter and the polydispersity index. However, the zeta
potential values of Hy-loaded LNCs were more negative (0.02%
Hy-loaded LNCs: —14.6 to —15.0 mV; 0.04% Hy-loaded LNCs:
21.3 to  29.1 mV) as compared to blank LNCs ( 4 to
—0.5 mV). The net negative charge of blank LNCs seems to be in
agreement with the negatively charged phospholipids incorpo-
rated into the surface of LNCs. Zeta potential values of Hy-loa-
ded LNCs decreased with increasing Hy loading. In spite of the
high hydrophobicity of Hy, the amphiphilic molecules were
preferentially located in the layers near the membrane/water
interface.”®** In view of the results, it seems probable that Hy is
arranged at the interface between the oil phase and the hydro-
philic polyethylene glycol moieties of the surfactant as shown
previously with amiodarone-** and quercetin loaded LNCs.**
The absorption spectrum of Hy is solvent dependent.® ** As
observed in Fig. 2, the UV/Vis absorption spectrum of Hy dis-
solved in DMSO shows an intense band at 599.5 nm and a less
intense band at 555.0 nm. The shape of the absorption spectra

This journal is © The Royal Society of Chemistry 2013
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Table 3 Characterization of Hy-loaded lipid nanocapsules
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Hy (%) Mean diameter (nm) PI¢ Zeta potential (mV) EE (%)
LNC25 0 23.9+0.8 0.054 £ 0.012 4.0 £ 3.6 0

0.02 32.6 £1.0 0.062 + 0.011 —14.6 £ 1.9 99 +2.7

0.04 23.6 £ 0.7 0.210 £ 0.010 —24.5 £ 2.1 100 £+ 1.0
LNC50 0 53.1+1.2 0.088 + 0.012 —0.5+ 0.1 0

0.02 56.7 £1.0 0.091 + 0.003 —15.0 + 0.8 98 + 1.8

0.04 51.2 + 0.6 0.055 + 0.002 —21.3 + 1.5 98 +0.4
LNC100 0 91.8 £8.5 0.123 £ 0.006 —1.4 £ 0.1 0

0.02 76.0 +4.3 0.181 + 0.016 —8.9+ 0.6 99 +0.4

0.04 109.6 + 14.4 0.162 £ 0.022 —29.1 + 0.2 93+7.6

4 Polydispersity index, mean + SD, n = 3.
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Fig. 2 Absorption spectra between 500 and 700 nm of Hy dissolved in DMSO
(continuous line), Hy-loaded LNC25 (dotted line), Hy-loaded LNC50 (dashed line)
and Hy-loaded LNC100 (dash-dotted line) at 0.02% (A) and 0.04% (B).

of Hy-loaded LNCs is identical to that of free Hy in DMSO with
the exception of a small hypsochromic shift (3 nm) due to the
different molecular environments surrounding the Hy mole-
cule. A major influence of the UV/Vis absorption measurements
is turbidity due to suspended LNCs that cause light scattering.
Thus, it is interesting to note that turbidity increased with
increasing the LNC size and affected significantly the UV/Vis
spectra of Hy-loaded LNC100.

The effect of encapsulation on the solubility and aggregation
of Hy was investigated by fluorescence spectroscopy using an
argon laser (Ae,. = 480 nm, 10 mW, ¢ = 10 s). Hy is soluble in
polar solvents, whereas it is insoluble in non-polar solvents. The
fluorescence emission spectra of 25 pM free Hy solutions in
different solvents at room temperature are displayed in Fig. 3.
When 1% DMSO/water was used as the solvent, no fluorescence
was observed. This is most likely due to self-quenching of
aggregated Hy. In pure ethanol, Hy displays two emission bands
located at 594 and 642 nm, in accordance with previously
reported data.** Compared to ethanolic solution of free Hy, the
fluorescence bands are 6 nm red shifted when the molecules are
encapsulated in the lipidic environment of LNCs. This result is
in accordance with the entrapment of Hy in liposomes.*®
Interestingly, Hy-loaded LNCs exhibits higher fluorescence
intensity for both 0.02 and 0.04% Hy-loaded LNCs at the same
concentration compared to ethanol solution of free Hy.
However, increasing the size of LNCs from 25 to 100 nm or the
loading from 0.02 to 0.04% induced a slight decrease of the

This journal is © The Royal Society of Chemistry 2013
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Fig.3 Fluorescence emission spectra between 550 and 750 nm of 25 pM free Hy
dissolved (1% DMSO/water) and ethanol, and Hy-loaded LNC25, Hy-loaded
LNC50 and Hy-loaded LNC100 at 0.02% (A) and 0.04% (B) in water. The emission
spectra were obtained using an excitation wavelength at 480 nm.

emission intensity. The results suggest that Hy encapsulation in
the lipidic nanocapsules enhances its solubilisation and the
fluorescence emission is predominated by the monomeric form
of Hy molecules inside the nanocapsules.

The bar diagram in Fig. 4 depicts the percentage of Hy
leakage from 0.02% and 0.04% Hy-loaded LNCs over one month
at 4 °C. The 25 nm Hy-loaded LNCs showed a negligible loss
(<1%) and ~4% for the 0.04 and 0.02% Hy-loaded LNCs,
respectively. The most important loss (~12%) was observed for

25

20

Drug leakage / %

N
A\

LNC50
Formulations

mrrzrn ||

 LNG25 LNC100

Fig. 4 Drug leakage rates of 0.02% (white) and 0.04% Hy-loaded LNCs (dia-
gonal lines) in the dark after one month storage at 4 °C
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50 nm diameter Hy-loaded LNCs at 0.02% loading. Neverthe-
less, after these low initial burst releases, the formulations
remain physically and chemically stable at 4 °C in the dark up to
18 months with quantitative drug loading (data not shown).

Generation of singlet oxygen

The detection of singlet oxygen was evaluated by spectropho-
tometric measurement of p-nitroso-dimethylaniline (RNO)
bleaching by monitoring the absorbance decrease at 440 nm. In
a control experiment where blank LNCs were irradiated for
60 min at 4 > 420 nm, no generation of singlet oxygen was detected
with concentrations up to 0.72 mg mL™" (data not shown).

Influence of LNC size and Hy loading on singlet oxygen
generation

To evaluate the effect of the LNC size on the singlet oxygen
generation efficiency, three batches of 0.04% Hy-loaded LNCs
with various average diameters (LNC25, LNC50 and LNC100)
were tested with the RNO-bleaching method and were
compared to free Hy. The nanocarriers containing Hy at 0.5 and
1 uM were irradiated as a function of time. For all tested
formulations, the amount of singlet oxygen produced (i.e.
A-absorbance at 440 nm) by 0.04% Hy-loaded LNCs after 60 min
irradiation is displayed in Fig. 5.
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As shown in Fig. 5A and B, the amount of singlet oxygen
increased with illumination time for all investigated formula-
tions. 0.04% Hy-loaded LNC25 exhibited the highest production
yield of singlet oxygen compared to LNC50 and LNC100 even
though the difference is not very significant. At a Hy concen-
tration of 1 pM, 0.04% Hy-loaded LNCs exhibited a 1.25 fold
higher production yield of singlet oxygen than 0.5 uM. The
amount of singlet oxygen produced by 0.04% Hy-loaded LNCs
and different concentrations of free Hy after 60 min irradiation
is displayed in Fig. 6A and B, respectively. One clearly sees that
encapsulated Hy is more efficient (10-40 fold) for singlet oxygen
generation than free Hy.

In the LNCs, the hydrophobic molecular environment of Hy
most likely limited or suppressed its aggregation and water-
induced quenching of singlet oxygen. Thus, singlet oxygen is
generated without release of Hy directly from the nanocapsules
and the level of active singlet oxygen is higher than free Hy. To
evaluate the influence of drug loading on singlet oxygen
generation, batches of 0.02% Hy-loaded LNCs were tested using
the RNO-bleaching method. As shown in Fig. S1,} modulation
of LNC drug loading did not influence the amount of singlet
oxygen produced. 0.02% Hy-loaded LNCs exhibited a compa-
rable production yield of singlet oxygen than 0.04% Hy-loaded
LNCs whatever the size of the nanocapsules. This suggests that
Hy was perfectly dissolved in the oily core of LNCs.
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Fig. 5 Generation of singlet oxygen (AA at 440 nm) (A and B) and pseudo-first order plots of In(A/A) (C and D) from photo-irradiated free Hy (DMSO 1%), MB and
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Singlet oxygen quantum yield of Hy-loaded LNCs

The quantum yield of singlet oxygen generation of Hy-loaded
LNCs was estimated using the comparative method where MB
was used as a standard photosensitizer reference (@pyg = 0.52).2
As described above, the depletion of RNO by 0, was monitored
at 440 nm and plots of In(A/A) as a function of irradiation time
can be fitted with a pseudo-first order reaction (Fig. 5C and D).
The rate of singlet oxygen generation was obtained from the slope
of the pseudo-first-order plots. A similar plot was obtained for MB
as a standard photosensitizer reference and the 'O, quantum
yields of Hy-loaded LNCs in aqueous solution were estimated
using eqn (2).27 The results are summarized in Table 4.

The quantitative estimation of 0, generation varies in the
range of 0.29-0.44 by comparing the first-order reaction rate
constants of RNO bleaching with Hy-loaded LNCs and MB. The
quantum yields of Hy-loaded LNCs at 1 uM are nearly similar
(0.3-0.6). The values are much higher than @ = 0.02 reported for
free Hy in water,*® and compare well with the quantum yields of
0.35-0.43 reported for 'O, generation by Hy entrapped in lipo-
somes.*”*® Thus, the lipid nanocapsules seem to be a good
alternative to solubilize Hy.

Photobleaching of Hy-loaded LNCs

The photobleaching phenomenon refers to a decrease of
absorbance and/or fluorescence of the sensitizer exposed to

Table 4 Pseudo-first-order kinetic parameters and quantum vyields of '0,
determined at 0.5 pM for Hy-LNCs

Hy (%)  Rate constant kps (min ')  Quantum yield ¢°
LNC25 0.02 —0.0245 + 0.0035 0.29 + 0.04

0.04 —0.0300 + 0.0011 0.41 + 0.01
LNC50 0.02 0.0228 + 0.0030 0.44 £+ 0.06

0.04 —0.0193 + 0.0009 0.37 £ 0.02
LNC100 0.02 —0.0125 + 0.0013 0.30 &+ 0.03

0.04 —0.0145 + 0.0033 0.35 + 0.08
MB — —0.1411 0.52"

“ Literature value® ? mean + SD, n = 2.

This journal is © The Royal Society of Chemistry 2013

light without the emergence of new peaks. On the one hand, the
sensitizer should not be deteriorated too quickly to obtain an
efficient elimination of the tumor. On the other hand, the
interest in controlled photodegradation is the destruction of
the remaining photosensitizer after treatment in order to limit
the photosensitivity of the patients following PDT treatment.*
The kinetics of photobleaching of 0.04% Hy-loaded LNCs in
phosphate buffer was followed by spectrophotometric analysis.
The results of photobleaching of Hy by irradiation of 0.04%
Hy-loaded LNC25 at 10 uM in 50 mM phosphate buffer as a
function of time are displayed in Fig. 7A. They indicate a
continuous decrease in absorbance of the bands at around 386,
479, 553 and 596 nm without the appearance of new bands.
These maodifications in ahsorbance suggest phototransformation
and photodestruction of Hy under irradiation over time. The
results were compared to those obtained upon illumination of
0.04% Hy-loaded LNC50 and free Hy in DMSO. As shown in
Fig. 7B, the rate of Hy photobleaching is faster when it is
encapsulated in LNCs. Moreover, the photodegradation of Hy is
faster when encapsulated in the smaller LNCs.

The photodegradation of the remaining Hy inside LNCs is
beneficial during PDT treatment to reduce the photosensibility
of the patients. Thus, the modification of the LNC size can be
used to modulate the efficiency of tumor destruction versus
photosensibility.

Cellular localization

To ascertain the intracellular localization of free Hy and 0.04%
Hy-loaded LNCs, confocal microscopy was performed using
dual staining methods. As shown in Fig. 8, free Hy (1 uM)
following 5 h incubation exhibited partial co-localization with
the endoplasmic reticulum (ER) and mitochondria. For a long
incubation period as tested here, the mitochondria accumula-
tion appeared diminished.** Furthermore, free Hy appears
accumulated in cell membranes. The hydrophobic nature of
the free molecule allows preferential diffusion across the
plasma membrane and accumulation in other intracellular
membranes.” Co-staining images of HeLa cells with 0.04%
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Fig.8 Intracellular localization of free Hy and 0.04% Hy-loaded LNCs in HeLa cells. Confocal laser scanning microscopy images of Hela cells double-stained with 1 uM
Hy excited at 561 nm, 1 uM ER-Tracker excited at 404 nm and 5 uM excited at 488 nm. Objective magnitude is x60. The scale bar represents 10 um.

Hy-loaded LNCs (1 uM) and an endoplasmic reticulum-specific
dye (ER-Tracker) revealed an identical overlap, indicating that
all LNC formulations localized well in endoplasmic reticulum.
This seems different for mitochondria where LNCs are less
accumulated. However, a balance between passive diffusion
and active transport pathway (such as endocytosis) appears to
be preferential for free Hy and Hy-loaded LNCs, respectively,
since images showed the vesicular localization. These results
are in accordance with previous studies, which showed that
LNCs were predominantly internalized by endocytosis.***

In vitro phototoxicity

The phototoxicity of Hy-loaded LNCs has been studied on
human cervical carcinoma (HeLa) and Human Embryonic
Kidney (HEK) cells. The cells were incubated in the presence of
blank LNC25, 0.04% Hy-loaded LNC25, and free Hy in PBS-
DMSO 1% (at 0.25, 0.5 and 1 puM in free-serum medium) and

Nanoscale

then irradiated using a visible fiber lamp at 420-700 nm for 12
min. Effects of photoillumination are shown in Fig. 9. After 1
day post-irradiation, the phototoxicity was determined by the
MTT assay.

Dark controls (LNC25 with and without Hy) and positive
controls (blank LNCs with irradiation) reveal a normal cell
culture with a slight loss of cell viability due to cell detachment
during washing, especially for HEK cells. It is important to note
that, when cells are treated with Hy-loaded LNC25 without
irradiation, there is no cell toxicity. The results indicate a rela-
tionship between the dose of Hy and the in vitro phototoxicity.
The results showed that after 12 min visible light irradiation,
both Hy-loaded LNC25 and free Hy can cause a significant loss
of cell viability. The cell viability decreased radically to 50-60%
and 10-20% (depending on the cell type) at 0.5 pM and 1 pM,
respectively, reflecting Hy-loaded LNC25 phototoxicity. Tumor
cells treated in vitro with free Hy showed the greatest loss of
cell viability at 0.5 and 1 M. Comparative studies with free and

This journal is © The Royal Society of Chemistry 2013
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encapsulated Hy demonstrated that the photodynamic activity
of free Hy was slightly higher than that of encapsulated Hy
under the same conditions, which is possibly due to the
difference in Hy internalization. It is likely that both diffusion
and endocytosis participate in the uptake of Hy even if the more
predominant mechanism seems to be the diffusion.”* In
contrast, for LNC uptake, endocytosis is the common pathway
into the cell. This might explain the slightly lower activity of Hy-
loaded LNCs as compared to free Hy. Since the primary mech-
anism of the PDT effect might be via tumor vasculature damage
for Hy, it is more important to improve the circulation time of
Hy in vivo in the protective delivery system. The results showed
that Hy-loaded LNC25 would potentially be therapeutically
active for in vivo PDT.

Live cell irradiation

In order to confirm the MTT assays, live cell irradiation was
performed in order to characterize cell death with both HEK

and Hela cells incubated with 0.04% Hy-loaded LNC25 at 1 uM.
In all these experiments, cells were irradiated at 580 nm with a
power of ~9 pW for 15 min. The time-lapse lasted for ~14 h with
an image taken every 15 min. Photos are shown in Fig. 10, and
movies are provided in ESI Movies S1 and S2.f In order to
evaluate the phototoxicity of 580 nm light, cells were irradiated
without Hy for 15 min with a power of 9 uW. No cell death was
detected up to 4.5 h post-irradiation (data not shown).

The first cell death appeared with both HEK and HeLa cells
around 2.5 h post-irradiation and can be easily detected
through morphological criteria. The cells first became rounder
and appear luminous. When cells were dead, they did not move
anymore, then cringe and become darker (see Fig. 10 and videos
in the ESI}). The adherence of HEK cells was affected after the
activation of Hy. In order to correlate those morphological
criteria, HeLa cells were incubated with an Annexin-V-Fluores-
cein/PI assay (Fig. 11). The local intensity I of the 580 nm light
spot can be precisely determined because its Gaussian intensity

Fig. 10 Live cell irradiation and imaging by video-microscopy. Images of Hela cell culture (A) and HEK cell culture (B) after incubation with 0.04% Hy-loaded LNC25
(2.5 hor5h)at1uMirradiated for 15 min at 580 nm (~9 pW) with a 320 pm FWHM light spot (represented with a white circle); before irradiation (left) and after 13.5 h

post-irradiation (right). The scale bar represents 100 pm.

This journal is © The Royal Society of Chemistry 2013
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Fig. 11 Cell death analysis (apoptosis/necrosis) on Hela cells. Hela cells are
irradiated at 580 nm (P = 9 uW, 1;,, = 15 min) and analyzed 14 h post-irradiation.
The cell death analysis is performed for / = 11.2 mW cm~2 represented with a
black circle. The images are taken with a 10x phase contrast objective providing
an image size of 568 x 758 mm?; (A) cells imaged with white light, (B) Annexin-V
fluorescence images, and (C) Pl fluorescence images. From the Annexin-V staining
(apoptotic and necrotic cells), one can evaluate the ratio of cell death counting
cells in (A) and (B) providing the ratio of apoptotic/necrotic from (B) and (C) for 2.5
h incubation (left) and 5 h incubation (right). The cell death is strongly enhanced
(up to ~50%) when cells are incubated for 5 h. Scale bar represents 100 pm.

profile is well known (320 pm FWHM). This means that one can
evaluate the correlations between the light fluence F = I x Tjy,
(where Ti,, is the irradiation time) and the cell death. For
instance, for F = 0.7 mW em™? min " at 580 nm (P = 9 uW, 320
pm FWHM and Ty, = 15 min), one can estimate for HeLa cells
incubated for 2.5 h, 8.4% of cell death, a little bit higher than
the standard cell death culture (a few%). From Annexin-V/P1
staining, one can evaluate 45% of apoptosis and 55% of
necrosis. The cell death is strongly enhanced after 5 h incuba-
tion, reaching 48% of cell death with 70% of apoptosis and 30%
of necrosis (Fig. 11).

In order to compare these results with the MTT assays (Fig. 9A),
one has to take into account the spectral characteristics of the
light excitation of Hy. In the MTT experiments, cells were irradi-
ated with a 420-700 nm visible lamp matching the entire
absorption spectrum of Hy (see Fig. 2). In the live cell irradiation,
the excitation of Hy was performed at 580 nm leading to ~40%
absorption (see Fig. 2). Taking the fluence of each experiment
corrected with the efficiency of Hy excitation, one has to consider
201 mW cm™? in order to compare both experiments. By
analyzing the cell death on HeLa cells (Fig. 11) for such an
intensity, one can find 68% of cell death (65% of apoptosis and
35% of necrosis) in good agreement with the MTT assay results.
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Conclusion

We have demonstrated that lipid nanocapsules loaded with
hypericin can be successfully used in photodynamic therapy
experiments in vitro. The formulation method used provided
hypericin-loaded LNCs in a size range from 25 to 100 nm with
high entrapment yield and very low particle size polydispersity
index. Hypericin incorporation into LNCs suppressed aggrega-
tion of Hy in aqueous media and increased its apparent solu-
bility. The quantitative estimation of the 'O, quantum yield
varies in the range of 0.29-0.44 which is much higher than 0.02
reported for free Hy in water,*® suggesting that encapsulation in
lipid nanocapsules is a good alternative to solubilize Hy. The
photodynamic activity of Hy-loaded LNCs on human cervical
carcinoma (HelLa) and Human Embryonic Kidney (HEK) cells
showed a decrease of the cell viability to 50-60% and 10-20% at
0.5 uM and 1 pM, respectively. This study provides an in vitro
proof of concept for using Hy-loaded lipid nanocapsules for
PDT and holds promise for potential application of this system
for in vivo PDT for cancer treatment due to a prolonged circu-
lation time and accumulation in tumor-bearing mice.*
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ABSTRACT

Singlet oxygen (10,) is an electronic state of molecular oxygen
which plays a major role in many chemical and biological photo-
oxidation processes. It has a high chemical reactivity which is
commonly harnessed for therapeutic issues. Indeed, 'O, is
believed to be the major cytotoxic agent in photodynamic
therapy. In this treatment of cancer, ', is created, among other
reactive species, by an indirect transfer of energy from light to
molecular oxygen via excitation of a photosensitizer (PS). This
PS is believed to be necessary to obtain an efficient 10,
production. In this paper, we demonstrate that production of 'O,
is achieved in living cells from PS-firee 1270 nm laser excitation
of molecular oxygen. The quantity of 10, produced in this way is
sufficient to induce an oxidative stress leading to cell death.
Other effects such as thermal stress are discriminated and we
conclude that cell death is only due to 'O, creation. This new
simplified scheme of 'O, activation can be seen as a break-
through for phototherapies of malignant diseases and/or as a
noninvasive possibility to generate reactive oxygen species in a
tightly controlled manner.

INTRODUCTION

Reactive oxygen species (ROS) are chemically active molecules
naturally present in living cells. These species are involved in
many biological processes such as photosynthesis, mitochon-
drial respiration, signal transduction or immune response
(1-5). At high doses, ROS become toxic and induce an
oxidative stress which is observed in several human disorders
like Alzheimer’s or Parkinson’s diseases (6,7).

The cytotoxic effects of ROS are exploited in medicine to
remove undesired cells or tissues. In this respect, photo-
dynamic therapy (PDT) uses a photosensitive molecule, the
photosensitizer (PS), which is activated by visible light in a
tissue targeted for destruction (Fig. 1a). This process leads to
primary ROS generation responsible for oxidative stress, cell
death and a variety of cytotoxic effects (8). Damages are

*Corresponding author e-mail: courtade@phlam.univ-lillel.fr (Emmanuel
Courtade)
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known to be mediated by two main molecular pathways
(Fig. 1a). In the type I pathway, the PS excited state reacts
with surrounding molecular targets leading to ROS gencration
and chain reactions (8). The type II pathway involves the
so-called singlet oxygen (105,), the first electronic excited state
of molecular oxygen, which is recognized as the main initiating
agent of PDT phototoxic effects (9,10).

PDT is a routinely used treatment of various forms of
cancers (9,11-16) and of age-related macular degeneration
(17-19). The PS is a key component in the PDT efficiency.
Indeed, the pathway leading to cytotoxic effect in PDT,
depicted on Fig. la, is an indirect energy transfer involving
three components: the PS, light and 'O,. Consequently, PDT
exhibits an inherently complex dynamic at several scales
relevant for treatments (9,21-24). This crucially depends on
many parameters such as the PS dosage and pharmacokinetics
or the tumor localization within the human body (20).
Moreover, at the cellular level, 'O, has been shown to be
sensitive to intracellular inhomogeneity (25). At the level of the
ccll, the PS localizes in specified cellular compartments
depending on the nature of the PS itsell and the cellular type.
The spatial distribution of the PS then defines specifically
where 'O, is generated and thus determines a spatial response
to the oxidative stress (26).

In this context, it is clear that, despite its high production
yield, the indirect 10, generation via a PS molecule drives to a
complex picture from which it can be difficult to learn both
from clinical and fundamental points of view. Motivated by a
potentially less invasive and less expensive therapy and by the
possibility of a simplified generation of 'O, in cells, we have
investigated the PS-free excitation of molecular oxygen into its
singlet state ('O,) through the *0,—'0, optical 1270 nm
transition (Fig. 1b).

For the free unperturbed molecule, the optical transition
from 30, to 10, is forbidden by electric dipolar selection rules
(27-29). Although the transition is enhanced for the perturbed
molecule (i.c. solvated in a densc phasc), dircet 1270 nm
excitation of 'O, remains a low efficiency process. However,
detection of 'O, 1270 nm phosphorescence has been achieved
in biological cells using sensitive detector (30). Thus, direct
absorption of 1270 nm laser light might be possible in
biological media if sufficiently high laser power is used.
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Figure 1. Photophysical mechanisms of singlet oxygen production.
Photosensitized production of singlet oxygen requires three elements:
light, a photosensitizer (PS) and dioxygen (O,) (scheme [a]). The PS in
its excited triplet state (T;) can undergo two kinds of reactions. In
type I reaction, it can react directly with the cell membrane or a
molecule to form a radical anion or cation. These radicals may
further react with O, to produce reactive oxygen species. In type II
reaction, the triplet state of PS can transfer its energy to the
molecular ground state of oxygen O, to form singlet oxygen 'O,. The
ratio between type I and type II reactions depends on the PS and the
local molecular oxygen concentration. At the molecular level,
photosensitized production of singlet oxygen exhibits an inherently
complex dynamic due to the PS properties (photobleaching with light,
reaction with the produced singlet oxygen). This renders difficult a
predictive and quantitative dosimetry in photodynamic therapy
(PDT). We propose a simplified scheme of PS-free activation of
singlet oxygen at 1270 nm (sketched in [b]), overcoming the PS
biodistribution within the cell. This scheme produces a lethal stress
analogous to the one obtained in PDT.

In solvents, direct PS-free 'O, production has been reported
for the first time by Matheson and Lee in the 1970s (31). These
experiments have been performed in high pressure gas phase
and are thus quite far from biological conditions. More
recently, Krasnovsky er al. have shown that 'O, can be
produced in liquids at room temperature and normal pressure
via the 20,—'0, 1270 nm transition (32-34). These experi-
ments provide estimation of the absorption cross section the
30,10, 1270 nm transition in several liquid solvents includ-
ing water and they open the way for future investigations of
intracellular biochemistry of 'O,. Let us emphasize that these
previous works have shown that the absorption cross section
of the *0,—'0, 1270 nm transition is five orders of magnitude
weaker than the one of a typical PS in liquids (32,35).

Only a lew investigations aboul cytotoxic ellects arising
from 1270 nm irradiation have been undertaken in biological
systems. Zakharov et al. have discussed the plausible role of
10, in reversible changes of cellular membranes and in growth
inhibition of rat tumors upon 1264 nm irradiation (36).
However, although promising results showing the eradication
of human basaliomas in vivo upon PS-free 1270 nm irradiation
have been recently reported (37), there is no clear evidence of
10, creation in all these experiments. Furthermore, an intense
laser irradiation induces a thermal stress which can by itself
lead to cell death without the implication of any significant
oxidative stress. Until now, no attempt has been made to
discriminate the various cytotoxic effects arising from a PS-
free 1270 nm laser irradiation of living cells.
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In this article, we demonstrate that a 1270 nm laser
irradiation without a PS leads to the creation of an amount
of 'O, sufficient enough to induce cell death. We demonstrate
that the process of cell death is strongly correlated to singlet
molecular oxygen creation by showing that the light action
spectrum is similar to the spectrum of the molecular oxygen
transition 30,—'0,. We have carefully measured the temper-
ature increase induced by the laser and conclude that these
lethal effects induced by 1270 nm irradiation can be obtai-
ned without any hyperthermic stress. Finally we calculate a
minimal 'O, dose to induce cell death that is found to be in
close agreement with data previously reported in traditional
PDT.

MATERIALS AND METHODS

Cell culture. Breast cancer cell line, MCF-7, is obtained from the
American Type Culture Collection and routinely grown as monolayer
cultures. Cells are cultured at 37°C in a humidified atmosphere of 5%
CO5 in a Minimal Essential Medium Eagle-Earle’s BBS, supplemented
with 10% fetal calf serum (FCS), 2 mM L-glutamine and 40 U mL™"
penicillin—streptomycin.

In order to show that the phenomenon evidenced in this paper
does not depend on the cell type, we have also used rat pheochro-
mocytoma cells (PC12) as an alternate species submitted to laser
irradiation. They are grown in Dulbecco’s modified Eagle’s medium
(4.5 g L7 glucose) with 10% FCS and 5% horse serum, L-glutamine
and antibiotics.

Live cell irradiation and imaging by video-microscopy. The experi-
mental setup is schematically shown in Fig. 2. For video-microscopy
experiments, cells are kept under normal physiological conditions. For
this purpose, a temperature-controlled and atmosphere (CO,, N, and
Oy)-regulated incubator was designed. With this set-up, the global
temperature of the incubator and the concentration of O, dissolved in
the cell medium are precisely controlled. This custom-made chamber
has two optical accesses that allow imaging under a microscope. The
cells are irradiated by using a specially designed Raman fiber laser that
is tunable around 1270 nm (38) and that is injected in the microscope
through a dichroic mirror.

All experiments are performed with a 4x phase-contrast objective.
The size of the image (1.665 x 1.249 mm?) permits the observation of
morc than 500 cclls. One hundred cells arc typically irradiated within
the laser spot (300 pm FWHM). The whole field image is detected by a
CCD camera. Cells lying outside the laser spot provide a control
sample.

Noninvasive cell death analysis. Some dyes commonly used in
biology have a chemical structure that may lead to 'O, creation upon
light exposure via the pathway depicted on Fig. 1a. In order to avoid
any doubt on the way through which 'O, is produced in our
cxperiments, cell death is asscssed from the usc of morphological
criteria without the introduction of any chemical dye. These mor-
phological criteria have been previously correlated in a careful way
with a widely accepted cell death assays: the Trypan blue exclusion
test (39,40). In all our experiments, the morphological changes
evidenced in Fig. 3 are observed as a result of the 1270 nm
irradiation. Normal cells are shown in Fig. 3a using a 10x phase-
contrast objective. As a result of 1270 nm laser irradiation, the cells
first become rounder and appear luminous (Fig. 3b). When cells are
dead, they do not move anymore, then cringe and become darker
(Fig. 3c).

The morphological criteria defined in Fig. 3¢ are well correlated
with a positive Trypan blue assay. Indeed, Fig. 4 shows cells after
1270 nm irradiation observed with a 4x phase-contrast objective
(Fig. 4a) and with a 20x objective (Fig. 4c). For 96% of the cells
positive to the Trypan blue test, a morphology identical to Fig. 3¢ is
observed and reciprocally 99% of cells which exhibit such morphology
are positively stained with Trypan blue.

Noninvasive and in situ temperature measurements. As observed in
optical trapping experiments, the use of high power IR-laser can
induce a local temperature increase around the laser spot (41). The
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Phase Contrast
illumination system

Incubator

(37,2°C)

Tunable Raman Fiber Laser
Dichroic Mirror 1240 — 1200 nen (28]

— 8

Figure 2. Scheme of the experimental apparatus. In order to perform video-microscopy over 3 days, cells are placed in a temperature- and
atmosphere (CO,, N, and O,)-regulated and controlled humidified incubator. Cells are irradiated using a specially designed high power Raman
fiber laser tunable around 1270 nm (38). The laser beam is injected in the microscope through a dichroic mirror. An ensemble of about 500 cells is
imaged with a CCD camera through a 4x phase-contrast microscope objective.

Mirror

L

L

(a) () (c)

Figure 3. Cell death analysis with Trypan blue assay after a 1270 nm irradiation. (a) Irradiated cells observed using a 4x phase-contrast objective
(image size is 0.50 x 0.52 mm?), (b) the same cells stained with Trypan blue: one can correlate the morphological changes with Trypan blue
exclusion test. In (c) are the cells of image (b) observed with a 20x objective (the image size is 0.44 x 0.33 mm?).

Figure 4. Change in the morphology of cells as a result of the 1270 nm irradiation using a 10x phase-contrast objective. The size of the image is
63 x 38 um?. (a) Living cells before irradiation, (b) cells after irradiation and (c) dead cells.

absorption of the IR-light by the culture medium and the culture dish Considering the dimensions of the laser spot (300 um FWHM), a
leads to a temperature increase which can possibly induce cytotoxic simple thermal sensor may perturb the system and cannot be used
effects or cell death. In order to determine this temperature increase, for temperature measurements. As proposed by Peterman ef al.,
we performed both temperature measurements by fluorescence micro- fluorescent dyes can be used as a temperature indicator (41). We
scopy and ab initio numerical simulations of the heat equation. have determined the laser-induced temperature increase from the
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ratio of fluorescence intensities of a temperature-dependent dye
(Rhodamine B) and a temperature-independent dye (Rhodamine
110) (41-43).

The ratio of fluorescence intensities of Rhodamine B solution
(0.3 mM) and Rhodamine 110 solution (0.03 mM) is preliminarily
calibrated using the custom-made temperature incubator described
previously and the measurements in the presence of the 1270 nm
Gaussian laser beam are performed in this home-made incubator. For
fluorescence microscopy, the excitation wavelength is 470 nm for both
dyes and the emission wavelength is 580 nm for Rhodamine B and
520 nm for Rhodamine 110.

The temperature increase due to laser irradiation has also been
determined from numerical simulations. In our model we consider that
1270 nm laser intensity absorbed by the culture medium and the
bottom face of the culture dish is fully converted into heat. The sta-
tionary heat equation with a term source having the Gaussian profile
of the laser beam has been solved using finite element methods with the
Freefem + + language (44). Boundary conditions are chosen to take
into account convection (approximated by a linear law [45]) with the
cold air under the culture dish.

Figure 5a shows numerical and experimental temperature profiles.
Numerical calculations agree well with the experimental results. The
Gaussian laser beam induces a bell-shaped temperature profile with a
maximum which coincides with the center of the 1270 laser spot. As
shown in Fig. 5b, one can plot this maximum temperature as a
function of the laser power. A 60 K W~ temperature rise is found in
our experimental conditions.

Let us emphasize that the temperature increase can be compensated
by decreasing the incubator temperature down to 21°C. In these
conditions, the temperature of the cell medium does not exceed 42°C
for a laser power around 350 mW.

Irradiations in presence of ' O, quenchers. 1270 nm irradiations have
been performed in presence of efficient 'O, quenchers: bovine serum
albumin (BSA) and sodium azide (NaN3). Cells are first incubated with
a quencher 2 h before a 1.5 h — 200 mW irradiation. The quencher is
then removed just after the irradiation, and cells are placed in a
standard culture medium.

Preliminary experiments have been performed without 1270 nm
irradiation in order to evaluate the toxicity of these compounds with
a 4 h incubation of the cells. No cell death is observed consecutively
to the addition of BSA at concentrations up to 5 mm. From these
preliminary experiments, we have also found that NaN; is a
quencher exhibiting a toxic effect inducing cell death. When the
concentration NaNj of exceeds 10 mm, cell death is observed 15 h
postincubation, whereas at 10 mm no cell death is observed until
48 h.

RESULTS AND DISCUSSION
Cell death induced by 1270 nm laser irradiation

MCF-7 cells are irradiated at several wavelengths around
1270 nm with a 300 yum FWHM Gaussian laser spot. Approx-
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Figure 5. In (a) and (b), experimental data are plotted in red and
numerical simulations corresponding to different boundary conditions
are plotted in blue and green. (a) Temperature profiles induced by a
265 mW 1270 nm laser irradiation with a 300 m FWHM beam. (b)
Maximum temperature increase at the center of the laser spot as a
function of the 1270 nm laser power.
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imately 100 cells are irradiated and an ensemble of about 500
cells is observed. This provides good statistics on cell death
together with a control of the population of non irradiated
cells lying outside of the laser spot.

As shown in Fig. 6, the consequences of the light irradiation
strongly depend on the wavelength of the laser. A 1270 nm
laser irradiation induces cell death: 100% of cells lying in a
circular region with a radius of ca 200 pm (which coincide with
the laser spot) are killed. On the other hand, no death is
observed from a laser irradiation performed under the same
fluence conditions but at a wavelength of 1247 nm which is
outside the 0, — 'O, absorption band. In experiments of
Fig. 6, cells begin to die 15 h after the beginning of laser
irradiation. Videos of time lapse corresponding to the exper-
iments described above are accessible in Supporting Informa-
tion (Movie S1 and Movie S2 corresponding, respectively, to
1270 nm and 1247 nm irradiations).

The same wavelength dependence of the cell death
phenomenon has also been observed with PC12 neuronal
phenotype rat cells generated from a transplantable rat adrenal
pheochromocytoma line.

Death action spectrum around 1270 nm and central role of 'O,

Tuning the laser wavelength across the *0O, — 'O, transition
and determining the fraction of dead cells from a statistical
analysis, we have constructed an action spectrum showing the
fraction of dead cells as a function of the irradiation
wavelength. As shown in Fig. 7, this action spectrum has its
maximum at 1270 nm and a width of ca 15 nm which strongly
match the absorption spectrum of the *0, — 'O, transition of

1270 nm

1247 nm

Figure 6. Photos of MCF-7 cells irradiated (ca 100 W em™ — 3 h) at
different laser wavelengths. Top and bottom rows show cells which
havce been irradiated at 1270 nm and 1247 nm, respectively. The image
size is 407 x 345 pm?. Left and right columns show cells before light
irradiation and 27 h after light irradiation, respectively. The laser spot
(300 um FWHM) is represented by a black circle on all photos.
Approximately 27 h after irradiation at 1270 nm, 100% of cells are
dead in a circular region having a radius of 200 ym and centered
around the laser spot. On the other hand, no death phenomenon is
observed at 1247 nm. The viability is assessed using morphological
criteria correlated with commonly accepted cell death assay (Trypan
blue exclusion tests).
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molecular oxygen measured independently in air saturated
solutions (32,38).

To confirm the central role taken by oxygen in the death
phenomenon, experiments have been performed putting cells
either in hypoxia (saturation in N») or in hyperoxia (saturation
in O,). As shown in Fig. 8, a 1270 nm laser irradiation does
not induce the death of cells placed under hypoxia. Moreover,
the kinetics of the death process and the number of dead cells
are strongly enhanced when cells are placed under hyperoxia.

Several authors have reported 'O, creation via mechanisms
that may compete with direct 1270 nm excitation of molecular
oxygen. On one hand, Singh ef al. have described a mechanism
of !0, creation arising from IR illumination due to energy
transfer from vibration of water molecules (46). This effect is
several orders of magnitude more efficient at wavelength
resonant with a vibration of water molecule than for light
far-detuned from resonance. There is, to our knowledge, no
vibrational mode of water molecules that is resonant at
1270 nm (47). Thus, the resonant effect evidenced in Fig. 7
does not support the implication of a mechanism such as the
onc described in Ref. (46).
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Figure 7. Light action spectrum (red dots) showing the fraction of
dead cells in a circular region having a radius of 200 um centered
around the laser spot. The death action spectrum is strongly correlated
with the >0, — 'O, absorption spectrum of O, in ethanol (solid blue
line) (40). Three hours long irradiations have been realized in a video-
microscopy experiment with an average intensity of 100 W ecm™. The
cell death is diagnosed 30 h after the end of the laser irradiation.
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Figure 8. Influence of dissolved oxygen concentration on cell death
induced by 1270 nm laser irradiation. 1270 nm irradiations
(ca 200 W ecm™2 — 1 h30 min) are performed for different concentra-
tions of oxygen dissolved in the culture medium: normal (black dots),
hypoxia (green dots) and hyperoxia (red dots). No cell death is
observed under hypoxia whereas the kinetics of the death process and
the number of dead cells is strongly enhanced under hyperoxia.
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On the other hand, cytotoxic effects observed in optical
trapping experiments often arise from 1064 nm irradiations
(48). At this wavelength, ROS creation has been reported (49).
This wavelength closely corresponds to direct transition to the
first vibrational mode of 'O, which is achieved around
1070 nm. Despite this fact, Landry et al. have proposed a
mechanism of 'O, creation which implies a PDT-like energy
transfer from the polystyrene beads (used for trapping) to
molecular oxygen (48). In order to check that the polystyrene
Petri dishes used in our experiments are not responsible for
such a mechanism, we have performed irradiation of MCF7
cells cultured in glass Petri dishes. The same wavelength
dependent effect is observed for cells cultured on glass.

Control of the thermal stress induced by the laser

As previously mentioned, the laser induces a temperature
increase by light absorption of the cell medium. This generates
a thermal stress that can possibly lead to cell death. However,
the absorption of the cell medium (including culture dish),
ca 12 x 1072 mm™!, is constant over the 1250-1290 nm range
(data not shown). Therefore, the temperature increase does not
depend on the laser wavelength but only on its intensity. The
pronounced wavelength dependence evidenced on the action
spectrum plotted in Fig. 7 proves that the thermal effects alone
cannot induce the death process in our experiments.

To confirm that the cell death is not due to cumulative
influence of thermal and oxidative stress, we have evaluated
the local temperature increase induced by the laser. In Fig. 6,
the maximum temperature within the laser spot, 7., 1S
ca 43°C for an average laser intensity of 100 W cm™ and
an incubator temperature regulated at 7j,. = 37°C. With the
same average intensity, the light-induced death phenomenon is
not changed when T}y, is decreased to 30°C which corresponds
10 Tax ca 36°C. Note that, using the incubator without any
laser, we have also additionally checked that MCF-7 cells do
not die after a 3 h-long pure-thermal stress at 43°C.

Influence of 'O, quenchers

In order to (1) confirm that 'O, is really produced in our
experiments and to (2) determine whether 'O, is produced
inside or outside the cell, we have studied the influence of
strong 'O, quenchers. BSA and NaN; are known to be
efficient quenchers of 'O, (50). BSA is a relatively large protein
(ca 70 kDa) which was shown to quench mostly extracellular
10, (51). On the other side, NaNj; is known to penetrate the
cells (25) and may thus be present either inside or outside the
cells. In order to discriminate the intra and extra cellular
contribution of 'O, in the 1270 nm-induced cell death, we
performed a complementary experiment taking advantage that
the quenching rate constant for BSA and NaNj are similar
(50).

First of all, simultaneous use of both quenchers leads to the
inhibition of the light-induced cell death phenomenon. Then,
the use of BSA alone at a concentration of 1 mm reduces the
fraction of cell death to 57% (compared to 100% of cells that
die from an irradiation performed in the same conditions but
without any quencher). This fraction is decreased down 38%
when the concentration of BSA is increased to 5 mMm. With a
10 mmM concentration of NaNj the fraction of cell death is
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reduced by 18%. Cell death could only be totally avoided by
adding high concentration of both quenchers ([NaN;] =
10 mM and [BSA] = 5 mm).

On one hand, the influence of these two quenchers strongly
confirms the implication of 'O in our experiments. On the
other hand, inhibition of cell death by BSA shows that part of
the damages is due to extracellular !O,. But, increasing the
BSA concentration, we were unable to completely inhibit the
process of cell death while the effect of 1270 nm irradiation is
also inhibited by addition of NaNj. As it has been noticed
before, BSA quenches mostly extracellular 'O, (51). This has
been shown for Hela cells but it is possible that, in the MCF-7
cells, part of BSA can be integrated inside the cell via
endocytosis. Thus, BSA may not be exclusively an extracellular
quencher. Moreover, the cell density is quite high in our
experiments. Indeed, the extracellular volume from which 'O,
could diffuse toward the cell membrane in one lifetime is more
than one hundred times smaller than the volume of the cell
itself. These last observations suggest that 'O, could be, in our
experiments, activated both within and outside the cells.

Light fluence threshold to induce cell death

We now examine the influence of the laser intensity 7 and of
the irradiation duration Af on the 1270 nm light-induced cell
death. In all the experiments, the local intensity can be
precisely determined because the laser Gaussian intensity
profile is well known. Compiling data from various experi-
ments, we plot in Fig. 9 the threshold (minimum) intensity /i
which is required to induce the death of cells as a function of
At. For irradiation parameters which are in regions (7, Af) lying
above the points plotted in Fig. 9, 100% of the cells system-
atically die as a result of 1270 nm laser irradiation. On the
other hand, irradiations made for parameters (I, Af) lying
below points plotted in Fig. 9 do not induce cell death.

In order to establish in an unambiguous way the central
role taken by the oxidative stress in those experiments, we
have performed other control irradiations with a laser
wavelength of 1247 nm that is not resonant with the

30, > '0, transition. Cells have been irradiated at
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Figure 9. Threshold intensity Zry (dots) required to observe 1270 nm-
induced cell death as a function of the irradiation duration Az. Both the
1270 nm laser intensity 7 (50-300 W em™) and the irradiation
duration Ar (15-180 min) have been varied with an incubator
temperature down to 21°C. Dots plotted can be fitted (blue line) by
the function Ity = Fra/At with Frg = 95 W em 2 h. The inset
shows the histogram of the statistics of the measured threshold
fluence. The mean value of Fry is ca 93 W ¢cm™ h in good agreement
with the previously fitted value.
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1247 nm with intensities / and durations Az identical to
those plotted in Fig. 9. In all those experiments, no cell death
has been observed at 1247 nm. Let us remind that absorption
coefficients of the Petri dish and culture medium are equal
at 1247 nm and 1270 nm so that those two wavelengths
produce an identical thermal stress for a given value of
(I, Ar).

Oxidative stress induced by irradiations at 1270 nm always
triggers the death process when the light fluence F = I X At
exceeds a threshold fluence Fpy. Data plotted in Fig. 9 can
indeed be fitted by the function Ity = Frg/At with
Frg = 95 W cm™ h. This threshold fluence Fry is associated
to a cumulative 'O, concentration (defined as the integral over
the irradiation time of the 'O, production rate) already
introduced in conventional PDT (52). From the value of Fry
and of the cross section of *0,—'0, transition (ca 1072* cm?
[31]), we have determined a minimum cumulative 'O, concen-
tration of ca 4.6 mm. It is very interesting to note that this
value is comparable with the minimum cumulative 'O,
concentration found in standard PDT experiments (53-56).

CONCLUSION

We have demonstrated that PS-free 1270 nm irradiation of
living cells leads to cytotoxic effects in vitro through 'O,
creation. The quantity of 'O, produced from direct laser
irradiation is sufficient to induce an oxidative stress leading to
the death of cells. Other effects such as thermal stress have
been discriminated and we conclude that cell death is only duc
to 10, creation. We have been able to derive a minimum value
for the cumulated 'O, concentration that is necessary to induce
the death of cell. This value has been found to be in agreement
with the ones extracted from in vitro PDT treatment.

It is interesting to compare the fluence used in this work
with the one reported by Zakharov er al. for in vivo tumor
eradication upon 1270 nm irradiation (36). To induce cell
death, we irradiate cells with a fluence that is three orders of
magnitude greater than the one used in Ref. (37). Such a
difference does not imply that cytotoxic effects reported in vivo
are not due to 'O, creation (37). This suggests that, in this
treatment, tumor removal may not arise from direct cell death.
In vivo, other effects, such as 'O,-triggered immune response
can be expected. Furthermore, thermal effects have to be
considered in vivo. Even if temperature measurements are more
difficult in vivo than in vitro, a tunable laser could help to
discriminate cytotoxic effects due to thermal effects from
cytotoxic effects due to oxidative stress.

Experiments in which strong 'O, quenchers are added in the
cellular medium also represent another important aspect of
our work. These experiments suggest that 'O, is produced both
within and outside the cell. The possibility of creating 'O,
inside the cell without a PS has interesting application to study
the influence of O, in biological systems from both funda-
mental and therapeutic points of view. It would be possible,
for example, to produce 'O, in a specific cellular compartment
by using a [ocused 1270 nm laser.

However, we have not been able to determine what is the
exact fraction of 'O, produced within the cell. Moreover, it is
necessary to determine 'O, primary targets to get deeper
insights on the cellular response leading to cell death in our
experiments. Our experiments do not permit us to clearly state
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whether 10, is homogeneously produced inside the cell or near
a specific organelle. A mechanism of absorption enhancement
by hydrophobic structures has been proposed (33). This
suggests that 1270 nm 'O, photoactivation ratc could be for
example higher near the cell membrane than in the cytoplasm.
In order to clarify these questions one could use chemical 'O,
traps or probes that localize in different regions of the cell.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Movie S1. Thirty hours long time lapse corresponding to a
3 h — 100 mW irradiation at 1270 nm. The movie lasts 30 h
(image taken every 10 min with 10 [rames per second [or the
video). The image size is 407 x 345 um® A black circle is
drawn on the images corresponding to the 300 ym FWHM
laser spot. The thicker circle corresponds to the 3 hirradiation.
The temperature control incubator is set to 37.2°C during the
all experiment. The controlled and regulated atmosphere in
the incubator is set to 74% of N, 21% of Os and 5% of COs.
The death of the MCF-7 cells are observed 15 h after the
beginning of the 1270 nm laser irradiation and 100% of cells
lying in a circular region with a radius of ca 200 ym centered
on the laser spot are killed.

Movie S2. Thirty hours long time lapse with a 3 h — 100 mW
irradiation at 1247 nm. The movie lasts 30 h (image taken
every 10 min with 10 frames per second for the video). The
image size is 407 x 345 ym>. A black circle is drawn on the
images corresponding to the 300 yum FWHM laser spot.
The thicker circle corresponds to the 3 h irradiation. The
temperature control incubator is set to 37.2°C during the
whole experiment. The controlled and regulated atmosphere in
the incubator is set to 74% of N, 21% of O, and 5% of CO,.
No death is observed from a 1247 nm laser irradiation.

Please note: Wiley-Blackwell is not responsible for the
content or functionality of any supporting information sup-
plied by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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Abstract

Singlet oxygen plays a major role in many chemical and biological photo-oxidation processes.
It has a high chemical reactivity, which is commonly harnessed for therapeutic issues. Indeed,
singlet oxygen is recognized as the major cytotoxic agent in photodynamic therapy. In this
treatment of cancer, singlet oxygen is created, among other reactive species, by an indirect
transfer of energy from light to molecular oxygen via excitation of a photosensitizer. In this
paper, we show that the conventional singlet oxygen production scheme can be simplified.
Production of singlet oxygen is achieved in living cells from photosensitizer-free 1270 nm
laser excitation of the electronic ground state of molecular oxygen. The quantity of singlet
oxygen produced in this way is sufficient to induce an oxidative stress leading to cell death.
Other effects such as thermal stress are discriminated, and we conclude that cell death is only
due to singlet oxygen creation. This new simplified scheme of singlet oxygen activation can be
seen as a breakthrough for phototherapies of malignant diseases and/or as a non-invasive
possibility to generate reactive oxygen species in a tightly controlled manner.

(Some figures may appear in colour only in the online journal)

1. Introduction

Singlet oxygen (10») is the first electronically excited state
of molecular oxygen (10;). Because of its high chemical
reactivity, it plays a central role in many chemical and
biological photo-oxidation processes [1-3]. Indeed, singlet
oxygen reactivity is harnessed in photodynamic therapy
(PDT), which is now a widely used treatment of cancer and
age related macular degeneration [2]. As shown in figure 1(a),
PDT uses a photosensitive molecule, the photosensitizer (PS).
Upon irradiation with light at appropriate wavelength, the
PS is activated in the tissue targeted for destruction. This
process leads to generation of primary reactive oxygen species
(ROSs) responsible for oxidative stress, cell death and a
variety of cytotoxic effects [1, 2, 4]. Damage is known to
be mediated by two main molecular pathways as shown in
figure 1(a). In the type I pathway, the PS excited state reacts
with surrounding molecular targets leading to ROS generation

1054-660X/13/0256014-08$33.00
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and chain reactions [1, 5]. In the type II process, energy
transfer from the PS to the ground state of molecular oxygen
(302) leads to activation of ]02 [5, 6]. The second pathway is
recognized as the most dominant one in PDT [1, 2].

In PDT, 1()2 generation is achieved through an indirect
energy transfer from light to molecular oxygen. From the
therapeutic point of view, the PDT efficiency is determined
by the PS distribution within the tumor or within the cell,
its concentration, its photophysical properties and also the
illumination parameters. Indeed, 10, production in PDT
exhibits an inherently complex dynamic at several scales
relevant for treatment [5, 7-9]. At the cellular level, the
PS can localize in different compartments so that 'O is
produced in the neighborhood of different organelles. Thus
10, might trigger a wide variety of cellular responses [4,
10]. Moreover, 102 has been shown to be sensitive to cellular
inhomogeneity [11-13], and its cytotoxicity can depend on its
location inside the cell.

© 2013 Astro Ltd  Printed in the UK & the USA
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Figure 1. (a) Schematic diagram of PDT mechanisms: the type I process leads to radical formation and the type II leads to singlet oxygen
generation. (b) Diagram of direct excitation of singlet oxygen at 1270 nm.

In this context, it is clear that, despite an efficient ]Oz
production yield, the indirect singlet oxygen generation via
a PS molecule leads to a complex picture with difficult
interpretations from both the clinical and the fundamental
points of view. Motivated by a potentially less invasive and
less expensive therapy and by the possibility of a simplified
generation of singlet oxygen in cells, we have investigated
the PS-free excitation of molecular oxygen into its singlet
state (102) through the 30,—10, optical 1270 nm transition
(figure 1(b)).

Unlike many other common molecules, the molecular
oxygen ground state () is a spin triplet. For the free
unperturbed molecule, the optical transition from 20, to 10,
is forbidden according to electric dipolar selection rules [14,
15]. Even if the transition is enhanced for the perturbed
molecule [16-18] (i.e. solvated in a dense phase), direct
1270 nm excitation of 10, remains a low efficiency process.
Using high power 1270 nm lasers, Krasnovsky et al have
nevertheless recently shown that direct excitation of 10, can
be achieved in liquids at room temperature [19-21]. Their
work provides an estimation of the oxygen absorption cross
section in liquids including water. They have found that it is
five orders of magnitude weaker than the yield of a typical
PS [22].

As a result of this poor efficiency, only a few
investigations of cytotoxic effects arising from 1270 nm irra-
diation have been undertaken in biological systems [23-26].
Although promising works have recently reported the
eradication of human basalioma in vivo upon PS-free 1270 nm
irradiation [25], there is no evidence of 102 creation in these
experiments. In particular, it should be emphasized that an
intense laser irradiation may induce a thermal stress, which
can by itself lead to cell death [27-29] without the implication
of any significant oxidative stress. No attempt has been made
to discriminate the various cytotoxic effects arising from a
PS-free 1270 nm laser irradiation.

In this paper, we demonstrate that a 1270 nm laser
irradiation without a photosensitizer leads to the creation
of an amount of singlet oxygen sufficient to induce cell
death in vivo. We have designed a temperature-controlled
experiment in which we can observe the cells over a duration
greater than 48 h consecutive to a 1270 nm irradiation. We
have made in situ measurements of the temperature increase
due to laser irradiation. We demonstrate that the observed

© 2014 Tous droits réservés.

lethal effects can be obtained without any hyperthermic
stress. Irradiations are performed using an especially designed
Raman fiber laser tunable across the 1270 nm transition of
molecular oxygen [30]. A light action spectrum showing
the fraction of cells dead as a function of wavelength
has been obtained. This action spectrum is found to be
strongly correlated to the oxygen absorption spectrum in
solvents around 1270 nm. Additional experiments in which
the concentration of molecular oxygen in cells is varied are
varied out to confirm the central role taken by oxygen in the
death phenomenon observed in our experiments. The use of
10, quenchers also supports 10 creation and we have finally
determined a minimal 102 dose to induce cell death. This
dose is found to be in good agreement with conventional PDT
experiments.

2. Experiments
2.1. Cell culture and video-microscopy

In our experiments, we have used a breast cancer cell line of
type MCF-7. It is obtained from the American Type Culture
Collection and routinely grown as monolayer cultures. Cells
were cultured in minimal essential medium Eagle—Farle’s
BRBS, supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine and 40 U m]~! penicillin—streptomycin at 37 °C
in a humidified atmosphere of 5% CO;. We have also used
pheochromocytoma cells, PC12, as alternate species and
different cell type in order to show that the observed effects
do not depend on the cellular type. PC12 cells were grown in
Dulbecco’s modified Eagle’s medium (5 g 17! glucose) with
10% FCS, 5% horse serum, L-glutamine and antibiotics.

In order to keep the cells in normal physiological
condition for 48 h after the irradiation, we have designed an
atmosphere-regulated and temperature-controlled humidified
incubator. For normal conditions an atmosphere of 5% CO»,
20% O, and 75% N, was constantly flowed through the
chamber. The temperature is maintained constant at 37 °C
for normal conditions. With no laser irradiation, 5% of the
cell population dies, which corresponds to a standard basal
percentage of dying cells.

The experimental setup is schematically represented in
figure 2. The incubator has two optical accesses that permit the
observation of the cells by using phase contrast microscopy.
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Figure 2. Optical setup for 1270 nm irradiation of living cells. The
cells are imaged with a 4 x phase contrast objective (Olympus). The
1270 nm laser light irradiates the cells through the objective. A
custom made incubator allows observation of the cultured cells for
more than 48 h.

All experiments are performed with a 4x phase contrast
objective in order to have a large field with about 500
cells. The whole field image is detected by a CCD camera.
Video-microscopy movies are constructed with an image
taken every 10 min with an exposure duration of 100 ms.
Laser irradiation was performed by using an especially
designed Raman fiber laser tunable around 1270 nm [30]. The
laser is focused at the back focal plane of the objective. The
beam irradiating the cells is nearly collimated and its FWHM
radius is 300 pm on the cells. One obtains a good statistics on
the cell death phenomenon (~100 cells within the laser spot)
together with a control of the population of non-irradiated
cells lying outside of the irradiated region.

2.2. Cell death analysis

In order to avoid any doubt regarding the way in which 10,
is produced in our experiments, we do not introduce any
perturbing dye inside the Petri dish. Cell death is assessed
by using morphological criteria. In all our experiments,

cells exhibit morphological changes evidenced in figure 3
consecutive to a 1270 nm irradiation. Using a 4x phase
contrast microscope objective, the irradiated cells first become
rounder (figure 3(b)) then finally shrink and become darker
(figure 3(c)). After observation of the last morphology
(figure 3(c)), cells do not move anymore and they are
considered as dead.

Those morphological criteria have been correlated to
widely accepted cell death assays such as the Trypan
blue exclusion test [31]. The Trypan blue dye allows the
determination of membrane permeability inherent to any cell
death [32]. Trypan blue solution (0.4 % w/v) is obtained
from Sigma. After the 1270 nm irradiation, the medium
is removed and cells are washed with PBS, before being
incubated (5 min) in a mix of one part of 0.4% Trypan blue
and one part of PBS. Finally, cells are observed with a bright
field transmission microscope (4x or 20x objectives). It is
found that the morphological criterion defined in figure 3(c)
is well correlated with a positive Trypan blue assay. Indeed,
figure 3(d) shows cells after 1270 nm irradiation observed
with a 4x phase contrast objective. Figure 3(e) shows the
same cells with 20x objective after Trypan blue staining.
For 96% of the cells positive to Trypan blue a morphology
identical to figure 3(c) is observed, and reciprocally 99% of
cells which exhibit such a morphology are positively stained
with the Trypan blue test.

2.3. Non-invasive and in situ measurements of laser induced
heating

As mentioned above, an intense laser irradiation may induce
a thermal stress leading to cell death [27-29]. Considering the
size of the laser spot (300 xm FWHM), a simple temperature
probe may perturb the system and it cannot be employed
for in situ temperature measurements. As proposed by
Sakakibara et al, fluorescent dyes can be used as a temperature
indicator [33]. The ratio of the fluorescence intensities of
a temperature-dependent dye and a temperature-independent
dye allows the determination of the whole laser induced
temperature field [33-35]. Rhodamine B and rhodamine 110
can be used in fluorescence microscopy for this purpose [33].

(e)

Figure 3. (a)—(c) Morphological changes experienced by cells after 1270 nm irradiation observed by phase contrast microscopy. (a) cells
before irradiation, (b) cells ~5 h after irradiation and (c¢) dead cells. (d) Cells observed ~6 h after 1270 nm irradiation with a 4x phase
contrast objective. (e) The same cells as in (d) observed with a 20x objective after Trypan blue incubation: a good correlation is found
between morphological criteria of cell death and the Trypan blue exclusion test.

© 2014 Tous droits réservés.
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Figure 4. (a) Experimental (red line) and calculated (blue and black dots) temperature profiles at the sample plane in the presence of the
1270 nm laser. The laser power was 265 mW and the incubator temperature is maintained at 21 °C. The black dots are calculated for a
transfer coefficient of 5 W m 2 K ! and the black dots for an infinite convection coefficient. (b) Experimental (red dots) and calculated
(blue lines) variation of the maximum of the temperature profile with laser power. For the simulations, the continuous line corresponds to
infinite convection coefficient and the dashed line was calculated withh = 5 W m—2 KL,

As the cell culture medium is mainly composed of
water, aqueous solutions of rhodamine are used. The ratio of
fluorescence intensities of rhodamine B solution (0.30 mM)
and rhodamine 110 solution (0.030 mM) is calibrated using
the temperature incubator described previously and the
measurements in the presence of the 1270 nm Gaussian
laser beam are performed in this home-made incubator. The
excitation wavelength is 470 nm for both dyes and the
emission wavelength is 580 nm for rhodamine B and 520 nm
for rhodamine 110.

In order to confirm experimental measurements of the
laser induced temperature increase, we have also performed
ab initio numerical simulation of the heat equation. Laser
induced heating is due to laser light absorption of the culture
medium and the Petri dish. In our model we have considered
that all the energy absorbed by the media is converted into
heat. The stationary heat equation with a term source having
a Gaussian shape of the laser beam in the radial direction
has been solved by using finite element methods with the
Freefem++ language [36].

Far from the laser spot (at the top of the culture medium
and on the lateral side of the Petri dish), the temperature is
imposed. At the bottom, boundary conditions are chosen to
take into account convection with cold air under the Petri dish.
Energy transfer by convection from the bottom of the Petri
dish to the cold air out of the incubator can be approximated
by a linearized law: —A% = h(T — Te), where T is the
temperature, z is the longitudinal coordinate parallel to the
beam propagation direction, —k%—T is the heat flux, 7, is the
temperature of the cold air outside the incubator and % is
a transfer coefficient [37]. Two limiting cases of convection
efficiencies have been considered. On one hand, if the transfer
coefficient is high, the boundary conditions are simplified and
the temperature is imposed at the bottom of the side of the
Petri dish. On the other hand, the transfer coefficient, &, can
be calculated for this geometry [37]: a solid plane in contact
with air at the bottom. From data reported in [37] we found
h~5Wm™2 K™

© 2014 Tous droits réservés.

Numerical and experimental temperature profiles are
shown in figure 4(a). The experimental results are in good
agreement with theoretical calculations. The Gaussian laser
beam induced a bell-shaped temperature profile with a
maximum that coincides with the center of the 1270 nm
laser spot. As shown in figure 4, one can plot this maximum
temperature as a function of the laser power. A 60 K W1
slope is found in our experimental conditions. Let us
emphasize that the laser induced temperature increase can
be compensated by decreasing the incubator’s temperature
(21 °C). This allows us to avoid any thermal stress due to the
laser irradiation at a power up to 300 mW.

3. Results and discussion

3.1. Cell death induced by 1270 nm laser irradiation

As shown in figure 5, the consequences of the light irradiation
strongly depend on the wavelength of the laser. A 1270 nm
laser irradiation induces cell death: 100% of the cells lying
in a circular region with a radius of ~200 pm centered on
the laser spot are killed. On the other hand, no death is
observed from a laser irradiation performed under the same
fluence conditions but at a wavelength of 1247 nm, which
is outside the 302—>102 absorption band. Cells shown in
figure 5 were irradiated for 3 h with an average light intensity
of ~100 W em~2. A normal atmosphere was maintained (5%
CO2, 20% O3, 75% Ny) at 37 °C. The death of the MCF7 cells
occurs 15 h after the beginning of laser irradiation.

The same wavelength dependence for the cell death
phenomenon has also been observed with PC12 neuronal
phenotype rat cells generated from a transplantable rat adrenal
pheochromocytoma line.

3.2. Death action spectrum and influence of dissolved
oxygen: evidence of singlet oxygen creation

Tuning the laser wavelength across the 0, — 10, transition
and determining the fraction of dead cells from a statistical
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Figure 5. Images of the MCF7 cells before (left column) and after
(right column) laser irradiation. Irradiation was performed at

1270 nm (bottom) and 1247 nm (top). The laser intensity was

~100 W cm ™2 and the irradiation duration was 3 h. The black circle
represents the position of the laser spot (300 nm FWHM). At

1270 nm 100% of the cells die within the laser spot whereas no cell
death is observed at 1247 nm. Cells lying outside the laser spot
provide a control.

analysis, we have constructed an action spectrum showing
the fraction of dead cells as a function of the irradiation
wavelength. As shown in figure 6(a), this action spectrum
centered around 1270 nm with a width of approximately
15 nm does strongly match the absorption spectrum of
the 30;—10, transition of molecular oxygen measured
independently in air saturated solutions [19, 30].

In order to confirm the central role taken by oxygen in the
death phenomenon, experiments have been performed putting
cells either in hypoxia (saturation in N3) or in hyperoxia
(saturation in O3). As shown in figure 6(b), a 1270 nm laser
irradiation does not induce the death of cells placed under
hypoxia. On the other hand, the kinetics of the death process

08r

0.6

0.4r

Fraction of dead cells

0.zf

T

0
1240 1250 1260 1270 1280 1290
wavelength (nm)

(a)

Figure 6. (a) Death action spectrum of laser irradiation around 1270 nm. For these experiments, the laser intensity was 100 W cm™

and the number of dead cells are strongly enhanced when cells
are placed under hyperoxia. From all these experiments we
conclude that cell death arises from 10, creation.

As previously mentioned, the laser induces a temperature
(caused by light absorption of the cell medium) that could
have generated a thermal stress and cell death. However,
the absorption of the cell medium (including the culture
dish) is constant over the 1250-1290 nm range (data not
shown). Therefore, the temperature increase depends not on
the laser wavelength but only on its intensity. The pronounced
wavelength dependence evidenced in the action spectrum
plotted in figure 6(a) proves that thermal effects alone cannot
induce the death process in our experiments.

Moreover, as described in the previous section, we
have performed ab initio numerical simulations and in
situ temperature measurements that allow prediction of
the temperature increase. For the experiments presented in
figure 6(a), the maximum temperature within the laser spot is
T'max ~ 43 °C for an average laser intensity of ~100 W cm ™2
and an incubator temperature regulated at Tj,, = 37°C.
With the same average intensity, the light-induced death
phenomenon is not changed when Ty is decreased to 30 °C,
which corresponds to Timax ~ 36°C. Note that, using the
incubator without any laser, we have also additionally checked
that MCF-7 cells do not die after a 3 h long pure-thermal stress
at 43 °C. Therefore we conclude that 1270 nm irradiation can
induce cell death from 10, production without the implication
of any thermal effect.

3.3. Effect of strong singlet oxygen quenchers

1270 nm irradiation has been performed in the presence of
strong 'O, quenchers. On one hand, bovine serum albumin
(BSA), which has been shown to preferentially quench 10,
outside the cell [11], has been used as an intracellular
quencher. On the other hand, sodium azide (NaN3), known
to readily penetrate the cells [38], is used as an intracellular
quencher. For these experiments, cells have been incubated

o o o
S o [+

o
)

fraction of dead cell (r<350 um)

0 10 20 30 40
time (h)

(b)

2 and

the irradiation duration was 3 h. (b) Influence of dissolved oxygen on cell death induced by 1270 nm irradiation. The red curve corresponds
to standard oxygen conditions (20% O, 5% CO., 75% Ny), the green curve to hypoxia (0% O,, 5% CO,, 5% N;) and the blue curve to

hyperoxia (100% O;).
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Table 1. Effect of singlet oxygen quencher on 1270 nm induced
cell death. The fraction of dead is counted within a radius of

r =250 pm around the laser spot. For all experiments the 1270 nm
laser intensity was ~200 W cm~2 and the duration of the irradiation
was 1.5 h.

NaNj BSA Fraction of dead
concentration concentration cells
— — (r < 250 pm) (%)
0 0 100
10 mM 0 19
0 1 mM 75
0 5 mM 37
10 mM 5 mM 0

two hours before a 200 mW-1 h 30 min irradiation and
the quencher is then removed just before the irradiation.
Combined use of both quenchers completely inhibits cell
death, and both BSA and NaN3 quenchers lead independently
to a strong inhibition of 1270 nm induced cell death. Results
for different quencher concentrations are reported in table 1.
The drastic effect of known 'O, quenchers supports
our above conclusions on O, production. Moreover, it is
interesting to notice that, in our experiments, the effect of
10, is partially inhibited by extracellular quencher. This
suggests that part of the 'Oy is generated outside the cell.
However, the cell density is quite high in our experiments. The
extracellular volume from which 102 could diffuse toward
the cell membrane in one lifetime is more than 100 times
smaller than the volume of the cell itself. This suggests that
10; is also produced outside the cell. Indeed, increasing BSA
concentration, we were able to totally inhibit cell death.

3.4. Minimal singlet oxygen dose upon 1270 nm irradiation

We now examine the influence of the laser intensity and of
the irradiation duration Af on the 1270 nm light-induced
cell death. In all the experiments, the local intensity / can
be precisely determined because the laser Gaussian intensity
profile is well known. Compiling data from various and
multiple experiments, we plot in figure 7 the threshold
(minimum) intensity /Ty which is required to induce the death
of cells as a function of At. For irradiation parameters which
are in regions (Ity, At) lying above the points plotted in
figure 7, 100% of the cells systematically die as a result of
1270 nm laser irradiation. On the other hand, irradiations
made for parameters (I, Af) lying below points plotted in
figure 7 do not induce cell death.

In order to establish in an unambiguous way the central
role taken by the oxidative stress in these experiments,
we have performed other control irradiations with a laser
wavelength of 1247 nm that is not resonant with the
302—>102 transition. Cells have been irradiated at 1247 nm
with intensities / and durations At identical to those plotted
in figure 7. In all these experiments, no cell death has been
observed at 1247 nm.

Oxidative stress induced by irradiations at 1270 nm
always triggers the death process when the light fluence F =
I x At exceeds a threshold fluence Frpg. Data plotted in

© 2014 Tous droits réservés.
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Figure 7. Threshold (minimum) 1270 nm laser intensity required to
kill cells versus the irradiation time.

figure 7 can indeed be fitted by the function Ity = Fra/At,
with Frg = 95 W cm~2 h. This threshold fluence Fry is
associated with a cumulative !0, concentration (defined as
the integral over the irradiation time of the !0 production
rate) already introduced in conventional PDT [39]. From the
value of Frg and of the cross section of the 30,—>10,
transition (~ 1073 cm? [21]), we have determined a minimum
cumulative 1O, concentration of ~4.6 mM. It is very
interesting to note that this value is comparable with those
found in standard PDT experiments [7, 39—42].

4. Conclusions

We have designed temperature-controlled experiments to
discriminate various forms of stress imposed on biological
cells by laser irradiation. We have studied the effect of a
1270 nm radiation, which is resonant with the electronic
transition from the ground state of molecular oxygen to its
singlet state, so called singlet oxygen. We have shown that
the 1270 nm laser irradiation does induce cell death and that
the lethal effect strongly depends on the laser wavelength.
We have obtained a death action spectrum which is strongly
correlated to the absorption spectrum of molecular oxygen.
The fraction of dead cells depends on the quantity of oxygen
dissolved in the culture media, and experiments made with
strong singlet oxygen quenchers also inhibit the laser induced
death phenomenon. From all these experiments we conclude
that 1270 nm laser irradiation induces cell death via activation
of '0;. By measuring in situ the laser induced temperature
increase, we have shown that cell death can be obtained
without the implication of any thermal stress. Finally, we have
determined a minimal dose of singlet oxygen that is required
to induce cell death. This dose is comparable to the one found
in conventional PDT experiments.

First, it is interesting to compare the fluence used in this
work with that reported by Yusupov et al for in vivo tumor
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eradication upon 1270 nm [25]. The minimal dose necessary
to induce cell death in our experiments is three orders of
magnitude greater than the one used in vivo for the removal of
human basalioma. Such a difference does not imply that the
cytotoxic effects reported in vivo are not due to 'Q; creation.
This suggests that tumor removal may not arise from direct
cell death. On one hand, very interesting secondary effects
triggered by 10, creation, such as an immune response, may
have induced tumor removal. On the other hand, thermal
stress has to be considered also in vivo. Even if temperature
measurements might not be trivial in vivo, the use of a control
1250 nm radiation may help to discriminate the various
cytotoxic effects arising from 1270 nm illumination.

Finally, this new way to create singlet oxygen in
biological media, from light irradiation alone, without a PS,
has implications for phototherapy but it also represents a
key tool for a tightly controlled creation of reactive oxygen
species. For example, it can be used to study oxidative stress
in specific cellular compartments [4, 10] in order to probe
molecular events such as secondary ROS generation [4, 5] or
other cellular stress response.
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A high-power tunable Raman fiber ring
laser for the investigation of singlet
oxygen production from direct laser

excitation around 1270 nm
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Abstract:  We report on the development of a tunable Raman fiber ring
laser especially designed for the investigation of the 3 2 — A, transition of
molecular oxygen. Singlet oxygen (lAg) is a reactive species of importance
in the fields of biology, photochemistry, and phototherapy. Tunability of the
Raman fiber ring laser is achieved without the use of an intracavity tunable
bandpass filter and the laser thus achieves a slope efficiency only obtained
up to now in Perot-Fabry cavities. A measurement of the action spectrum
of a singlet oxygen trap is made in air-saturated ethanol and acetone to
demonstrate the practical application of the tunable Raman fiber ring laser
for the investigation of the X, —1 A, transition of molecular oxygen.

© 2010 Optical Society of America

OCIS codes: (140.3510) Laser, fiber; (140.3550) Laser, Raman; (260.5130) Photochemistry
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1. Introduction

Compared with traditional solid-state lasers, fiber lasers nowadays available present many sig-
nificant advantages in terms of compactness, reliability and flexibility. In particular continuous-
wave pumped all-fiber Raman lasers are versatile light sources which are virtually able to de-
liver high-power radiation at any wavelength across the 1 —2.1 ym spectral region [1, 2, 3].
Raman fiber lasers (RFLs) have also been shown to exhibit many attractive capabilities such
as multiwavelength operation, pulsed emission or tunability [4, 5, 6]. Nowadays RFLs have
many applications in various fields such as fiber sensing, fiber telecommunications, material
processing but also in surgery and in the treatment of some oncological diseases [7, §].
Tunable RFLs have been initially developed with the first objective to provide tunable Ra-
man gain in telecommunication fiber amplifiers [9] but they have also been used for fiber device
testing and for fiber sensor systems. With the recent development of frequency-doubled RFLs
generating visible light, it has been additionally argued that a combination of frequency dou-
bling and tuning in RFLs may provide new sources replacing dye or Ti:Sa lasers [10, 11].
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In this paper, we report on the development of a tunable RFL especially designed for the
investigation of the 3Zg’ -l A, transition of molecular oxygen. The singlet 1Ag—state (10,),
commonly called singlet oxygen, is the first electronic excited state of the oxygen molecule.
It is a metastable state in which molecular oxygen is highly reactive. The singlet state 'O, of
molecular oxygen has been extensively studied for its chemical affinity with biomolecules in
photodynamic therapy of cancers [12, 13] and for chemical synthesis [14].

The transition 32; _— A, of molecular oxygen is forbidden at electric dipolar approximation.
In practice, this means that both absorption and emission probabilities are very low for the iso-
lated molecule (gas phase). Nevertheless, interactions in dense phase of molecular oxygen with
surrounding molecules of inorganic solvents may enhance the radiative process [15, 16, 17]
whose efficiency may be increased by three orders of magnitude compared with gas phase[16].

The mechanisms through which solvents modify the properties of 3Z§ -1 Ag molecular
oxygen’s transition are not fully understood. Although several models have been developed
to investigate this question, experimental data are difficult to obtain because of (i) weakness
of absorption and emission of the considered transition, (ii) low efficiency of detectors in this
spectral region [22] and (iii) poor availability of high power reliable laser sources around 1270
nm.

In this context, Yusupov et al. have recently demonstrated a RFL delivering a power of 5.5
Watt at a wavelength of 1262 nm. From direct optical excitation of oxygen, they have suc-
cessfully employed this source for the treatment of oncological diseases [8]. Although oxygen-
dependent eifects are presumably coupled to thermal effects in the experiments of Ref. [8],
the results obtained by Yusupov et al. open promising perspectives for the use of RFLs in
the field of cancer therapy. From a more fundamental point of view, Krasnovsky et al. have
demonstrated that it is possible to obtain the spectrum of the 3):; —! A, transition together
with an estimation of molar absorption coefficients in various air saturated organic solvents
[18, 19, 20, 21, 22]. With the goal of mimicking the mechanisms of the biological effects aris-
ing from laser irradiation, they have used the photooxygenation reaction of 'O, with a specific
trap, 1,3 —diphenylisobenzofuran (DPIBF), which leads to colorless endoperoxydes. The vari-
ation of absorbance of the trap around 410 nm provides the photooxygenation rate which is
linked to the absorption coefficient of molecular oxygen.

A high power narrow-linewidth laser tunable around 1270 nm is of great interest for the in-
vestigation of direct creation of singlet oxygen both for medical applications and for more fun-
damental studies of the transition 3Zg’ -l A, of oxygen molecules in various solvents. From
the latter point of view, such a laser would permit to measure the action spectra of the 'O, traps
around 1270 nm with a good resolution. Up to now, most of the measurements of photooxy-
genation rates of DPIBF have been performed by using either diode lasers or a wavelength-
tunable forsterite laser delivering 200 — 250 ns pulses [20, 21, 22]. The wavelength of the diode
lasers used cannot be tuned and the peak of their output power spectrum did not necessarily
coincide with the maximum of the photooxygenation action spectrum. Moreover their output
power did not exceed 700 mW. Although the forsterite laser previously used can be tuned be-
tween 1200 nm and 1290 nm, its linewidth of 3 nm was relatively high and its mean power
cannot be increased above 120 mW [21].

In this paper we demonstrate a high-power tunable RFL operating in a simple geometry and
constructed only from commercially-available fiber components. The RFL linewidth is around
1 nm and its wavelength can be continuously tuned from 1240 nm to 1289 nm to precisely
measure the action spectra of ! O traps. The RFL delivers a total Stokes power of ~ 2.5 Watt at
the maximum available pump power of ~ 7 Watt. Its output power is almost constant at tuning
in the 1240 — 1289 nm tuning range. The configuration of the laser cavity is presented in Sec. 2
and it is compared with other configurations previously reported. Laser performances in terms
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of output power and tunability are described in Sec. 3. In Sec. 4, a measurement of the action
spectrum of a singlet oxygen trap is made in air-saturated ethanol and acetone to demonstrate
the practical application of the tunable laser for the investigation of the 3Zg’ —1 A, transition
of molecular oxygen.

2. Laser design

Tunability is a property of RFLs which has been investigated from the early developments of
these lasers in the 1970s [23, 24]. From this date, several techniques to tune RFLs have been
proposed. Various cavity geometries have been studied and several types of fibers have been
made to increase tunability ranges and output powers. A recent review about the history of
development of tunable RFLs can be found in Section 1 of Ref. [6]. Here we will only provide
a brief summary of the principles of operation and of the performances currently reached by
tunable RFLs operating both in Fabry-Perot and in ring geometries.

RFLs oscillating inside Perot-Fabry cavities can be tuned over several tens of nanometers
by using two main techniques. The beam bending technique consists in gluing the fiber Bragg
grating (FBG) mirrors of the laser cavity on a plexiglas beam which may be bent thus providing
a mechanical tuning of the RFL [11]. Another technique consists in applying a purely axial
compression on the FBGs which are embedded in a highly deformable polymer[6]. Using a
tunable Ytterbium-doped fiber laser and a phosphosilicate fiber as Raman active medium, a RFL
tunable in the range 1258 — 1300 nm has been demonstrated with the beam bending technique
[11]. Using a 1064-nm Y tterbium-doped fiber laser and a germanosilicate fiber as Raman active
medium, a RFL tunable in the range 1075 — 1135 nm has been demonstrated by using the axial
compression technique of FBGs [6]. Both RFLs are able to deliver Stokes output powers of a
few Watt with slope efficiencies around 70%.

In ring cavities, the RFL tunability is commonly achieved from the insertion of a tunable op-
tical bandpass filter inside the laser cavity. The tuning ranges of tunable Raman fiber ring lasers
(TRFRLs) which have been demonstrated so far can be wider than tuning ranges of RFLs os-
cillating in Perot-Fabry cavities. In particular a tuning range of ~ 100 nm (from 1495 nm to
1600 nm) has been recently reported in a Raman laser made with a tellurite fiber [25]. A tuning
range in excess of 65 nm from 1486 to 1551 nm has been demonstrated in a TRFRL made with
a germanosilicate fiber [9]. However the germanosilicate and the tellurite TRFRLs have maxi-
mum Stokes output powers of 420 mW and ~ 500 mW, respectively. TRFRLs demonstrated up
to now have typical efficiencies around ~ 25% and their output powers is lower than tunable
RFLs constructed from Perot-Fabry cavities. Note that this point is not necessarily detrimental
for telecommunication applications and that several low-power multiwavelength TRFRLs have
been designed for wavelength-division-multiplexing systems [26, 27].

Wavelength dense multiplexers (WDMs), circulators or fiber couplers are often used to build
ring lasers. As these fiber components do not have pronounced wavelength-dependent losses,
ring geometries easily favor multiwavelength Stokes emission [28]. Tunable bandpass filters are
therefore used to introduce wavelength-dependent losses inside the laser cavity thus providing
single-wavelength emission with a tunability which is often limited by the performances of
the optical filter itself. Here we propose a simple ring configuration in which the only narrow-
bandwidth of the Raman gain curve of a phosphosilicate fiber (see Fig. 1 of Ref. [7]) is used to
restrict the RFL Stokes emission to a single wavelength. With this configuration the use of an
intracavity bandpass filter is not required and the RFL is simply tuned by tuning the wavelength
of the pump laser.

Our TRFRL is schematically shown in Fig. 1. The pump laser is a commercially-available
Ytterbium-doped fiber laser (Manlight MIL10-CW-R-OEM-TUNE-1080) which is tunable be-
tween 1060 nm and 1100 nm. It delivers a randomly-polarized output beam with a maximum
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Fig. 1. Schematic representation of the tunable Raman fiber ring laser. PC: Polarization
Controller

output power of 7 Watt. The pump light is launched inside the fiber cavity from port 1 to port 3
of a 1080 nm /1280 nm WDM coupler. As in Ref. [3, 11], we have used a phosphosilicate fiber
having a large P> Os shift of ~ 40 THz as compared to the Stokes shift of ~ 13.3 THz in ger-
manosilicate fibers. With this phosphosilicate fiber the Stokes wavelength is shifted from only
one Stokes cascade in the wavelength region of interest for the investigation of the formation
of singlet oxygen (i.e., around 1280 nm).

The TFRFL oscillates in a ring cavity which is formed by recoupling the output end of the
500—m long phosphosilicate fiber at port 4 of the WDM. With the ring cavity arranged in this
way, cavity losses vary according to a sine function of wavelength which is maximum around
1080 nm and minimum around 1280 nm. As the P> Os-related gain peak of the phosphosilicate
fiber is also around 1280 nm, one could first imagine that Stokes emission will simply build up
only in this wavelength region. However a Si0;-related Raman gain bandwidth grows around
1350 nm concomitantly with the emergence of the 1280 nm Stokes component. As the cavity
losses are relatively weak around 1350 nm, the RFL can easily deliver two Stokes lines and the
radiation around 1350 nm can become much more intense than the radiation around 1280 nm
at high pump power. To eliminate this dual-wavelength operation, we have chosen to increase
cavity losses in order to push the power threshold of the Stokes component at 1350 nm above
the maximum pump power available (i.e., 7 Watt in our setup). As shown in Fig. 1, this has
been achieved from the insertion of a 80/20 (manufacturer data) fiber coupler inside the laser
cavity. With this intracavity coupler, the power threshold for Stokes emission around 1280 nm
is increased around 4 Watt but the fraction of Stokes power extracted from the laser cavity is as
high as ~ 80%, which gives a high slope efficiency.

3. Laser performances

In the TRFRL presented in Fig. 1, a forward-propagating pump wave and a forward-
propagating Stokes wave copropagate in the counterclockwise direction whereas only a
backward-propagating Stokes wave circulates in the clockwise direction. The power carried
by the backward-propagating Stokes wave has been simply measured by using a power-
meter. Measuring the spectral power density of forward-propagating light over a wavelength
span ranging from 1050 nm to 1300 nm by using an optical spectrum analyzer (OSA),
we have computed the ratio between the powers carried by the pump wave and by the
forward-propagating Stokes wave. From an additional measurement of the total power car-
ried by forward-propagating light, we have simply obtained the power carried by the forward-
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propagating Stokes wave and by the pump wave.
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Fig. 2. (a) Power characteristics of the tunable Raman fiber ring laser measured at the
output fiber coupler. The pump wavelength is 1085 nm and the Stokes wavelength is 1268
nm. Filled circles : total Stokes power, empty circles : transmitted pump power. (b) Power
spectra of the forward-propagating Stokes wave at incident pump powers of 4.9 W, 5.6 W
and 7 W. The pump wavelength is 1087 nm and the Stokes wavelength is ~ 1270 nm.

Figure 2(a) shows the power characteristics of our TRFRL measured for a pump wavelength
of 1085 nm which produces Stokes emission around ~ 1268 nm. The total Stokes power plotted
in Fig. 2(a) is the sum of powers carried by the forward- and the backward-propagating Stokes
waves which are extracted from the cavity at the output fiber coupler (see Fig. 1). The laser
power threshold is around ~ 3.7 Watt and the Stokes power delivered at the maximum available
pump power of 7 Watt is around ~ 2.5 Watt. The corresponding slope efficiency of ~ 75% is
close to the efficiency of tunable RFLs oscillating in Perot-Fabry cavities [6, 11].

In the TRFRL shown in Fig. 1, the ratio between the powers carried by the forward- and
backward-propagating Stokes waves can be adjusted by using the two fiber polarization con-
trollers (PCs) schematically represented in Fig. 1. Adjusting the PCs, we have found that it is
possible to reduce the power of backward-propagating Stokes wave down to a negligible level
thus maximizing the power of the forward-propagating Stokes wave. However this kind of oper-
ating regime does not correspond to a situation in which the total Stokes power is maximized.
We have found that the total Stokes power is maximized when the Stokes powers carried by
forward- and backward-propagating Stokes waves are roughly comparable. The power charac-
teristics presented in Fig. 2(a) have been obtained by incrementing the incident pump power by
steps of ~ 0.3 Watt and by slightly readjusting the PCs at each step in order to get the maximum
Stokes power. Let us emphasize that the TRFL is placed into a environment-isolated box and as
far as the pump power and the PCs are fixed, the fluctuations of the powers carried by forward-
and backward-propagating Stokes waves do not exceed a few percent over several hours.

Figure 2(b) shows the optical power spectra of the forward-propagating Stokes wave. These
spectra have been recorded at three different pumping levels and for a pump wavelength of
1087 nm. The full-width at half-maximum (FWHM) of the Stokes spectra approximately in-
creases from ~ 0.5 nm to ~ 1 nm when the pump power is increased from 4.9 W to 7 W. The
TFRFL output power spectrum presents a bell-shaped profile which does not vary much with
the incident pump power. This feature is very different from the one found in RFLs oscillating
in Perot-Fabry cavities which have spectra taking a double-peak structure at high incident pump
power [11].

Figure 3(a) shows that the wavelength of Stokes emission linearly varies with the wavelength
of the tunable pump laser. Our TRFRL laser can be tuned over 49 nm from 1240 nm to 1289
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Fig. 3. (a) TRFRL generation wavelength as a function of the wavelength of the pump
laser. (b) TRFRL output power as a function of its wavelength for an incident pump power
of ~ 5.3 Watt.

nm by tuning the pump laser between 1065 nm and 1100 nm. The tuning range is not limited
by any bandpass filter but only by the tuning range of the pump laser. As shown Fig. 3(b),
approximately 1.6 Watt of total Stokes power is delivered over the whole tuning range at an
incident pump power of ~ 5.3 Watt. This power is more than three times greater than the
maximum power previously measured in TRFRLs made with intracavity bandpass filters [9,
25]. In our setup the Stokes power could be increased to ~ 2.5 Watt over the whole tuning
range but a significant amount of Stokes light may then be fed back towards the pump laser. To
avoid a subsequent damage of the Ytterbium fiber laser, the level of optical feedback towards
the pump source has been continually monitored. Using the maximum pump power of 7 Watt,
we have been able to tune our TRFRL from ~ 1250 nm to ~ 1280 nm at its maximum output
Stokes power of ~ 2.5 Watt without the risk of damaging the pump source. The tuning range
at high power will be extended in the near future by inserting a fiber isolator between the
Ytterbium fiber laser and the TRFRIL.

4. Measurement of the action spectrum of DPIBF in air-saturated ethanol and acetone

In this section, our TRFRL is used to measure the absorption spectrum of the 3):; —1 A, tran-
sition of molecular oxygen into two distinct solvents. As shown by Krasnovsky ef al., measure-
ment of photoxygenation rate of chemical traps can be used for this purpose [18, 19, 20, 21, 22].
Krasnovsky et al. have demonstrated that 1270 nm irradiation causes degradation of DPIBF
dissolved in air saturated solutions. This degradation is due to directly-excited singlet oxygen
( 1Ag) which reacts with DPIBF leading to colorless endoperoxydes. The decrease of the con-
centration of DPIBF is monitored through a decrease in the absorbance of the solution at a
wavelength of 410 nm which coincides with an absorption band of DPIBF. The 'O, production
rate is directly proportional to the concentration of DPFIB which is known from the variation
of absorbance at 410 nm according to Beer-Lambert’s law.

Figure 4 shows the normalized action spectra of DPIBF photooxygenation in air-saturated
ethanol and acetone upon irradiation of the TRFRL. The spectra are normalized to the maxi-
mum photoxoygenation rate for each solvent. In these experiments, the concentration of DPIBF
is ~ 50 u mol.L ! both in ethanol and acetone. The solutions which are placed into a cubic
quartz cell of 1 cm long and 1 cm large are illuminated around 1270 nm over a duration of 10
min. The volume of the solutions is 1.4 mL. The solutions are shaken during all the irradia-
tion to prevent any sedimentation of the trap. The diameter of the infrared beam irradiating the
quartz cell is ~ 1.6 mm and its power was ~ 0.35 W.

The variation of absorption of DPIBF is monitored by a 405 nm laser beam, simply by
measuring the laser power transmitted before and after irradiation. The diameter of the blue
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Fig. 4. Normalized action spectra on DPIBF dissolved in air-saturated ethanol (filled cir-
cles) and in acetone (empty circles) upon irradiation of the TRFRL between 1247 nm and
1289 nm.

laser beam is § mm and its power was ~ 2 gW. The relation between the measured laser power
and the trap concentration reads

m(,fp — ([T~ [T)).L (1)

where Py and Py are the powers of the blue laser before and after irradiation, respectively. [T']o
and [T are the DPIBF concentrations (in mol.L~!) before and after irradiation, respectively. L
is the path length of the blue light and € is the molar absorption coefficient of DPIBE. Using
the value of &€ = 2.35 x 10* M~ 'em ! in ethanol [21] and L = 1 ¢m, the photooxygenation rate
can be easily obtained from
(7o — 7]
Ar

where V; is the photooxygenation rate and At is the time of irradiation.

Our results confirm that the maximum of absorption the spectrum of the 3):; -l A, molecu-
lar oxygen band is located at 1273 & 1 nm, as in previous studies by Krasnovsky et al. [21]. The
width of the action spectra is ~ 15 nm FWHM both for acetone and ethanol. It is comparable
with values previously reported by Losev [16]. Furthermore the relative photooxygenation rates
in acetone and ethanol coincide with the values reported by Kransovsky et al. [21].

v, @)

5. Conclusion

In this paper we have demonstrated a high-power RFL. which can be continuously tuned be-
tween 1240 nm and 1289 nm. The laser design is simple and the cavity is constructed only from
commercially-available fiber components. Contrary to ring lasers previously demonstrated, the
laser wavelength is not tuned from an intracavity tunable bandpass filter but by tuning the
wavelength of the pump laser, the narrow bandwidth of the phosphosilicate gain curve being
exploited to restrict the laser emission to a single wavelength component. The RFL tuning range
is thus only limited by the tuning range of the pump laser. The TRFRL presents a slope effi-
ciency of ~ 75% which is comparable to the slope efficiency of RFLs oscillating in Perot-Fabry
cavities. It delivers a total Stokes power of ~ 2.5 Waltt at the maximum available pump power
of ~ 7 Watt.

We estimate that the TRFRIL demonstrated in the present paper can be of a specific interest
for the investigation of direct creation of singlet oxygen both for medical applications and
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for more fundamental studies of the 32; — A, transition of oxygen molecules in various
solvents. In water, some questions concerning the determination of the 1,3-diphenylbenzofuran
photooxidation rate remain open [22]. In this solvent, the quantity of dissolved oxygen is about
ten times less than in acetone and ethanol. We have demonstrated that the TRFRL can be used
for the reliable measurement of action spectrum of DPIBF in air-saturated ethanol and acetone
with only 300 mW of 1270 nm light. With a maximum output power greater than 2 Watt,
the TRFRL presented here could thus overcome the weak absorption of molecular oxygen in
water. Moreover the designed TRFRL is only limited in terms of accordability and delivered
output power by the pump laser. The tunable TRFRL thus opens the possibility to investigate
in photochemistry the excitation band of singlet oxygen in solution phases where shifts in the
absorption can be important [16].
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Direct photo-production of singlet oxygen, via 1270 nm laser excitation of molecular oxygen, has been
the focus of recent articles. The chemical traps 1,3-diphenylisobenzofuran and rubrene are used to mon-
itor singlet oxygen production in organic solvents through the O, [32;: — 0,['A,] transition. In this Letter
evolution of the trap concentration is monitored continuously and we propose a new and simple method

to measure singlet oxygen production rate. We derive an analytical expression for the trap disappearance
rate that allows simultaneous and independent determination of the 1270 nm absorption cross section
and the half quenching concentration with the chemical trap.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Singlet oxygen (10, [1 Ag]) is the lowest electronic excited state
of molecular oxygen (O). Its high chemical reactivity confers it a
central role in many chemical and biological photo-oxidation
processes [1-3]. In liquids, efficient 10, photo-production is com-
monly achieved via activation by visible light of a photo-sensitising
molecule (PS). The excited triplet state of the PS transfers its
energy to molecular oxygen leading to various reactive oxygen
species and, in particular, singlet oxygen ('0;) [4,5].

This type of process makes '0, a key intermediate in several
fields from polymer science to biology [3]. In biochemistry, it is
indeed involved in plants photosynthesis [6] as well as used clini-
cally in photodynamic therapy for the eradication of cancer cells
[1,2]. There is thus a need for water soluble probes in order to char-
acterise '0, properties in biochemical system. Such molecular
probes have been synthesised to trap or detect this species specif-
ically [7-9]. For example one can mention Singlet Oxygen Sensor
Green© which has been designed for optical microscopy [10].
However, quantitative analysis of the data using this probe can
be biased [3,11] and, moreover, '0, production via a PS is a com-
plex dynamic system from which it might be difficult to learn.

In this context, the simplified scheme of direct photosensitiser-
free 10, photo-production, despite its poor efficiency, naturally ap-
pears as a powerful tool for the understanding of '0, chemistry.

* Corresponding author.
E-mail address: emmanuel.courtade@univ-lille1.fr (E. Courtade).
1 These authors contributed equally to this work.

0009-2614/$ - see front matter ® 2012 Elsevier B.V. All rights reserved.
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Since 10, has been highlighted as a key intermediate in photo-oxi-
dation processes [12], direct excitation of 'O, has been the focus of
several papers in gas phase or liquids [13-18] and in biology [19-
22]. For the isolated molecule, this optical transition of molecular
oxygen (Eq. 1) is strongly forbidden [5,23]. It is thus poorly effi-
cient and very sensitive to the perturbing effects of the surround-
ing environment of the oxygen molecule [5,13,24]. Indeed, the
absorption cross section or spontaneous emission rate of dissolved
oxygen molecules is always enhanced by collisions with solvents
[5,13,25,26].

More recently, Krasnovsky et al. have found that 1270 nm high
power irradiation causes photo-oxidation of photosensitiser-free
solutions of tetracene and 1,3-diphenylisobenzofuran (DPIBF) at
normal temperature and pressure in organic solvents [15]. They
have shown that this photo-oxidation process occurs through the
reaction of DPIBF with '0, produced via the 30, [3Zg] —10,[' A
1270 nm transition |[15-18] as described by reactions 1-4:

302 + hviz7 —>102 (1)
1. ka3

0,430, (2)
10, +TX3%0, 4T 3)
10, + T 10, (4)

Singlet oxygen is produced via the transition 302[32;] —10,[' A4 at
1270 nm (reaction 1). k4 is the pseudo first order kinetic rate
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constant of singlet oxygen deactivation in the solvent, defined as: =100
ks = 1/75 where 1, is the lifetime of singlet oxygen in the absence -Tj' 80
of trap. T is either the DPIBF or rubrene chemical trap, kq and k. are >
the rate constants of singlet oxygen physical and chemical quench- mf €0
ing by T respectively. TO, is the primary oxidation product of T 40
reaction 4. 3 90

The use of a high power 1270 nm laser for direct photosensitis- £ 0

er-free creation of '0, opens new opportunities for, on the one
hand, fundamental studies of the 30, [BEg’] —10,['A,) transition
and, on the other hand, quantitative characterisation of '0, fluo-
rescent chemical probes.

In this Letter, following the work of Krasnovsky and co-workers,
we aim to provide quantitative insights on (i) 'O, production rate
following direct excitation and (ii) interactions of this species in li-
quid solvents. We use an specially designed high power laser tun-
able around 1270 nm [27] to study the reaction kinetics of two
chemical traps (DPIBF and rubrene) with '0,. We set up an exper-
iment that allows real time measurement of the trap concentration
and derive a simple analytical expression for its consumption rate.
This reaction rate depends only on two parameters which can be
expressed in terms of basic physical constants: the half quenching
concentration pB(‘“reactivity index”" [28,29]) and the absorption
cross section of the 302[32;] 10, A;] transition (@1270). Studying
reaction kinetics of T, both &1,70 and $ can be determined simulta-
neously and independently.

2. Theory

The two traps used in this Letter (DPIBF and rubrene) are very
reactive towards 10, : k; is closed to the so-called diffusion limit
[3]. Physical quenching is negligible compared to chemical quench-
ing (k; < k) [30]. Thus the kinetics of reaction of the species in a
solution containing a 0, chemical trap upon 1270 nm irradiations
(as depicted by reactions 1-4) can be described by the two follow-
ing equations:

1
0:] 1 _ 10, ~ k10, °
% = —l['0,][T] °

where T = 6127I[0;] is the 0, production rate (molL 's 1). This
production rate depends on the 1270 nm photon flux I (photon s ' -
cm 2), on the concentration of dissolved oxygen, [0,] (mol L '), and
on the absorption cross section 1270 (cm?).

In our experiments, the solution is stirred in a quartz cell in con-
tact with air, and oxygen is continuously renewed in the liquid
phase. Estimating the consumption of dissolved oxygen during
the duration of a full experiment of irradiation, one can expect a
decrease of ~6% in the concentration of 30, which has a negligible
effect on the kinetics of 10, production and reactivity (see Supple-
mentary materials for numerical calculations and simulations).
Therefore, the concentration of dissolved oxygen may be consid-
ered as constant during the trap photodegradation experiment.
In this condition, I" is a constant depending only on the 1270 nm
laser power.

Evolution of the amount of the two different species occurs at
two well separated time scales. A lower value for the time scale
of 10, variation can be expressed as follows: i, = (ka + kr M)~
For DPIBF, an upper value for the time scale variation is determined
when ['0,] is maximum: 7 = (k,['0, )", where ['0,]_ =T /ka.
For an initial DPIBF concentration of |T|o~ 10 *molL !, using
the values of k; and k. in acetone [30] and a value of
G170 ~ 1072 cm? [15-17]: Tig, ~ 107 s < 77 ~ 10*s. It is thus
clear that quasi-steady-state approximation can be applied to '0,
and Eq. 5 and 6 can be simplified as follow:

© 2014 Tous droits réservés.
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Figure 1. Comparison of Eq. 8 and numerical simulations of the full non-linear
system (Egs. 5 and 6). Both curves are evaluated with values of parameters
determined in Section 4 (f=ky/k =1.7x10° molL™" and I'=1.25x 1077 -
mol L~" s71). Eq. 8 (solid line) and numerical simulations (black dots) show a near
perfect agreement for a wide range of parameters. Indeed the relative mean square
error is smaller than 10~ for a set of parameters in the ranges: 107° < § < 10~ and
10°% < <10

r
102 = kg + k;[T] )
i T

R ®)

where 8 = ky/k; is the reactivity index. It represents the trap con-
centration at which the quenching of '0, by solvent molecules
(kq) equals the decay due to the total quenching by T (k,[T)).

In order to confirm the validity of Eq. 8 one can simulate the full
non-linear system (Eqs. 5 and 6). Figure 1 shows a comparison of
numerical simulations and analytical expressions for a typical
experiment in acetone. A near perfect agreement between numer-
ical calculations of the full non-linear system and analytical solu-
tion (Eq. 7 and 8) is found over several decades for each
parameters (I', §).

Two limiting cases can be found for the kinetics of the trap dis-
appearance. At the beginning of the experiment, T is in excess
([T] > B). then —d[T]/dt ~ Tis only limited by '0, production rate,
When [I] becomes smaller ([T] <« ), one can approximate
—d[T /dt ~ T'[T]/B. In the next section, we show that our experi-
mental set up allows the simultaneous and independent determi-
nation of both I" and 8.

3. Experimental

We set up an experiment to perform kinetics measurement of
the trap concentration in a solution irradiated with a 1270 nm la-
ser. DPIBF (1,3-diphenylisobenzofuran, 97%, Aldrich) and rubrene
are used as traps in experiments performed in several organic sol-
vent: acetone (99.5%, Sigma Aldrich), acetone dg (99.9%, Sigma Al-
drich), ethanol (99.8%, Sigma Aldrich) and in toluene (99.5%, Acros
Organics).

Reaction of 10, with DPIBF leads to colourless oxidation prod-
ucts. Thus the trap concentration can be monitored via the 410 nm
band of DPIBF by measuring the absorbance of the solution [15-
17]. Using a spectrometer (Perkin Elmer, lambda 19) we verify that
normalised absorption spectra of DPIBF before and after 1270 nm
irradiation superimpose almost perfectly in the visible range (data
not shown). This means that the oxidised products of the reaction
does not induce any shift or distortion in the visible part of the spec-
trum. This allows us touse a single laser, whose wavelength matches
the DPIBF absorption spectrum (405 + 1 nm, Roithner Laser), to
measure DPIBF concentration in the solution. A value of
€405 ~2.27 x 10* Lmol ™! cm~! is taken for the molar absorption
coefficient of DPIBF in all solvents to take into account the relative
absorbance between 405 and 410nm (€40 ~2.35x 10°L
mol™ em~!) used in [15-17]. Measurements of €45 using either
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Figure 2. Scheme of the experimental set-up for measurement of DPIBF consump-
tion rate upon 1270 nm excitation of 30, [27]. The trap concentration is monitored
by a 405 nm laser beam focused on a photodiode (PD) by a lens (L). The 1270 nm
and the 405 nm lasers intersect in the quartz cell containing DPIBF solutions
saturated with air. For rubrene solutions, the 405 nm laser is replaced by a 532 nm
laser.

the 405 nm laser or the spectrometer give consistent results. DPIBF
is a reference compound for 10, trapping in organic solvents due to
its high reactivity [31]. However the primary oxidation product is an
unstable ozonide which cleaves into the dibenzoylbenzene plus an
unknown oxygenated product [32,33]. In order to check that the
ozonide and its degradation products do not change the kinetics,
we confirm our results by using rubrene which gives a stable endo-
peroxide with 10,. The same set-up is used to study the kinetic reac-
tion of ' O, with rubrene. The rubrene concentration is monitored via
its 525 nm absorption band with a 532 nm laser, using a molar
absorption coefficient of €53, ~ 9.5 x 10°L mol 'cm 1.

A scheme of the experimental set-up is represented in Figure 2.
Solutions of DPIBF (~100 pmol L ') are placed in a quartz cell of
1 x 1 x 5 cm?® (Hellma). The volume of the solutions is 1.4 ml. Fresh
DPIBF solutions are stocked in the dark, at room temperature and
in contact with air at least several hours before irradiation. Solu-
tions are gently shaken with a small magnetic bar and kept in con-
tact with air during all experiment.

Two lasers are used: a Raman fiber ring laser operating at
1270 nm (FWHM ~1 nm) [27] for 10, production and a laser emit-
ting at 405 nm (532 nm) for the monitoring of [DPIBF] (|[Rubrene]).
These two laser beams are perpendicular and intersect in the
quartz cell. The diameter of the infrared beam irradiating the
quartz cell is ~3 mm with a power ~1 W measured with a power
meter (Ophir). The beam diameter of laser which monitor [T] is ad-
justed to ~8 mm in order to homogeneously cover all the section of
the solution (except the magnetic bar). To prevent bleaching of the
trap, the laser power is reduced down to a power of ~10 pW and is
switched using a mechanical shutter opened ~1 s every 30s. Irra-
diations last for 20-90 min, depending on the solvent. DPIBF is
known to be very sensitive to daylight [34], so the whole set up
is covered. We perform several experiments in DPIBF solutions
without 1270 nm irradiation in each solvent: no variation of
405 nm absorbance is detected for time as long as 90 min (data
not shown). This confirms that DPIBF disappearance results solely
from the 1270 nm irradiation.

4. Results

DPIBF absorbance is monitored and followed during the full
duration of an experiment. Figure 3 represents the decay of DPIBF
concentration with time in two organic solvents: acetone and ace-
tone dg, when the solutions are irradiated with the 1270 nm laser.
The values found for g (rescaled to the initial DPIBF concentration
[T',) in the two solvents are also represented.

As described in Section 2, variation of the trap consumption rate
(—d[T]/dt) with the trap concentration [T] during irradiation

© 2014 Tous droits réservés.

saturated solvents: acetone (squares) and acetone dg (triangles) when the solutions
are irradiated by the 1270 nm laser. The experimental values found for g are
represented and rescaled to the initial concentration of DPIBF 7], ~ 110 pmol L™
in acetone and [T]p ~ 83 pmol L~ in acetone de.

contains information on both parameters: 10, production rate, I"
and reactivity index f. Data obtained for each experiment per-
formed in acetone and acetone ds upon irradiation at 1270 nm
(P~1.1 W £ 1%) are presented in Figure 4.

A reliable fit of the data is obtained using the following
expression;

T a

T 1. ®

wherea=Tand b = 4.

Singlet oxygen production rate, I is unambiguously determined
by parameter a. One finds in acetone T' = 1.29 x 107" mol L™! s71+
2%. The average 1270 nm photon flux in our experiment is:

Pyl 1—e%
ol

= ., X 7> x Kquartz (10)

in photon cm=2s-!, where Py=1.1W is the laser power and
L=1cm is the length of the quartz curve, hv is the energy of
1270 nm photons, V;, = 1.4 ml is the volume of the solution in the
cell, o is the linear absorption coefficient at 1270 nm of the solvent,
due to inactive absorption of laser light which is ~0.04 cm !in ace-
tone and Kquare, (~0.94) is the absorption of laser light by the first
side of the quartz cell. Using the value of [0;] =2.4 x 10 > mol L '
[35] one obtains in acetone 1270 = 11.8 x 10724 cm? + 3% and § =
180 x10° mol L' +4%. In acetone ds T =138x10"
mol L™! 5! + 3%, using the same parameters for the analysis one
can find ©Op0=124x10*cm?+4% and $=178x10"°
mol L' +21%. The values of the absorption cross section of
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Figure 4. DPIBF consumption rate in acetone (squares) and acetone dg (triangles).
The 1270 nm laser power is 1.1 W+ 1%. With a and b as free parameters, one can
determine from a fit (solid line) using Eq. 8: T = 1.29 x 107" mol L™ s~! + 2% and
B =1.80x107 mol L™! + 4% in acetone and T' = 1.38 x 10" mol L™! s~! + 3% and
=178 x 107® mol L' + 21% in acetone dg, where the uncertainties are evaluated
from correlation coefficient. The horizontal and vertical dotted lines represent the
experimental values found for I" and g respectively, in protonated and deuterated
acetone.
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Figure 5. Production rate of singlet oxygen in acetone as a function of the infrared
laser power. From a linear fit, one can evaluate g1270 = 10.6 x 1072 cm? + 3% using
Eq. 10. The obtained value of g1270 is in good agreement with the data reported in
Table 1.

molecular oxygen in protonated and deuterated acetone are both in
very good agreement,

In order to investigate the influence of potential heating due the
infrared laser on the DPIBF photooxygenation rate, experiments at
different laser powers up to 1.1 W are performed. A maximum of
5 °Cincrease of temperature is measured in the quartz cell. Figure 5
represents the rate of 'O, production as a function of the infrared la-
ser power in acetone, One can indeed estimate 1,79, from the linear
dependence of I" with Py. Avalue of 61770 = 10.6 x 1072 cm? + 3%is
found, which is in very good agreement with the data reported in
Table 1. We thus conclude that for the IR laser power used in these
experiments, heating (which should increase with laser power)
has no effect on the production rate of 10,

Dependence of 10, production rate with dissolved oxygen con-
centration has been evaluated (see Supplementary materials) as in
[36,37]. The solvent is saturated by bubbling oxygen in the solution
for 20 min with a thin capillary. The value of I" is found to be 4.94
times higher than the one in solution saturated with air
(I'=6.28 x 10 "molL 's ! for the solution saturated with oxy-
gen compared to 1.27 x 1077 for the other solution). I" is thus pro-
portional to the dissolved oxygen concentration and the
production rate of 0, can be greatly enhanced by saturating the
solution with 30,. In oxygen-free solutions (obtained by bubbling
ultra pure nitrogen for 1 h) no degradation of the trap is observed
upon a 1 hirradiation at 1270 nm.

Table 1

Figure 6. Effect of the degradation products on the kinetic of the trap disappear-
ance rate. Five different concentrations of DPIBF from 100 to 10 pmol L~! in acetone
are irradiated at 1270 nm. For small variation of the trap concentration (A[T] ~
10%), DPIBF degradation is linear in time. The slopes corresponding to small
variation in DPIBF concentration (80 pmol L™! in triangles, 50 pmol L™! in squares,
30 pmol L7 in circles and 10 pmol L~! in rhombus) have been reported in the inset
of the figure and matches the entire kinetic of the trap degradation (solid line)
where [To| ~ 100 pmol L '.

In order to test if the accumulation of the degradation products
(caused by DPIBF degradation) could influence the oxygenation
rate of DPIBF, two kinds of experiments have been performed. In
the first experiment, a solution of DPIBF in acetone
([To] ~ 100 pmol L") is irradiated at 1270 nm. When all DPIBF
has been consumed, fresh DPIBF is dissolved again in the photo de-
graded solution at ~100 pmol L ! and irradiated again in the same
conditions. In these two experiments, the trap kinetics are exactly
the same (see Supplementary materials). In order to confirm this
result, starting from a solution of DPIBF in acetone at ([To] ~
100 pmol L 1), dilutions are realised to obtain four different DPIBF
concentrations. All the solutions are completely degraded within
the same 1270 nm irradiations (see Figure 6). When small portion
of the trap is degraded (A[T] ~ 10%), the trap degradation is linear
in time (detailed analysis of the trap kinetics degradation for such
conditions have been performed in [15,16,37]). The slopes of DPIBF
oxygenation rate for small variation of the trap concentration, are
reported in the inset of Figure 6 and matches the entire kinetics of
the trap disappearance where [Tg] ~ 100 pmol L 1. All these exper-
iments clearly show that the degradation products do not cause
any decline of the DPIBF concentration during its photo reaction

09,,0. and p* are determined experimentally using DPIBF in different solvents by evaluating parameters a and b of Eq. 9 as described in Section 4. The uncertainties for the
estimations are standard deviations upon five experiments. The measured linear absorption coefficient of the solvent and the literature value of dissolved oxygen concentration
are reported. The values of 7, take into account the water content [43] of the tested organic solvents using literature values of 7, in pure solvents. For acetone dg, considering the
purity of the solvent (99.9%) and the scattering range of singlet oxygen lifetime, any correction on those lifetime are made. k! is calculated using the estimated values of 4. The
initial concentration of DPIBF is [T], ~ 100 umol L' and the 1270 nm laser power is set to 1.1 W in all experiments. Minimum and maximum values of § and k, are reported from

[30].
Solvents T B0y Clsolvent B ke 01270
(ms) (10 mol L") (1075 mol L") (108 Lmol ™! 571) (107%* cm?)
Acetone 475 [5] 24 [35] 0.04 1.8 £ 10%* 11.7° 11.5 +£3%"
5-94[30] 4.1-17[30] 8.0 £10% [37]
6.9 +10% [15]
6.6+10% [17]
8.8+ 15% [18]
Acetone dg 690 £ 3% [38] 24 0.04 0.2 +£14%" 7.9° 12.6 £ 3%"
992 [5] 5.0"
410 £ 5% [39] 13.3°
Toluene 27.8 £ 10% [40] 1.8 [35] 0.04 42+ 7% 8.6° 34.8 +4%°
4-12 [30] 43-89[30] 44.4 [41]
15.5 [15]
Ethanol 13.9 [42] 2.1135] 0.34 9.1+ 13%° 7.9¢ 17.7 + 7%"°
6.5 —20[30] 4313 [30] 12.6 £ 10% [37]
11[17] 9.2 +10% [15]
14[18] 9.9 +10% |17]
8.4 +15% [18]
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with singlet oxygen, and thus do not affect the values of 61,70 and

B.

5. Discussion

Experiments described in the above section have been repeated
in different organic solvents. Experimental data and their analysis
are reported in the section Supplementary materials.

The mean values of 01270 and g measured from five different
experiments in each solvent, are reported in Table 1. For compari-
son, the literature values of 1570 are also reported. Maximum and
minimum values of § and k; in each solvents are also reported from
the review of Wilkinson et al. [30]. In ethanol and toluene, the
experimental values found for g are in good agreement with the lit-
erature data. In acetone the value for g found in this Letter is not in
the range of reported value from [30]. This could be explained by
the weak values of 7, used to calculate $ in these papers. In all
the tested organic solvents, the calculated values of k; are in the
range of the reported value of [30]. As it has been observed in other
studies [18,42,44] and this Letter, the values of k, are solvent
dependent.

To our knowledge, estimation of o1,7 in liquid solvent have
only been reported by Krasnovsky et al. [15-18]. Values reported
for acetone in [17,1837] range from 6.6x10 % to
8.8 x 10 24 cm?. OQur estimation, from Figure 5, is 1.2 to 1.6 higher.
In ethanol, 64570 is 17.7 x 107** cm? compared to published values
ranging from 8.4 x 107 to 12.6 x 107** ¢m? [17.18,37]. Our esti-
mated values of 61,7 in acetone and ethanol, are higher than those
reported by Krasnovsky et al. while the relative dependence is the
same; the ratio between 61370 in ethanol and acetone is approxi-
matively 1.5 (except for the study of [18]).

In order to confirm the value of 71,7 found with the DPIBF, same
kinetics experiments are performed in acetone dg with rubrene, The
experimental values found for T is 1.43 x 107" mol L' s~! + 3%
and =274 x 10~ mol L' + 8%, From Eq. 10, one can estimate
the value of 61570 = 11.7 x 1072* cm? + 4%, which is in very good
agreement with the value found with DPIBF.

Let us mention that, using the same analysis described in
[15,17,37], i.e. calculating the cross section from literature value
of B, we also find higher values in acetone and ethanol with several
initial DPIBF concentration ([T}, ~ 100 umol L™!; 50 pmol L™!) and
upon different 1270 nm laser power (1.2 W; 300 mW; 100 mW).
From this, one can conclude that such a difference is not due to
an experimental artefact and neither to our own analysis of the
reaction rate (Eq. 8). We have no explanation for such a difference.
However, our data in toluene are close to the value of Losev et al.
[41] from high pressure gas phase experiments. In Ref. [16], the
authors have mentioned a value two times smaller than the one
of [41]. In a more recent paper ([18]), a new method is used to mea-
sure the absorption cross section of oxygen in organic solvents and
water. 01279 is obtained by comparison of the rates of photooxygen-
ation obtained upon direct excitation of oxygen molecules by IR
diodes laser and upon photosensitisation by porphyrins. This new
approach gives results consistent with previous works
[15-17]. But yet, equal concentrations of DPIBF are required to en-
sure the acuteness of this new technique and accurate knowledge of
singlet oxygen quantum yield generation by the PS is also needed.

6. Conclusion

Summarising our results, we set up an experiment which allows
real time measurement of DPIBF concentration [T] upon direct
1270 nm excitation of 30,. We derive an analytical expression for
the trap disappearance rate, —d([T]/dt as a function of the trap con-
centration during such an experiment. Using this expression, one

© 2014 Tous droits réservés.

can determine simultaneously and independently the g, and sin-
glet oxygen production rate I'. Our approach enables determina-
tion of &,70 in a single experiment, ie. without the need of
previous knowledge of the reaction rate constant. Comparing the
absorption cross section of the O, [3Zg] — 02[1Ag] transition of
molecular oxygen found with two different chemical traps, the
01270 values found with DPIBF and rubrene are in very good agree-
ment. Using the kinetics analysis described in this article, one
should control the possible effects of the photodegradation prod-
ucts as proposed in part 4.

The fact that singlet oxygen production rate is determined with-
out the need of g knowledge in our Letter, could be useful in exper-
iments where this parameter is unknown or estimated in an
indirect way. This is the case for the determination of 170 in
water where DPIBF has to be dissolved using a surfactant (similar
experiments are performed in [17,18]). Unfortunately we have not
been able to determine unambiguously the value of I (and thus
O1270) in water dispersion of surfactant. Indeed, the reader should
notice that an initial DPIBF concentration greater than 8 is neces-
sary for unambiguous determination of I'. Even by heating the
solution, we are not able to dissolve DPIBF in aqueous dispersion
at a concentration greater than ~100 umol L . This concentration
is not sufficient to observe deviation from the linear regime of the
trap disappearance rate. However the method described in this
Letter could be of great interest if an efficient water soluble singlet
oxygen chemical trap is found or if a more efficient singlet oxygen
trap is designed, Furthermore, we believe that the method de-
scribed in this article provides a simple and reliable tool for singlet
oxygen photo-chemistry or photo-physics, For example, it could be
used to characterise singlet oxygen fluorescent probes or be com-
bined with time-resolved detection of singlet oxygen phosphores-
cence which can be difficult to interpret [45].
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