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Manipulation und Verschrinkung von Quantenzustinden
durch vollstindige Kontrolle der Atom-Licht Wechselwirkung

Axel Kuhn, Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Deutschland
und Physik Department an der Technischen Universitdit Miinchen

In den letzten Jahren wurden mit der gezielten Manipulation und Verschrankung von Quanten-
zustanden, wie inneren und duBeren Freiheitsgraden von Atomen und Photonen, die Voraussetzungen
fur die Realisierung von Quantencomputern geschaffen. Aspekte davon sind hier gezeigt: Durch Kon-
trolle der Atom-Licht Wechselwirkung werden neutrale Atome in den Schwingungsgrundzustand
einer Dipolkraftfalle gekiihlt und anschlieend gezielt in einem angeregten Fockzustand priépariert.
Zudem ist es gelungen, durch Kopplung von Atomen an das Lichtfeld eines optischen Resonators
eine Schnittstelle zwischen Atom und Licht zu realisieren. Diese ermoglicht nicht nur die Emissi-
on einzelner Photonen mit wohldefinierten spektralen Eigenschaften quasi auf Knopfdruck, sondern
gestattet im Prinzip auch eine Verschrankung entfernter Atome durch Bell-Messungen an den emit-
tierten Photonen. Beides ist wesentlich fiir einen skalierbaren Quantenprozessor, in dem einzelne
Photonen und Atome als Informationstrager bzw. Datenspeicher dienen.

Manipulation and Entanglement of Quantum States
by full Control of the Atom-Light Interaction

Axel Kuhn, Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany
and Physics Department at the Technische Universitdt Miinchen

During the last years, the essential prerequesites for the technical realisation of quantum computers
became available with the deterministic manipulation and entanglement of quantum states, like in-
ner and outer degrees of freedom of atoms and photon number states of light. Aspects thereof are
presented here. The complete control of the atom-light interaction allows to cool atoms down to the
vibrational ground state of a surrounding atom trap, and starting from there, an adiabatic passage is
used to populate specific excited Fock states. Moreover, it is possible to control the coupling of single
atoms to the light field of an optical cavity. This interface between atom and light allows to determi-
nistically generate single photons on demand with well-defined spectral properties, and it offers the
possibility to entangle a single atom with the quantum state of a distant light field. These are essential
steps towards a scalable quantum processor, where photons and atoms act as information carriers and
quantum memories, respectively.
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Kapitel 1

Zustandsmanipulation im Wandel der Zeit

Die gezielte Manipulation von Quantensystemen hat in den letzten Jahrzehnten die Entwicklung vom
Traum zur Realitat durchlebt. Mit dem Einzug des Lasers [1] in die moderne Physik gab es erstmals
die Moglichkeit, optische Uberginge zwischen diskreten atomaren Energiezustinden gezielt zu trei-
ben [2—4], und somit atomare Ensembles signifikant aus dem thermischen Gleichgewichts zu brin-
gen. Selbst dem zufalligen Charakter, der einer Besetzung angeregter Zustande mit anschlieBender
spontaner Emission zu einer Vielzahl von Niveaus innewohnt, konnte man mit ausgefeilten Verfah-
ren begegnen. Diese bauen auf unitaren Prozessen auf, die nur ﬁbergéinge zwischen langlebigen
Zustanden ermoglichen [5].

Mit der Manipulation innerer Zustande bot sich die Chance, auch die Bewegung von Atomen zu
beeinflussen. Einzelne absorbierte oder emittierte Photonen tibertragen Impulse der GroBle hk auf ein
Atom. Durch Beschrankung des Impulsiibertrags auf bestimmte Geschwindigkeitsklassen, z.B. durch
den Dopplereffekt, lassen sich optische Melassen und magnetooptische Fallen realisieren und freie
Atome in den sub-nK Bereich abkuhlen [6]. In Ionenfallen oder optischen Dipolkraftfallen konnen
durch gezieltes Treiben von Vibrationsiibergangen Ionen bzw. Atome in den Schwingungsgrund-
zustand gebracht und von dort in andere Vibrationsniveaus tiberfiihrt werden. Dies gestattet durch
Verschrankung innerer und dullerer Zustande einfache Quantengatter zu realisieren [7, 8].

Auf dhnliche Art lasst sich auch der Zustand von Lichtfeldern kontrollieren. Jede Emission oder
Absorption erniedrigt bzw. erhoht die Photonenzahl im Strahlungsfeld um Eins. In einem Laserstrahl
fallt dies kaum ins Gewicht, doch im quantisierten Lichtfeld eines optischen Resonators hat dies eine
drastische Auswirkung. Ein einziges Atom im Resonator geniigt, um die Photonenzahl gezielt zu
manipulieren und nichtklassische Zustinde des Strahlungsfeldes zu erzeugen.

Die Kontrolle von Quantensystemen er6ffnet vielféltige Perspektiven: (1) Kalte Atome sind der
Schliissel zu kohérenter Atomoptik, Atominterferometrie und hochprizisen Atomuhren. (2) Bose-
Einstein Kondensate (BEC), die sich in Verbindung mit weiteren Kiihlverfahren realisieren lassen,
haben eine Vielzahl neuer grundlegender Experimente ermoglicht. (3) Die Quanteninformationsver-
arbeitung baut auf der Moglichkeit zur Kontrolle und Priparation einzelner Quantensysteme und Me-
thoden zur gezielten Verschrinkung verschiedenartiger Quantensysteme auf, wie z.B. inneren Ener-
giezustanden von Ionen mit Vibrationszustéinden in Ionenfallen, oder atomaren Energiezustinden mit
Photonenzahlzustiinden in Resonatoren [9—11].

In den hier vorgestellten Arbeiten wird durch geschickten Einsatz der Atom-Licht Wechselwir-
kung in Form einer adiabatisch getriebenen stimulierten Raman-Streuung eine nahezu vollstandige
Kontrolle von Quantensystemen erreicht. Demonstriert wird dies anhand der Raman- und Raman-
Seitenbandkiihlung von Atomen in optischen Dipolkraftfallen und anhand der deterministischen
Atom-Photon Kopplung und Verschrinkung in optischen Resonatoren hoher Finesse.
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Kapitel 2
Atom-Licht Wechselwirkung im Griff

Die Wechselwirkung von Atomen mit kohérenten Lichtfeldern ist in [2, 3, 12, 13] ausfuhrlich dar-
gelegt. An dieser Stelle sind daher nur wesentliche Aspekte geschildert, die fiir die vollstandige
Zustandskontrolle relevant sind.

2.1 Zwei- und Drei-Niveau Atome

Zunéchst beschranken wir die Betrachtung auf einen einzigen atomaren Ubergang mit Ubergangs-
dipolmoment ., und Resonanzfrequenz w,, zwischen zwei atomaren Energieniveaus, |g) und le),
der von koharentem Licht der Frequenz wy, und elektrischer Feldamplitude £y getrieben wird. Unter
Vernachldssigung jedweder Relaxationsprozesse wird dieses gekoppelte System in Rotating-Wave
Approximation (RWA) durch den Hamilton-Operator

’ B
H = h\3gy — 5060 + el @2.1)

beschrieben, wobei A = wy, — we, die Verstimmung des Lichts von der atomaren Resonanz angibt
und = p.oFo/h die Rabi-Frequenz des treibenden Felds bezeichnet. Dieses System besitzt die

Eigenfrequenzen w = 1 (A +/02 + A2) mit den zugehorigen Eigenvektoren

|¢T) =cos¢lg) —single)  und  |¢7) = sin@|g) + cos ple), (22)

wobei der Mischungswinkel durch tan ¢ = (1/Q? + A2 — A) /S festgelegt ist. Die Frequenzaufspal-
tung der Eigenzustande, Q. = +/Q? + A2, wird auch als effektive Rabi-Frequenz bezeichnet, mit

Besetzung im angeregten Zustand

Abbildung 2.1: Besetzungsos-
zillation im resonant getriebenen
Zwei-Niveau System. Vollstandige
Inversion wird bei einer Laserpuls-
flache von 7 erreicht, entsprechend
einer Pulsdauer von ¢ = 7 /) bei
konstanter Rabifrequenz.

Population [(ye)[*
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der ein Teil der Besetzung zwischen |g) und |e) oszilliert. Sind Zerfallsprozesse (wie z.B. spontane
Emissionen) auf der Zeitskala der Anregung vernachléssigbar, lasst sich eine beliebige Superposition
der Zustande |g) und |e) durch geeigneten Abbruch der Besetzungsoszillation einstellen. Abbildung
2.1 zeigt, dass eine resonante Anregung der Dauer 7 /€2, die auch als 7-Puls bezeichnet wird, zu einer
vollstandigen Inversion des Systems fiihrt.

Wesentlich mehr Flexibilitat bietet die in Abb. 2.2 gezeigte A—formige Anordnung von drei Ni-
veaus. Hier werden zwei Ubergiinge der Frequenzen w,, und w,, von Lichtfeldern der Frequenzen
wp bzw. wg getrieben. Sind die Verstimmungen der Felder von den jeweiligen Resonanzen identisch,
Wp — Wey = Wg — Weg = A, dann wird das System in RWA durch den Hamilton-Operator

N PR SR
H = hAG,, — %QS [Geg + el = 5 [Feu + G 2.3)

beschrieben, wobei §2p und (25 die entsprechenden Rabi-Frequenzen bezeichnen. Das gekoppelte
System besitzt drei Eigenfrequenzen, w® = 0 und w* = (A + \/Q?cv + Q% + A?), mit den Eigen-

zustanden
#) = (slu) - 2plg) /O + 95, (2.4)

") = cos@sinOlu) — sin @le) + cos ¢ cosO|g),
|¢~) = sin¢sinO|u) + cos Ple) + sin ¢ cos Olg),

wobei die Mischungswinkel durch tan¢ = \/Q§ + Q?D/(\/Qﬁ + 0% +A%2 — A) und tan©® =
Qp/Qg gegeben sind. Im Folgenden ist nur der Eigenzustand |¢°) von Interesse, da zu diesem (im
Gegensatz zu |¢*)) der elektronisch angeregte Zustand |e) nicht beitrigt, so dass eine spontane Emis-
sion von Photonen ausgeschlossen ist. Dies bedeutet, dass in |¢°) priparierte Atome kein Fluores-
zenzlicht aussenden, selbst wenn sie zwei Lichtfeldern ausgesetzt sind, die prinzipiell in der Lage
wiren das strahlende Niveau |e) zu bevolkern. In Raman-Spektren fiihrt dieser Effekt zu Dunkelre-
Sonanzen, die auftreten, sobald die Raman-Resonanzbedingung erfiillt ist. Aus diesem Grund wird
|#°) héufig als Dunkelzustand bezeichnet.

2.2 Stimulierte Raman-Ubergiinge

Pr_i_nzipiel] ist ein kontrollierter Besetzungstransfer in Atomen oder Molekiilen nur zwischen Zustanden
moglich, deren Lebensdauer deutlich iiber der Dauer des Transferprozesses liegt. Dies trifft z.B.
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auf Hyperfeinzustinde im elektronischen Grundzustand eines Atoms, auf Rotations- und Vibrations-
zustande von Molekiilen im Grundzustand, und auch auf Vibrationszustande von Atomen im umge-
benden kiinstlichen Potential einer Atomfalle zu. Sind, wie zuvor betrachtet, |u) und |g) die langle-
bigen Zustiande eines Drei-Niveau Systems, dann entspricht ein optischer Ubergang zwischen diesen
Niveaus einer Raman-Streuung von Licht, bei der sich die Frequenzen des einfallenden (absorbier-
ten) Lichts von der des gestreuten (emittierten) Lichts voneinander unterscheiden. Im A-férmigen
Drei-Niveau System entspricht dies einem indirekten Ubergang zwischen den beiden energetisch
niedriger gelegenen Zustinden, wobei das einfallende Licht den Ubergang von |u) nach |e) anregt
und die Emission von |e) nach |g) erfolgt. Typischerweise stehen jedoch meist mehr als drei Zustande
zur Verfiigung, so dass die Emission zu einer Vielzahl anderer Niveaus erfolgen kann. Dies ist nicht
erwiinscht, und um derartige Verluste zu vermeiden oder zumindest zu reduzieren, wird die Emission
auf dem gewiinschten Ubergang hiufig durch ein weiteres Lichtfeld stimuliert. Dies kann auf meh-
rere Arten geschehen:

(1) Eine Folge von 7-Pulsen entspricht der intuitiven Vorgehensweise, bei der ein erster 7-Puls den
Ubergang von |u) nach |e) treibt und anschlieBend ein weiterer 7-Puls den zweiten Ubergang von |e)
nach |g). Falls die Pulsfolge kurz im Vergleich zur Lebensdauer des angeregten Niveaus |e) ist, wird
dadurch ein nahezu vollstindiger Transfer von |u) nach |g) realisiert.

(2) Durch simultanes Anregen beider Uberginge nahe der Resonanz oszilliert die Besetzung im
Drei-Niveau System und ein Teil geht durch spontane Emission aus |e) verloren. Nur etwa die Halfte
der angeregten Atome gelangt in |¢°) und ist diesem Verlustmechanismus nicht unterworfen. Von
diesen entfillt ein Teil auf Zustand |g), so dass insgesamt etwa 25% der Atome von [u) nach |g)
gelangen.

(3) Ein effektives Zwei-Niveau System erhilt man bei groBer simultaner Verstimmung A der bei-
den Lichtfelder von den jeweiligen Ubergangsfrequenzen. In diesem Fall ldsst sich das elektronisch
angeregte Niveau aus dem Zustandsvektor, |¥) = c¢,|u) + cc|e) + ¢,|g), mit dem Ansatz %c, = 0
adiabatisch eliminieren. Der Hamilton-Operator (2.3) nimmt daraufhin die Form

h . .
§Qﬂ.ama.n [Jug B Jgu] (25)

Hegr = hApsGgg —

an, wobei Qraman = 2pSls/(2A) die effektive Rabi-Frequenz des Raman-Ubergangs angibt und
Aps = (2% — Q%)/(4A) die differentielle dynamische Stark-Verschiebung, die bei unterschiedli-
chen Rabi-Frequenzen der beiden Felder von Null verschieden ist. Abgesehen von Verlusten durch
spontane Emission, die hier nicht auftreten, verhalt sich dieses System exakt wie ein Zwei-Niveau
Atom. Daher ist ein vollstandiger Transfer von |u) nach |g) z.B. durch einen Raman-7-Puls zu be-
werkstelligen.
(4) Anti-intuitiv zeitverzogerte Laserpulse erlauben, den stimulierten Raman-Ubergang mit einer
adiabatischen Passage zu treiben. Diese Technik ist als STIRAP bekannt und wurde von K. Berg-
mann und Mitarbeitern entwickelt und zum Besetzungstransfer in Atomen und Molekiilen einge-
setzt [5, 14—16]. Dazu ist eine starke Wechselwirkung der Atome mit dem stimulierenden Laserpuls
notwendig, bevor der Pumplaserpuls einsetzt. Im Idealfall endet die Wechselwirkung mit dem sti-
mulierenden Feld, sobald der Pumplaserpuls sein Maximum erreicht. Diese Pulsfolge gestattet eine
vollstéindige und verlustfreie Inversion des Systems. Im Abschnitt 2.3 ist dies naher erlautert.

Alle Methoden einen Raman-Ubergang zu stimulieren haben gemein, dass jedes betroffene Atom
ein Photon aus dem Pumpfeld absorbiert und ein anderes in das stimulierende Feld emittiert. Dies
ist zwangsweise mit einem Impulsiibertrag von ik pro emittiertem und absorbiertem Photon an das
Atom verbunden, der parallel bzw. antiparallel zu den jeweiligen Strahlrichtungen erfolgt. In Kapitel
3 wird gezeigt, dass sich dies gezielt einsetzen ldsst, um die Bewegung von Atomen zu beeinflussen.
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Zudem erlaubt die Anderung der Photonenzahl des stimulierenden Feldes die in Kapitel 4 disku-
tierte Quantenschnittstelle zwischen Atomen und Licht zu realisieren, die sich z.B. zur Erzeugung
einzelner Photonen verwenden lasst.

2.3 Adiabatische Passage

Anregung und koharenter Besetzungstransfer von Atomen oder Molekiilen durch adiabatische Pas-
sage ist eine Technik, die seit vielen Jahren zum Einsatz kommt [17]. Diese Vorgehensweise zeichnet
sich dadurch aus, dass die Zeitentwicklung des Zustandsvektors des betrachteten Systems, | V), nicht
durch Rabi-Oszillationen bestimmt ist, sondern durch die Evolution der Eigenzustande, |¢;(t)), des
zeitabhangigen Wechselwirkungs-Hamiltonoperators, H(t). Bei hinreichend langsamer und somit
adiabatischer Anderung des Hamilton-Operators folgt der Zustandsvektor jeder Anderung der Ei-
genzustandsbasis und ist somit zu jedem Zeitpunkt gegeben durch

U(t)) = 3 asexp (=i Ji wi(t)at!) (1)), (2.6)

wobei die Linearkoeffizienten o; bereits zu Beginn der Wechselwirkung durch Projektion des An-
fangszustands auf die Eigenzustandsbasis festgelegt sind. Die anschliessende Zeitentwicklung der
Eigenzustande wird in Zwei-Niveau Atomen haufig durch einen Frequenz-Chirp des treibenden Fel-
des uber die Resonanz bewerkstelligt, wahrend in Drei-Niveau Systemen entweder die Amplitu-
den der treibenden Felder systematisch variiert werden, oder ebenfalls ein Frequenz-Chirp iiber die
Raman-Resonanz zur Anwendung kommt, um Uberginge im effektiven Zwei-Niveau System zu trei-
ben.

Nach ersten Realisierungen dieser Technik im Radiofrequenzbereich [18] folgten optische An-
regungen mit Frequenz-Chirp in Zwei- und Drei-Niveau Systemen [19-22], die sich auch zur ge-
schwindigkeitsselektiven Anregung und zur Raman-Kiihlung neutraler Atome eignen [23,24]. Ohne
Frequenz-Chirp, aber durch Variation der Amplituden der Laserpulse, die einen Raman-Ubergang
treiben, konnten Effekte wie elektromagnetisch induzierte Transparenz (EIT) [25, 26], langsames

Licht [27-30] und stimulierte Raman-Streuung durch adiabatische Passage, STIRAP [5, 14—16], be-
obachtet werden.

(B) Drei-Niveau Atom Abbildung 2.3: Adia-
L batische Passage. (A)
0.5 Bei Frequenzchirp tber
) —=— o) == &) o die Resonanz im Zwei-
Niveau Atom wechselt
¢ von 0 nach 7/2, und

|¢*) von |g) nach |e).

&
:

Wt/ Q

"
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Eigenfrequenzen
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/2

Mischungswinkel ¢  Eigenfrequenzen
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Im Folgenden beschrinken wir die Betrachtung auf Drei-Niveau Systeme in A-Konfiguration.
Diese konnen, wie zuvor erwihnt, bei hinreichend grosser mittlerer Verstimmung, A = (Ap +
Ag)/2 > Qps, auch als effektive Zwei-Niveau Systeme aufgefasst werden. In diesem Fall sind
Verluste durch spontane Emission aus dem angeregten Zustand |e) vernachldssigbar, so dass sich
die Eigenzustinde |¢*) oder |¢~) des Zwei-Niveau Systems bestens zum adiabatischen Besetzungs-
transfer eignen. Hier gilt es jedoch einige Besonderheiten zu beachten: Beide Eigenzusténde sind
verlustfrei und weisen unterschiedliche Eigenfrequenzen auf. Werden beide zu Beginn des Anre-
gungsprozesses besetzt, so fiihrt dies zu einer Besetzungsoszillation zwischen [u) und [g) mit der
Differenzfrequenz w™ — w™. Dies ist einer Rabi-Oszillation aquivalent, die zu vermeiden ist, um
eine adiabatische Passage zu treiben. Dazu es notwendig, die Anfangsbesetzung in nur einen der
beiden Eigenzustinde zu iiberfiihren. Dies gelingt indem die Frequenzdifferenz der Felder anfangs
so gewahlt ist, dass sie von der Raman-Resonanz abweicht. Im weiteren Verlauf wird die relati-
ve Verstimmung der beiden Felder, § := Ap — Ag, langsam liber die Raman-Resonanz gefahren
(Frequenz-Chirp). Dabei entwickelt sich [¢~) (bzw. [¢T)) von |u) nach [g) bei anfangs negativer
(bzw. positiver) Verstimmung. Abbildung 2.3(A) zeigt die damit einhergehenden Variationen der
Eigenfrequenzen und des Mischungswinkels, ¢, der die Beitrédge der ungestorten Zustande eines
Zwei-Niveau Atoms an den Eigenzustanden angibt. Folgt der Zustandsvektor des Systems dem Ei-
genzustand adiabatisch, dann fiihrt dies zu einer vollstindigen Inversion des Systems. Adiabatisches
Folgen im Bild der veranderlichen Eigenfrequenzen bedeutet hier, dass die gezeigte Zustandskreu-
zung bei hinreichend starker Kopplung vermieden wird. Die freie Wahl der Anfangs- und Endfre-
quenz des Frequenz-Chirps gestattet es, die Anregung in dopplerverbreiterten Medien auf beliebige
Geschwindigkeitsklassen zu beschranken, oder auch eine bestimmte Gruppe von Energieniveaus in
einem auBeren Potential anzusprechen. Daher konnten wir diese Methode zur Raman- und Raman-
Seitenbandkiihlung gefangener Atome in Dipolkraftfallen einsetzen [23,24].

Bei Betrachtung eines vollstandigen Drei-Niveau Systems (d.h. bei kleinem A) kommt dem Dun-
kelzustand, |¢°), eine besondere Bedeutung zu, da davon ausgehend kein spontaner Zerfall moglich
ist. Ein entsprechend pripariertes System verbleibt im Prinzip immer in diesem Zustand, und die rela-
tive Besetzung in den dazu beitragenden atomaren Zustanden, |«) und |g), lasst sich durch Anderung
des Verhiltnisses der beiden Rabi-Frequenzen, {2p und Qg, nach Belieben einstellen. Um dies zu ver-
anschaulichen betrachten wir ein anfangs in |u) prépariertes System. Aus Gleichung (2.4) folgt, dass
dieser Zustand dem Dunkelzustand |¢°) entspricht, falls zu Beginn der Wechselwirkung Q25 > Qp
gilt:

‘QQS Qs>Qp

|(ul¢®)|* = B0l L. @2.7)

Nach erfolgreicher Préaparation folgt |¥) dem Dunkelzustand, falls jede Anderung des Hamilton-
Operators hinreichend langsam, d.h. adiabatisch, erfolgt. In diesem Fall ist das Besetzungsverhaltnis

stets gegeben durch
TP _ [l @) _ 9(0) -
KglZ@)?  Kale® @ Qp(2) '

Dies erlaubt nicht nur einen vollstindigen STIRAP-Transfer der Besetzung von |u) nach |g) durch
Anderung der Feldamplituden nach 2p > (g, sondern prinzipiell auch die Préparation beliebi-
ger Superpositionszustdande. Das Prinzip ist in Abb.2.3(B) veranschaulicht. Die normierte Inten-
sititsdifferenz iibertriigt sich 1:1 in eine Besetzungsdifferenz der zum Dunkelzustand |¢°) beitra-
genden ungestorten atomaren Zustéinde, |u) und |g). Im Gegensatz zum Zwei-Niveau Atom ist hier
das Verhaltnis der Eigenfrequenzen zu () konstant, so dass der Besetzungstransfer nicht anhand ihres
Verlaufs erkennbar ist.

2.3. ADIABATISCHE PASSAGE 7

Die STIRAP-Technik wurde urspriinglich zum Besetzungstransfer in Atomen und Molekiilen ein-
gesetzt [5,14-16]. Diese Experimente basieren auf einer Zeitverzogerung zwischen dem stimulieren-
den Feld und dem Pumpfeld, um die gewiinschte Entwicklung des Dunkelzustands von |u) nach |g)
sicherzustellen. Daran angelehnt haben in [31] vorgeschlagen, den stimulierenden Laserstrahl durch
die Wechselwirkung eines Atoms mit der Feldmode eines optischen Resonators zu ersetzen. Diese
Mode ist anfangs mit n — 1 Photonen besetzt, und sie ist resonant mit dem |g) « |e) Ubergang
im Atome. Dies fiihrt zu einer dquivalenten Rabi-Frequenz von Qg = 2g¢+/n, wobei g die Atom-
Resonator Kopplungskonstante bezeichnet. Auch in diesem Fall erlaubt ein zusitzlich eingestrahlter
Pumplaser den Raman-Ubergang im Atom adiabatisch zu treiben. Gleichzeitig andert dies die Zahl
der Photonen im Resonator, denn allein aus Grinden der Energieerhaltung muss sich das System aus
Atom und Resonator vom Anfangszustand |u,n — 1) nach |g,n) entwickeln, d.h. ein Photon wird
der Feldmode des Resonators hinzugefiigt. Fiir einen verlustfreien Resonator liee sich auf diese Art
jeder beliebige Photonenzahlzustand (Fock-Zustand) generieren. Im vorliegenden Fall ist jedoch der
zunichst lichtlose Resonator von besonderem Interesse. Der Raman-Ubergang erfolgt von |u, 0) nach
|g, 1) mit einer dquivalenten stimulierenden Rabi-Frequenz des Resonators von {2g = 2g. Ein Photon
wird im Resonator erzeugt und aufgrund der endlichen Giite des Resonators schlieflich aus diesem
emittiert.




Kapitel 3

Optisches Kiihlen und Priparation von
Fock-Zustinden

Aus der Vielzahl optischer Kiihlverfahren, die in den letzten Jahren fiir neutrale Atome entwickelt
wurden [6], greift dieses Kapitel nur Methoden heraus, die auf adiabatisch getriebenen Raman-
Ubergingen in Drei-Niveau Atomen basieren. Einerseits gestattet dieser Ansatz unter Ausnutzung
des Dopplereffekts eine breite Geschwindigkeitsklasse von Atomen anzusprechen, so dass es auf
diese Art moglich ist, spinpolarisierte Césiumatome in einer optischen Dipolkraftfalle auf 640 nK
abzukiihlen. Andererseits sind Raman-Uberginge so schmalbandig, dass Schwingungsniveaus in
hinreichend steilen Atomfallen aufgelost werden konnen. Dies erlaubt die Raman-Seitenbandkiihl-
ung gefangener Atome im Potential eines eindimensionalen optischen Gitters, das durch Interferenz
zweier Laserstrahlen gebildet wird. Auf diese Art gelang es, 92(5)% eines Ensembles gefangener
Casiumatome in einer Dimension in den Schwingungsgrundzustand der Falle zu bringen und diese
Atome anschlieBend mit einem Raman-Laserpuls gezielt in den ersten angeregten Vibrationszustand
zu tiberfuhren.

3.1 Raman-Kiihlen mit Frequenz-Chirp

Erste Experimente zur eindimensionalen Raman-Kiihlung freier Atome stieBen mit Temperaturen
von 3 nK in ein Regime weit unterhalb des Ein-Photonen RiickstoBlimits vor [32-35]. Dies macht ei-
ne Anwendung dieses Kiihlverfahrens auf gefangene Atome in einer harmonischen Falle sehr attrak-
tiv, da in dieser die Phasenraumdichte mit 7'~ ansteigt, so dass ein entartetes Quantengas in Reich-
weite scheint. Uns ist es gelungen, Céasiumatome in einer optischen Dipolkraftfalle durch Raman-
Kiihlen mit frequenzgechirpten Laserpulsen fast bis zum RiickstoBlimit abzukiihlen [23,36].

Das Schema der Raman-Kiihlung ist in Abb. 3.1 gezeigt. Zwei gegenlaufige Laserpulse treiben
einen Raman-Ubergang zwischen zwei Hyperfeinzustinden. Dabei erfahren die betroffenen Atome
eine Impulsinderung von 27ik. Durch geeignete Wahl der Laserpulsformen und Frequenzen ist es
moglich, zum einen den Impulsiibertrag auf stehende Atome zu vermeiden, und zum andern nur
Geschwindigkeitsklassen anzuregen, deren gerichtete Impulsinderung zur Kiihlung des Ensembles
fiihrt. Im Anschluss an den Raman-Ubergang werden die Atome durch resonantes optisches Pumpen
mit anschlieBender spontaner Emission wieder in den Ausgangszustand iiberfiihrt, um einen weiteren
Raman-Kiihlzyklus anzuschliessen. Im Mittel wird beim Riickpumpen kein Impuls ibertragen, da der
Riickpumplaser aus mehreren gegenlaufigen Richtungen eingestrahlt wird, so dass Absorptions- und
Emissionsrichtung der ausgetauschten Photonen nicht festliegen. Im Idealfall bewirkt der Raman-
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Ubergang nur fur Atome mit Impuls p < —2hk eine auf den Nullpunkt gerichtete Impulsanderung,
wiahrend bereits ruhende Atome keine Anderung erfahren, um ein Aufheizen zu vermeiden. In der
Praxis wurde dies zunachst mit Sequenzen von Raman-m-Pulsen erreicht [32-35], deren Verstim-
mung von Puls zu Puls variiert, um die Geschwindigkeitsverteilung der Atome nach und nach zu
komprimieren. Wir konnten zeigen, dass sich im effektiven Zwei-Niveau System jede m-Pulssequenz
durch eine adiabatische Passage ersetzen lasst. Wie in Abschnitt 2.3 diskutiert, streicht zu diesem
Zweck die Raman-Verstimmung ¢ iiber einen fest vorgegeben Frequenzbereich, dpegi, - - . deng. Da die
gegenlaufigen Raman-Pulse eine differentielle Dopplerverschiebung von d popprer = 47w/ bewirken,
sind nur Atome im Geschwindigkeitsbereich von vpegin = Opegin A/ (47) biS Veng = ena )/ (47) einem
Frequenzchirp uiber die Resonanz ausgesetzt und erfahren somit eine Raman-Anregung verbunden
mit einem Impulsubertrag. Atome ausserhalb dieses Geschwindigkeitsintervals sind davon ausge-
nommen. Abbildung 3.1 zeigt, dass ein solcher Puls in der Lage ist, fast alle Atome mit negativem
Impuls mit einer Wahrscheinlichkeit von nahezu 100% anzuregen.

Eine dreidimensionale Kiihlung von Atomen in einem konservativen Potential ist mdglich, indem
die gegenlaufigen Raman-Pulse entlang einer Achse eingestrahlt werden, die an die drei Schwin-
gungsgrundmoden des Fallenpotentials koppelt. Wir konnten dies mit Casiumatomen in einer 300 K
tiefen optischen Dipolkraftfalle zeigen, die von zwei sich kreuzenden Strahlen von 80 ym Taille und
5 W Leistung eines Nd: YAG-Lasers gebildet wird (Abb. 3.2(a)). Die Polarisationen der Strahlen ste-
hen senkrecht aufeinander, so dass keine interferenzbedingte Modulation des Potentials erfolgt. Ab-
bildung 3.2(b) zeigt, dass das Fallenpotential im Kreuzungspunkt der beiden Strahlen tief genug ist,
um Atome darin zu halten. Genau dies ist auch in der Absorptionsabbildung 3.2(c) zu erkennen: Aus

(a) Konfiguration: lin L lin

(b) Fallenpotential (c) Absorptionsbild der Falle

6 ms nach dem Abschalten der MOT _~ Abbildung 3.2: Opti-

o sche Dipolkraftfalle. (a)
- i Senkrecht  zueinander
- polarisierte  Fallenla-
% 0 ser kreuzen in einer
=200 senkrechten Ebene. (b)

Attraktives Fallenpoten-
tial. (¢) Absorptionsbild

600 400 200 0 200 400 600 gefangener Atome.
X (horizontal) [um]
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einer magnetooptischen Falle wurden 107 Cisiumatome in die Dipolkraftfalle geladen. Nach 6 ms be-
finden sich die meisten Atome noch im Kreuzungsgebiet der Nd:YAG Laserstrahlen. Nur ein kleiner
Teil bleibt nicht im Fallenpotential und fillt entlang der beiden Strahlen nach unten. Das Absorptions-
bild wurde mit einem resonanten Laserstrahl aufgenommen, der durch die Atomwolke hindurch auf
eine CCD-Kamera fillt. Die Atome absorbieren einen Teil des Lichts, so dass deren ortsabhangige
Dichte zur Modulation der transmittierten Intensitat und somit zu einem Bild der Atomwolke ftihrt.

(a) Impulsverteilung (c) Temperatur & Atomzahl
=20} © hotatoms _ I‘ 4l 0 0
= ¥ cold atoms R<] o
= =) = —_ o0
- =1 1) 4
£ £ ;g 3P
b L s 210
= =
vy 2 =1
§ g 8 2
s 2 2, 81
=} o 5T &8 "
= v %) L]
2 5 | = 6] . ,
=) % s 0 without cooling
5 © b a4 o ® after 360 ms cooling
i L M 1 i 1 I 1 i | i

45 <10 5 0 5 10 15 20 <10 0 10 20 0 20 40 60 80 100 120

Momentum class [fik] Raman detuning [kHz] Number of atoms (x 1000)
Abbildung 3.3: Raman-Kiihlung. (a) Impulsverteilung der Atome vor und nach der Kiihlung, gemessen mit
geschwindigkeitsselektiven Raman-Pulsen. (b) Spinpolarisation und gleichzeitige Kiihlung der Atome durch
geschickte Wahl der Polarisationsrichtungen. In einem Magnetfeld von 9 mG spalten die Zeeman-Linien im
Raman-Spektrum auf. Gezeigt sind Spektren vor und nach der Kiihlung (blau bzw. rot). 80% der Atome konn-
ten in ein Zeeman-Niveau gebracht werden. (¢) Temperatur der spinpolarisierten Atome ohne und mit Raman-
Kiihlung nach 360 ms. Die erreichte Endtemperatur hangt stark von der Atomzahl ab.

Abbildung 3.3(a) zeigt, dass durch wiederholte Anwendung der Pulssequenz die Breite der Im-
pulsverteilung von Gt = 5.3hk auf o fina = 3.21tk = 640 nK reduziert wird. Zur weiteren Erhoh-
ung der Phasenraumdichte haben wir wihrend der Kiihlung die atomaren Drehimpulses ausgerichtet,
indem wir die Polarisationen der beiden Raman-Pulse so gewahlt haben, dass die Atome bevorzugt
in ein einziges Zeeman-Niveau gelangen. Abbildung 3.3(b) zeigt die Zeeman-Linien im Raman-
Spektrum vor und nach der Kithlung. Zu Beginn sind die Atome noch auf alle Niveaus verteilt,
wihrend sich im Anschluss 80% im Zeeman-Zustand |F' = 3, m = 3) befinden. Die Temperatur des
Ensembles fallt wihrend der 360 ms langen Kiihlsequenz von 14 pK auf 4 4K ab und gleichzeitig
sinkt die Atomzahl von 100000 auf unter 20 000 (Abb. 3.3(c)). Dies ist weit entfernt von den Tempe-
raturen im Nanokelvin Bereich, die bei der Kiihlung freier Atome erzielt wurden. Begriindet ist diese
Diskrepanz durch den Anstieg der Atom- und damit auch optischen Dichte mit fallender Tempera-
tur. Damit geht eine verstarkte Mehrfachstreuung und Reabsorption der wahrend des Rickpumpens
dissipierten Photonen einher, die zur Aufheizung der Atomwolke fiihrt und der Kuhlung entgegen-
wirkt. Auch der beobachtete Zusammenhang zwischen Atomzahl und Endtemperatur ist dadurch
bedingt. In diesem Experiment limitiert die Reabsorption die erreichbare kleinste Phasenraumdichte
auf nA?* =~ 1073 [36].
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Abbildung 3.4: Raman-Seitenband Kiihlung. (a) Parallel polarisierte Dipolfallenstrahlen fiihren zur Inten-
sitatsmodulation entlang der Vertikalen mit entsprechend steilen Potentialtopfen. Der Vibrationsniveauabstand
von 100 kHz kann mit gegenlaufigen Raman-Pulsen aufgelost werden (b). Im Spektrum ist der Tréger (grau)
sowie das rote und blaue Seitenband sichtbar. Amplitude und Dauer der Pulse sind hier so gewihlt, dass der
Trager mit einem 7-Puls angeregt wird. Zur Seitenbandkiihlung dienen frequenzgechirpte Pulse (gestrichelt),
die mit einer adiabatischen Passage das rote Seitenband (mit Av = —1) anregen. (¢) Nach der Kiihlung sind
95% der Atome im Vibrationsgrundzustand, und das rote Seitenband ist nicht mehr sichtbar. Frequenzgechirp-
te Pulse gewahrleisten hier eine gleich hohe Anregungswahrscheinlichkeit fiir die beiden Seitenbander und den
Trager.

3.2 Raman-Seitenbandkiihlen und Fockzustandspriparation

Das bisher diskutierte Raman-Kiihlverfahren nutzt den Dopplereffekt zur Selektion von Geschwin-
digkeitsklassen und erfordert daher Pulse, die im Vergleich zur Schwingungsperiode der Atome in
der Falle kurz sind. Im umgekehrten Fall, d.h. mit Raman-Pulsen deren Dauer die Schwingungs-
periode deutlich iibersteigt, ist es moglich Uberginge zwischen Vibrationsniveaus aufzulosen und
gezielt anzusprechen. Analog zur Seitenbandkiihlung gefangener Ionen [37-40] ist es in Dipol-
kraftfallen moglich, Raman-Ubergiinge zur gezielten Seitenbandkiihlung neutraler Atome einzuset-
Zen [24,41-43]. In einer Dimension konnten wir dies experimentell demonstrieren. Dazu haben wir
die Polarisationen der in Abb. 3.2(a) gezeigten Dipolfallenstrahlen parallel zueinander gewihit. Die
Strahlen bilden einen Winkel @ = +53° zur Horizontalen und interferieren im Kreuzungsgebiet,
so dass entlang der Vertikalen ein optisches Gitter mit einer Periode von Ayag/(2sina) = 665nm
resultiert. Jeder Bauch der Stehwelle stellt eine eigene Dipolfalle dar, deren vertikale Schwingungs-
frequenz wy,p, = 27 x 100kHz betrigt. Abbildung 3.4(a) zeigt Raman-Uberginge zwischen den
H_yperfeinzustéinden F = 3und F = 4, die mit einer gezielten Anderung des Vibrationszustands
el_nhergehen. Bei resonanter Anregung (auf der Tragerfrequenz) dndert sich der Schwingungszustand
"“fht (Av = 0), wihrend um Wirap TOt bzw. blau verstimmte Raman-Pulse nur das rote bzw. blaue
Seitenband anregen und die Vibrationsquantenzahl entweder erniedrigen (Av = —1) oder erh6hen
(Av = +1). Nach dem Laden der Dipolfalle sind alle Vibrationszustande besetzt, so dass im Raman-
Spektrum (Abb. 3.4(b)) neben dem Triger zunichst beide Seitenbinder sichtbar sind. Diese erschei-
Nen klein im Vergleich zum Triger, da die eingestrahlte Intensitit nur fiir Av = 0 zu einem Raman-




12 KAPITEL 3. OPTISCHES KUHLEN

m-Puls fiihrt, nicht aber fir Av = +1.

Seitenbandkiihlung im optischen Gitter haben wir mit frequenzgechirpten Raman-Pulsen reali-
siert, deren Anregungsspektrum in Abb. 3.4(b) gestrichelt eingezeichnet ist. Der Frequenzchirp er-
laubt eine effektive Anregung des roten Seitenbandes, obwohl dessen genaue Lage aufgrund der
Anharmonizitit der Potentiale und der Variation der Schwingungsfrequenz von Potentialtopf zu Po-
tentialtopf leicht variiert. Im Gegensatz zur Anregung mit 7-Pulsen ist dieser Prozess zudem nicht
von den Zeeman-Niveaus der Atome abhingig, denn die adiabatische Passage regt diese bei hin-
reichend groBer Rabifrequenz alle mit gleicher Wahrscheinlichkeit an. Mit jeder Anregung des roten
Seitenbands wird die Vibrationsquantenzahl um eins erniedrigt, so dass der Prozess mehrmals zu wie-
derholen ist, um den Schwingungsgrundzustand zu erreichen. Dazu ist es notwendig, zwischen den
Raman-Pulsen jeweils einen Riickpumppuls einzustrahlen, der die Atome nach F' = 3 zuruckbringt.
Nach einer Sequenz von 20 Pulsen ist im Raman-Spektrum kein rotes Seitenband mehr erkennbar
(Abb. 3.4(c)). Dies bedeutet, dass sich fast alle Atome im Vibrationsgrundzustand, v = 0, befin-
den, und die Vibrationsquantenzahl nicht weiter erniedrigt werden kann. Zur besseren quantitativen
Auswertung haben wir zur Aufnahme dieses Spektrums frequenzgechirpte Pulse verwendet, so dass
das gemessene Signal nur von der Besetzung der Zustande, aber nicht von den jeweiligen Rabi-
Frequenzen abhéngt. Daher sind Trager und blaues Seitenband gleich stark, und aus dem Verhaltnis
von rotem und blauen Seitenband lédsst sich direkt auf eine Grundzustandsbesetzung von 95(2)%
schlieBen.

Neben dem Verschwinden des roten Seitenbands schlagt sich die Kiihlung der Atome auch in ih-
rer Impulsverteilung nieder. Um dies zu beobachten schalten wir die Dipolfalle plotzlich ab, so dass
sich die Atomwolke in alle Richtungen ausbreiten kann. Senkrecht zur Vertikalen, d.h. entlang = und
y, sind die Atome thermisch verteilt und nach einer Flugzeit 7 hat die Wolke eine Ausdehnung mit

044(7) = 71/ksT/m. In Richtung der Vertikalen befinden sich die Atome alle im selben Vibrati-

onszustand, |v), woraus bei Vernachldssigung der anfanglichen Ausdehnung nach der Flugzeit 7 die
Atomdichte n,(z,7) o |(p = m * z/7|v)|? resultiert, d.h. die anfingliche Impulsverteilung libertragt

Abbildung 3.5: Impulsverteilung
der Atome nach der Seiten-
bandkiihlung. (a) Absorptionsbild
der in den Vibrationsgrundzustand
gekiihlten Atome, aufgenommen
nach einer Flugzeit von 6 ms nach
: : dem Abschalten der Dipolfalle.
(b) Impulsverteilung der Atome
nach Besetzen des Vibrations-
zustands v = 1 der Dipolfalle
durch Seitenbandkiihlung in den
Grundzustand, gefolgt von einer
einmaligen Anregung des blauen
Seitenbandes. Die Flugzeit bis zur
Aufnahme des Absorptionsbildes
betragt hier 10 ms. (c+d) Integrale

Impulsverteilung  entlang  der
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sich 1:1 in eine expandierende Dichteverteilung entlang z . Im Grundzustand ist die Impulsvertei-
lung gauBformig, no(p) o« |(plv = 0)|*> = exp(—p*/2p3)/(PoV/2r), mit py = \/hwyrapym /2, so daB
man nach einer Expansionszeit von 7 = 6 ms die in Abb.3.5(a) gezeigte anisotrope Dichtevertei-
lung erhilt. Die Dichte der Atome in diesem Absorptionsbild ist proportional zu In(1;/I;), wobei I,
die einfallende und I, die transmittierte Intensitat bezeichnet. Abbildung 3.5(c) zeigt die zugehdrige
integrale Dichte entlang der Vertikalen. In [43] haben wir zudem gezeigt, dass die Atome aus dem
Vibrations-Grundzustand gezielt in andere Vibrations-Fockzustande versetzt werden konnen. Dazu
haben wir im Anschluss an die Kihlung in den Grundzustand ein einziges Mal das blaue Seiten-
band mit einem frequenzgechirpten Puls adiabatisch angeregt. Dies transferiert die Atome aus v = 0
in den ersten angeregten Vibrationszustand, v = 1. In Abb. 3.5(b+d) ist zu erkennen, dass dies ei-
ne dramatische Auswirkung auf die Impulsverteilung hat. Diese ist mit ny(p) o |(p|lv = 1)|* =
p? exp(—p?/2p%)/(p3v/27) nicht mehr gauBformig, sondern weist zwei Maxima bei +v/2p, auf. In
der Dichteverteilung der Atome im Anschluss an eine Flugzeit von 7 = 10 ms ist dies deutlich zu
erkennen. Dies zeigt, dass gezieltes Anregen von Raman-Seitenbandiibergangen in Dipolfallen nicht
nur eine Kithlung der Atome in den Grundzustand ermoglicht, sondern prinzipiell auch ein Besetzen
beliebiger Vibrations-Fockzustande des Fallenpotentials.

Aufbauend auf den hier vorgestellten Arbeiten zur Seitenbandkiihlung konnten C. Salomon und
Mitarbeiter gequetschte Zustande und Superpositionszustande der Bewegung erzeugen [44], und zu-
dem Atome zu einem nicht entarteten kalten zweidimensionalen Gas abktihlen [45]. In der Gruppe
von S. Chu gelang schlieBlich eine Erweiterung des Raman-Seitenband Kuhlverfahrens auf drei Di-
mensionen [46].

Die hier vorgestellten Kithlverfahren waren der erste Schritt hin zur rein optischen Bose-Einstein
Kondensation von Alkaliatomen in Dipolkraftfallen. In Kombination mit einer Verdampfungskiihlung
der Atome wurde dies inzwischen von M. D. Barrett und Mitarbeitern [47] fiir Rubidium und von T.
Weber und Mitarbeitern [48] fiir Casium gezeigt.




Kapitel 4

Schnittstelle zwischen Atom und Licht

Der gezielte Einsatz von Quanteneffekten bietet die Chance, verschrinkte oder uiberlagerte Quanten-
zustinde zur Informationsverarbeitung zu nutzen und mit neuartigen Algorithmen bisher unlosbare
Fragestellungen anzugehen. Weltweit wird daher intensiv daran gearbeitet, wesentliche Elemente von
Quantencomputern zu realisieren [49]. Dazu gehoren insbesondere Schnittstellen zwischen verschie-
denen Informationstrigern, wie z.B. Atomen und Licht. Abbildung 4.1 zeigt schematisch die prinzi-

pielle Funktionsweise einer solchen Schnittstelle, die auf Effekten der Resonator-Quantenelektrodynamik

[50, 51] beruht, um eine starke Kopplung eines Atoms an das Lichtfeld im Inneren eines optischen
Resonators zu erreichen.

Wir haben eine solche Schnittstelle realisiert und gezeigt, dass diese zur gezielten Erzeugung
einzelner Photonen geeignet ist. Der Energieaustausch zwischen einem einzelnen Atom und den
Feldmoden eines optischen Resonators wird durch Laserpulse kontrolliert, die Raman-Uberginge im
Atom treiben und dabei jeweils ein Photon im Resonator erzeugen, das diesen in einer vorgegebe-
nen Richtung verlésst. Dieser Prozess ist unitar und somit prinzipiell umkehrbar, so dass Atome in
verteilten Quantennetzwerken auch als Photonenempfanger dienen konnten [52, 53]. Zudem liegen
die Eigenschaften der Photonen fest, was sie ununterscheidbar und fir rein optische Quantengatter
geeignet erscheinen ldsst [54]. Somit ist ein Quantennetzwerk denkbar, in dem einzelne Atome als
Quantenspeicher, Photonensender und Photonenempfanger fungieren und in dem die Quanteninfor-
mationsverarbeitung rein optisch erfolgt.

-

Abbildung 4.1: Atom-Licht
Quantenschnittstelle: Die
effektive  Kopplungsstarke,
geff, €ines Atoms an das Feld
im Inneren eines Resonators
wird durch einen transver-
sal  eingestrahlten Laser
kontrolliert. Dieser treibt
Ramaniibergange im Atom,
|u10) lg,l) die mit einer Anderung der
Photonenzahl einhergehen.
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Abbildung 4.2: Einzelne
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Q spontan in alle Richtungen
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Frequenz (rechts).

Damit einzelne Photonen als Informationstrager in Quantencomputern und Quantennetzen einge-
setzt werden konnen, miissen diese Eigenschaften aufweisen, die mit herkommlichen Lichtquellen
nicht zu realisieren sind. Zum einen sollten die Photonen ununterscheidbar sein, und zum anderen
ist ein reversibler Erzeugungsprozess wiinschenswert, der ein Zwischenspeichern von Photonen ge-
stattet. Es ist leicht moglich, ein einzelne Atome oder Ionen als Quellen einzelner Photonen zu ver-
wenden [55,56], indem diese zur Fluoreszenz angeregt werden. Ohne weitere MaBBnahmen wird ein
Atom pro anregendem Laserpuls maximal ein Photon emittieren. Frequenz und Richtung liegen dabei
jedoch nicht fest und variieren zufallig. Abbildung 4.2(links) illustriert dieses Verhalten. Im Gegen-
satz zur spontanen Emission liegen bei stimulierten Emissionsprozessen Frequenz und Richtung der
Photonenemission fest, da sie durch das stimulierende Lichtfeld um das Atom vorgegeben werden
(Abb. 4.2(rechts)). Stimulierte Emissionsprozesse fuhren z.B. dazu, dass ein Laser monochromati-
sches Licht in nur eine Richtung abstrahlt. Im Hinblick auf die Realisierung einer Einzelphotonen-
quelle stellt eine grole Zahl von Photonen im stimulierenden Feld jedoch einen schwerwiegenden
Nachteil dar, da sie es unmoglich macht, einzelne zusatzliche Photonen zu diskriminieren. Abhilfe
schafft in unserem Fall der Einsatz eines optischen Resonators, der von zwei gegeniiberstehenden
Spiegeln hoher Reflektivitat geformt wird. Bei hinreichend kleinem Modenvolumen ist das Vakuum-
feld des lichtlosen Resonators bereits in der Lage, Photonenemissionen zu stimulieren. Dieser nach
Purcell benannte Effekt [57] fiihrt nicht nur zu einer Erh6hung der spontanen Emissionsrate in die
Resonatormode, sondern erlaubt auch das Stimulieren von Ramaniibergangen mit dem Vakuumfeld.
Abb. 4.3 zeigt den in unseren Experimenten eingesetzten Resonator sowie das Energieniveausche-
ma der an den Resonator gekoppelten **Rb-Atome. Im Resonator wird ein Atom von einem La-
ser angeregt, der den Pumpzweig eines Raman- Ubergangs mit A-formiger Niveauanordnung treibt,
wihrend der andere Zweig des Ubergangs resonant zur betreffenden Mode des Resonators ist. Somit
ka.nn ein einzelnes Atom kohérent ein Photon in den Resonator abstrahlen. Der Energieaustausch
mit dem Lichtfeld im Resonator beruht im Fall starker Kopplung auf einer adiabatischen Passage
n Kombination mit stimulierter Raman-Streuung, wobei die Atom-Resonator Kopplung die Rolle
eines stimulierenden Lichtfelds einnimmt, das den Ubergang zwischen |e, 7 — 1) und |g, n) mit der
Rabifrequenz Qg = 2g0+/n treibt, wobei gy die Atom-Resonator Kopplungskonstante ist, und |n — 1)
und |n) Photonenzahlzustinde des Resonators bezeichnen. Die Zeitentwicklung dieses gekoppelten
Systems wird durch den Hamiltonoperator

_ " . 2 ; PP, T 1 2 A
H = h |wy6yy + Webee + WeOgq + We (§ - aTa) — go(Geql + afarge) - éﬂp(aeu + Gue)| (4.1)

?:SChr'ieben, wobei a' und a Photonen in der Resonatormode erzeugen bzw. vernichten. Betrachtet
an die drei Zustinde |u,n — 1), le,n — 1) und |g, n), so sind diese in Rotating-Wave Approxi-
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Abbildung 4.3: (links): Optischer Resonator hoher Finesse mit einer Finesse von F' = 60000 und einem Spie-
gelabstand von 0, 5 mm. Durch die Offnung im zylindrischen Piezorohr im Zentrum der Abbildung sind die
beiden kegelférmigen Spiegel zu erkennen. (rechts): Im 85Rb-Atom treiben Pumplaser und Atom-Resonator
Kopplung einen Raman-Ubergang von |u, 0) nach |g, 1) zur Photonenerzeugung. Ein weiterer Laser pumpt das
Atom nach erfolgter Emission in den Ausgangszustand zuriick und erlaubt, den Prozess zu wiederholen.

mation (RWA) entartet, solange keine Kopplung vorliegt. Mit endlichen Kopplungsstarken, {2p und
go, spalten diese jedoch in drei neue Eigenzustidnde des Hamiltonoperators (4.1) auf. Einer dieser

Eigenzustande,
14%) = [2plu,n = 1) — 2g0v/nlg, n)] /\/4ngd + O, 4.2)

ist erneut ein Dunkelzustand, der wie in Kapitel 2.3 beschrieben zum adiabatischen Besetzungstrans-
fer und somit zur kontrollierten Kopplung von Atom und Resonator verwendet werden kann.

4.2 Vakuumstimulierte Raman-Streunung

Zuniéchst haben wir experimentell gezeigt, dass das Vakuumfeld im Inneren eines Resonators in der
Lage ist, den in Abb. 4.3 gezeigten Raman-Ubergang zu stimulieren [58]. Dazu haben wir eine Wol-
ke von Rubidiumatomen in einer magnetooptischen Falle auf wenige Mikrokelvin abgekuhlt und
im Zustand |u) = |55 9, F' = 3) prapariert. Diese ultrakalten Atome fallen nach dem Abschalten
der Falle mit einer Geschwindigkeit von 2 m/s zwischen den Spiegeln eines lichtleeren Resonators
hindurch, der mit dem Ubergang von |e) = |5Ps, F' = 3 nach |g) = |55/, F = 2 resonant
ist. Wahrend sich die Atome durch den Resonator bewegen, strahlen wir kontinuierlich einen Laser
von der Seite ein, der den Ubergang von |u) nach |e) treibt. Die experimentelle Anordnung ist in
Abb. 4.4(links) skizziert. Im gekoppelten Atom-Resonator System erzeugt jeder Raman-Ubergang
von |u, 0) nach |g, 1) ein Photon im Resonator, das anschlieBend durch einen der Spiegel emittiert
wird. Abbildung 4.4(rechts) zeigt die Zahl der emittierten Photonen als Funktion der Verstimmun-
gen von Laser und Resonator von den jeweiligen atomaren Resonanzlinien. Emissionsmaxima treten
immer auf, wenn beide Verstimmungen identisch sind. Dies zeigt, dass der Raman-Prozess vom
Vakuumfeld des Resonators stimuliert wird [31,58]. Um Verluste durch Zerfall des kurzlebigen Zu-
stands |e, 0) zu vermeiden, treiben wir den Ubergang mit einer antiintuitiven zeitlichen Abfolge der
beiden Wechselwirkungen, indem wir den anregenden Laserstrahl von der Resonatorachse weg nach
unten verschieben, so dass jedes Atom zuerst an den lichtlosen Resonator koppelt. Dieser hat zwar
keine unmittelbare Wirkung auf den anfangs besetzten Zustand |u, 0), doch die starke Kopplung be-
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Abbildung 4.4: (links): Experimenteller Aufbau zur vakuumstimulierten Raman-Streuung. Die Atome wer-
den zunachst in einer magnetooptischen Falle prapariert und fallen anschlieBend durch den Resonator. (rechts):
Raman-Anregungsspektren. Emittierte Photonenzahl als Funktion der Resonator- und Pumplaserverstimmung
von der atomaren Resonanz.

wirkt, dass dieser vollstindig auf den Dunkelzustand |¢{) projiziert. Die Wechselwirkung mit dem
Licht des verschobenen Pumplaserstrahls setzt verzogert ein. Geschieht dies langsam genug, dann
wird der Raman-Prozess adiabatisch getrieben und ein Photon wird im Resonator erzeugt, ohne den
kurzlebigen Zustand |e, 0) zu besetzten. Optimal ist, den Laserstrahl gegeniiber dem Resonator um
die Breite seiner eigenen Strahltaille nach unten abzusenken [59, 60].

Aufgrund des adiabatisch getriebenen Ramanubergangs kann in dieser Anordnung jedes Atom
maximal ein Photon erzeugen. Die Photonenstatistik des emittierten Lichts ist jedoch Poissonsch,
da in dieser Anordnung die zuféllige Ortsverteilung der Atome in der fallenden Atomwolke auf die
Verteilung der Photonen tibertragen wird. Nicht-klassisches Licht, das deutliches Antibunching zeigt,
erhalt man erst durch gezieltes Auslosen mehrerer einzelner Photonenemissionen wahrend sich ein
Atom im Resonator befindet. Dies ist im niachsten Abschnitt beschrieben.

4.3 Einzelne Photonen auf Knopfdruck

Mit einer kleinen Modifikation eignet sich die beschriebene Technik bestens, um einzelne Photonen
auf kontrollierte Art und Weise zu erzeugen [62—64]. Anstelle des kontinuierlich eingestrahlten Pum-
plasers verwenden wir hierzu Laserpulse, die die Emission einzelner Photonen auslosen. Abbildung
4.5 (links) skizziert den experimentellen Aufbau. Eine Wolke von 3°Rb-Atomen fillt aus einer ma-
gnetooptischen Falle heraus durch einen optischen Resonator hoher Finesse. Das Vakuumfeld des
Resonators stimuliert die Photonenemission, so dass Frequenz und Emissionsrichtung der Photonen
fes{liegen. Wahrend sich ein Atom im Resonator befindet, ist es einer Sequenz von Laserimpulsen
ausgesetzt, die den Ramaniibergang adiabatisch treiben und einzelne Photonenemissionen triggern.
Ple Photonen verlassen den Resonator durch den Spiegel mit hoherer Transmission und gelangen
uber einen Strahlteiler zu zwei Detektoren. Letzteres entspricht der Anordnung von Hanbury-Brown
und Twiss [61] zur Messung der Intensitéitskorrelation des emittierten Lichts.
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Abbildung 4.5: (links): Quelle einzelner Photonen: Atome aus einer magnetooptischen Falle fallen durch
die TEMgo Mode eines optischen Resonators hoher Finesse. Dort werden sie einer Sequenz von Laserpulsen
ausgesetzt, die die Emission einzelner Photonen triggern. Zwei Avalanche-Photodioden erlauben die Messung
der rechts gezeigten Intensititskorrelation zweiter Ordnung, 9P (At), des emittierten Photonenstroms nach
Hanbury-Brown und Twiss [61]. Bei dem hier eingestellten geringen Fluss von 3.4 Atomen/ms durch den
Resonator sind Mehratom-Effekte in der Korrelationsfunktion nicht sichtbar.

Im Energieniveauschema der Atome (Abb. 4.3 (rechts)) ist zu erkennen, dass zusatzlich zum Pum-
plaser noch ein weiterer Laser zum Einsatz kommt, der das Atom nach erfolgter Photonenemission
zuriick in den Ausgangszustand versetzt, so dass vom selben Atom mehrere sukzessive Photonen aus-
gehen kénnen. Abbildung 4.5 (rechts) zeigt die Intensitatskorrelation ¢g® (At) des emittierten Lichts.
Diese spiegelt die Haufigkeit wieder, mit der Photonen im Zeitabstand At auf die beiden Detektoren
treffen. Auffillig ist, dass die Maxima der Korrelationsfunktion einer GauBformigen Einhillenden
folgen, deren Dauer die 20 us Durchflugzeit der Atome durch den Resonator widerspiegelt. Dies ist
darauf zuriickzufiihren, dass Korrelationen zwischen Photonen ein-und-desselben Atoms nur inner-
halb der Durchflugszeit auftreten konnen. Zudem ist zu erkennen, dass der Abstand zwischen den
Maxima durch die Taktrate der Triggerpulse gegeben ist. Dies bedeutet, dass Photonen nur wahrend
der Triggerpulse emittiert werden. Besonders bemerkenswert ist jedoch das vollstandige Fehlen eines
Maximums im Korrelationssignal bei At = 0. Dies zeigt, dass innerhalb eines Triggerpulses keine
weiteren Photonen vom selben Atom emittiert werden konnen und somit auch, dass ein einzelnes
gekoppeltes Atom-Resonator System eine ideale Einzelphotonenquelle darstellt.

Aus der statistischen Analyse des gesamten Datenstroms kann lasst sich zudem schlief3en, dass
die experimentelle Anordnung nichtklassisches Licht emittiert, obwohl g?(0) = 1. Letzteres ist
auf die Poissonverteilung der fallenden Atome und auf Detektorrauschen zuriickfiihren, die beide
in das Korrelationssignal eingehen [65]. Eine quantitative Analyse, die dem nichtstationaren Cha-
rakter der Quelle durch Konditionierung des Signals auf die Anwesenheit von Atomen Rechnung
triigt [66, 67], ldsst sich bewerkstelligen indem die emittierten Photonen selbst als Signal aufge-
fasst werden, das die Anwesenheit von Atomen anzeigt. Auf diese Art haben wir die die statisti-
sche Analyse auf Triggerpulse beschrankt, die einer Photonendetektion unmittelbar benachbart sind.
Abbildung 4.6 stellt die derart konditionierte Korrelationsfunktion, 9@ (Ai), der zugehdrigen unkon-
ditionierten Korrelationsfunktion, g/® (At), gegeniiber. Zur Berechnung des konditionierten Signals
sind die Pulse durchnummeriert und wir betrachten nur die Zahl der Korrelationen als Funktion der
Pulsnummer-Differenz, Ai (diese tritt an Stelle des Zeitabstands At). Mit g (Ai = 0) = 0,41(6)
und ¢g@(Ai # 0) = 1,00(9) ist die Photonenstatistik bei Anwesenheit eines Atoms eindeutig
sub-Poissonsch. Im Fall eines kleineren Atomflusses, wie in Abb.4.5 (rechts), erhalten wir sogar
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Abbildung 4.6: (a): Intensititskorrelation g(® (At) bei einem Fluss von 10 Atomen/ms durch den Resonator.
Mehratombeitrage fiihren zu einem kleinen Korrelationspeak bei At = 0. (b): Konditioniert auf die Anwesen-
heit eines Atoms zeigt die zugehorige Intentensititskorrelation g(?)(Ai) Antibunching. Korrelationen inner-
halb der Triggerpulse sind hier zusammengefasst, und Az bezeichnet die Differenz zwischen Pulsnummern.

g?(Ai = 0) = 0,25(11). Dies zeigt, dass der Resonator bei Anwesenheit eines Atoms nichtklassi-
sches Licht mit ¢'®(0) < 1 emittiert, und dass ein gekoppeltes Atom-Resonator System zuverléssig
als deterministische Einzelphotonenquelle arbeitet.

Anzumerken ist, dass ein einzelnes Atom innerhalb der Wechselwirkungszeit mit der Resonator-
mode im Prinzip bis zu sechs aufeinander folgende Photonen erzeugen kann. Somit lassen sich mit
unserer experimentellen Anordnung einfache Experimente zur optischen Quanteninformationsverar-
beitung angehen, die mit einer kleinen Zahl von Photonen auskommen. Eine Skalierung zu einem
optischen Quantenprozessor, wie von E. Knill und Mitarbeitern vorgeschlagen [54], erfordert jedoch
weit mehr gleichzeitig verfuigbare einzelne Photonen. Diese konnten z.B. von mehreren permanent
gekoppelten Atom-Resonator Systemen generiert werden. Der Weg zu einem derartigen System ist
im nichsten Abschnitt skizziert.

4.4 Permanente Atom-Resonator Kopplung

Aufgrund der beschrinkten Wechselwirkungszeit der fallenden Atome mit der Mode des optischen
Resonators ist es weder moglich, einen ununterbrochenen Bit-Strom einzelner Photonen zu gene-
rieren, noch konnen einzelne Atome zur permanenten Speicherung von Quantenbits eingesetzt wer-
df:n. Insbesondere sind Experimente zur Kopplung und Verschrankung mehrerer Atome innerhalb
eines Resonators [68—71], bzw. zur Quantenkommunikation zwischen entfernten Atome in separa-
ten Resonatoren [52,53], aufgrund dieser Einschriinkung nur schwer durchfiihrbar. Abhilfe schaffen
Permanent gekoppelte Atom-Resonator Systeme, in denen ein einzelnes Atom gezielt in einen Reso-
nator gebracht und dort festgehalten wird. Dieses Ziel wird weltweit von mehreren Gruppen verfolgt
und erste Erfolge wurden bereits erzielt: Experimente von H. J. Kimble (Caltech) und G. Rempe
(Gar(:hing) haben gezeigt, dass es moglich ist, einzelne Atome in der Feldmode eines optischen Re-
SOnators einzufangen und zu kiihlen [72,73]. R. Blatt (Innsbruck) und H. Walther (Garching) ist es
ﬁelu“gen, ein einzelnes Ion gezielt in einen optischen Resonator zu fithren und damit die Mode des

€sonators mit sub-\ Priizision abzutasten [74,75]. D. Meschede (Bonn) und P. Grangier (Orsay) ha-
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Abbildung 4.7: Kombina-
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ben gezeigt, dass sich Dipolkraftfallen zur Manipulation und Positionierung einzelner neutraler Ato-
me hervorragend eignen [76,77], und M. Chapman (Atlanta) [78] und uns ist es vor kurzem gelungen,
einzelne Atome mit Hilfe einer vom Resonator unabhéngigen Dipolkraftfalle in einen optischen Re-
sonator zu fiihren, und die Atome aufgrund der Normalmodenaufspaltung in der Transmission des
Resonators zu beobachten.

Abbildung 4.7 skizziert unseren experimentellen Aufbau. Eine Wolke kalter Rubidium Atome
wird aus einer magnetooptischen Falle in eine horizontal verlaufende Dipolfalle transferiert, die
von einem einzelnen kontinuierlichen Strahl eines Yb:YAG Lasers (1030 nm, 5 Watt, 1 cm Rayleigh
Linge) gebildet wird. Der Fokus dieses Strahls liegt zwischen MOT und Resonator, so dass die Ato-
me zwischen den beiden 12 mm entfernten Positionen hin- und her oszillieren. Sobald die Atomwolke
in den Resonator gelangt, indern wir die Geometrie der Dipolfalle adiabatisch in eine Stehwellenfal-
le, die von zwei gegenliufigen Strahlen desselben Yb:YAG Lasers geformt wird. Die Atome werden
dabei in den Biuchen der stehenden Welle gefangen, und konnen im Prinzip mehrere Sekunden im
Modenvolumen des Resonators gehalten werden.

Der Atomtransport und die Oszillation der Atome sind in Abb. 4.8 zu sehen. Die Sequenz von
Absorptionsbildern der Atomwolke (links) zeigt, dass die Atome innerhalb von 80 ms eine halbe
Oszillationsperiode, von links nach rechts, durchlaufen. Danach erfolgt der Wechsel von der rein
filhrenden Fallengeometrie zur stehenden Welle, so dass die augenblickliche Position der Atome
eingefroren wird, da diese in den 1 mK tiefen Bauchen der stehenden Welle gefangen bleiben. Die
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rechte Seite von Abb. 4.8 zeigt die Transmission des Resonators als Funktion der Zeit, wahrend sich
Atome im Potential der filhrenden Dipolfalle bewegen (ein Wechsel zur stehenden Welle findet hier
nicht statt). Der Resonator und der einfallende Laser sind in Resonanz mit dem (5281 /2(F = 3) «—
52Ps/9(F" = 4)) Ubergang des *Rb. Gelangen N Atome in den Resonator, dann spaltet dessen
Resonanzlinie um gy/N auf, und die Transmission des resonanten Lichts fallt stark ab. Der Resonator
dient in diesem Fall als Atomdetektor, der erlaubt die Bewegung der Atome in der Dipolfalle in
situ zu beobachten. Nach dem Umladen der Atome in die fiihrende Dipolfalle (bei t=60 ms) fiihrt
deren Oszillation im Fallenpotential zu drei sukzessiven Einbriichen der Resonatortransmission bei
t={210 /450 / 670} ms. Die scheinbare Aperiodizitdt und der starke Verlust von Atomen sind zum
einen auf die Anharmonizitat des Potentials und die damit verbundene Aufweitung der Atomwolke
zuruickzufiihren, und zum anderen pumpt das Licht im Resonator mehr und mehr Atome aus dem
anfanglich besetzten Zustand 5°S)2(F = 3) in den anderen Hyperfeinzustand 525 /,(F = 2).
Dieser Zustand koppelt nicht an den Resonator, so dass diese Atome das Transmissionsverhalten
nicht mehr beeinflussen.

Eine einfache Abschitzung zeigt, dass der 500 um lange Resonator (mit einer Finesse von 62000,
(9,k,7)/2m = (5,2.4,3) MHz und einer Kooperativitit von 2Cy = g2/xy = 3.5) bereits auf ein
einziges Atom mit einem empfindlichen Transmissionsriickgang reagieren sollte. Ein solches Ver-
halten lasst Abb. 4.8 jedoch nicht erkennen, da dort die mittlere Photonenzahl im Resonator zu grof3
ist. Erst durch Absenken der mittleren Photonenzahl auf (n) ~ 1 ist der Durchflug einzelner Ato-
me durch die Resonatormode in Form diskreter Einbriiche der Transmission erkennbar, wie Abb. 4.9
Zf:igt. Die mittlere Dauer der Transmissionseinbriiche betragt 400 s und geniigt, um das Eintreffen
€ines Atoms im Resonator abzuwarten und getriggert auf die Detektion des Atoms von der fiihrenden
Dipolfalle in die Geometrie der Stehwellen-Dipolfalle zu wechseln. Wir haben beobachtet, dass es
auf diese Art moglich ist, ein einzelnes Atom mehrere Sekunden im Modenvolumen des Resonators
zu halten. Dies wollen wir in Zukunft nutzen, um Atome untereinander zu verschrinken oder um
Quantenzustinde zwischen Atomen (bzw. Atomen und Licht) zu tibertragen. Im nachsten Kapitel
Werden erste Schritte in diese Richtung diskutiert.




Kapitel 5

Quanteninterferenz und Verschrankung

Dieses Kapitel geht iiber die reine Quantenzustandskontrolle und Manipulation hinaus. Ausgehend
von einzelnen Photonen, die von einem stark gekoppelten Atom-Resonator System emittiert wer-
den, haben wir Interferenzeffekte hoherer Ordnung zeitaufgeldst betrachtet. Es ist uns gelungen, eine
Quantenschwebung unabhingiger einzelner Photonen aufzulsen, und wir konnten diesen neuen Ef-
fekt nutzen, um eine Atom-Photon Verschrankung zu realisieren [79, 80].

5.1 Zwei-Photonen Interferenz

Eine Vielzahl faszinierender Experimente, die den nichtklassischen Charakter von Licht zeigen, ba-
sieren auf der Quanteninterferenz einzelner Photonen [81]. Fallen zwei unabhangige einzelne Photo-
nen gleichzeitig auf einen Strahlteiler, so verlassen sie diesen stets als Photonenpaar, vorausgesetzt
sie sind nicht unterscheidbar. Dieses klassisch nicht erklarbare Phanomen wurde zuerst mit Pho-
tonen aus einer parametrischen Frequenzkonversion gezeigt [82] und wird heute benutzt, um die
Ununterscheidbarkeit unabhingiger einzelner Photonen nachzuweisen [83]. Mit Photonen aus einem
gekoppelten Atom-Resonator System haben wir jetzt erstmals die Moglichkeit, den Quanteninterfe-
renzprozess zeitaufgelost zu betrachten.

Eine detaillierte theoretische Beschreibung der zeitaufgeldsten Zwei-Photonen Quanteninterfe-
renz findet sich in [79]. Kernaussage dieser Analyse ist, dass zwei Photonen, die auf die Eingange
1 und 2 eines Strahlteilers mit den jeweiligen Modenfunktionen ¢;(t) und (»(t) auftreffen, mit der
Wahrscheinlichkeit

Pjoint(to,T) = %1(1 (to + 7)Ca(to) — Calto + 7)1 (o). 5.1)

in beiden Ausgingen des Strahlteilers zu den Zeiten t, und to + 7 detektiert werden. Daraus folgt
unmittelbar, dass identische Photonen (mit ¢(;(#) = (2(t)) niemals in verschiedene Ausgange des
Strahlteilers gelangen. Unterscheiden sich die Photonen jedoch, so ist dies nur fir 7 = 0 der Fall,
d.h. die Photonen sind zwar niemals gleichzeitig in beiden Ausgéngen des Strahlteilers zu finden,
konnen aber, bedingt durch das Auseinanderlaufen der Modenfunktionen mit |7|, mit zunehmender
Wahrscheinlichkeit in getrennte Ausgange gelangen.

Als Beispiel betrachten wir zwei d¢-lange Fourier-limitierte gauférmige Ein-Photonen Pulse,
die gleichzeitig auf den Strahlteiler treffen und deren Tragerfrequenzen sich um A = wp — w, un-
terscheiden. In diesem Fall fiihrt die Integration von Gl.(5.1) iiber to zu einer Wahrscheinlichkeit

von
1 — cos(A x 7)

Popy(T) = x exp(—(7/dt)?) (5.2)

25t/
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Abbildung 5.1: Quanteninterferenz einzelner Photonen. Unpolarisierte Photonen werden von einem pola-
risierenden Strahlteiler zufallig entlang zwei moglicher Pfade zum zweiten Strahlteiler geschickt. Ein Pfad
verzogert ein Photon so lange, bis es gleichzeitig mit dem nachfolgenden Photon (im anderen Pfad) auf den
Strahlteiler trifft. Wir messen die Zahl der Koinzidenzen zwischen den beiden Photodioden als Funktion der
Zeitdifferenz der Detektionen: Mit nur einem Pfad ist dies eine Hanbury-Brown&Twiss Messung der Photo-
nenstatistik, die Antibunching zeigt (oben, blau). Sind beide Pfade offen, treffen Photonen gleichzeitig auf den
Strahlteiler. Stehen deren Polarisationen senkrecht zueinander, kommt es nicht zur Interferenz (oben und un-
ten, rot gestrichelt). Die Photonen interferieren erst, wenn ihre Polarisationen parallel stehen, und im Zentrum
des mittleren Peaks zeigt sich ein Zwei-Photonen Interferenzdip (unten, blau).

beide Photonen mit einem Zeitabstand 7 in verschiedenen Ausgdngen zu detektieren. Neben der
Oszillation dieser Wahrscheinlichkeit mit der Differenzfrequenz A ist hervorzuheben, dass die Os-
zillation stets bei 7 = 0 startet. Daraus folgt, dass die Wahrscheinlichkeit fiir Photonenkoinzidenzen
zwischen den Strahlteilerausgangen immer Null betragt, auch falls A fluktuiert und inhomogen ver-
?Jreitert ist. Im speziellen Fall einer verschwindenden mittleren Frequenzdifferenz, A = 0, und einer
inhomogenen Bandbreite dw ist die Wahrscheinlichkeit beide Photonen in verschiedenen Ausgingen
des Strahlteilers zu detektieren

e 0 [ /9)2
Pan(r) = ——2R ST ¢ xp— (e /). 3

Daraus ist ersichtlich, dass die inhomogene Verbreiterung des Photonenspektrums zu einem Dip in
der zwei-Photonen Detektionswahrscheinlichkeit mit einer Breite von 2/dw fiihrt (halbe Breite bei
I/e Tiefe). Unabhingig von der Bandbreite erreicht das Minimum des Dips in P;,, immer Null,
S0 dass trotz inhomogener Verbreiterung eine perfekte Zwei-Photonen Interferenz realisiert werden
kann, indem man durch einen zeitlichen Filter nur Ereignispaare selektiert, deren Detektionszeitab-
Stand .der Bedingung |7| < 2/dw geniigt.
- 1€ experimentelle Ar?ordnqu ist in Abb.5.1 gezeigt. Aufeinanderfolgende Photonen werden
o filnem ersten Strahlteiler zufillig entlang zwei moglicher Pfade geschickt, die beide zu einem
€iten 50:50 Strahlteiler fithren. Ein Pfad enthilt eine 1 km lange optische Faser, woraus eine Lauf-
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zeitdifferenz von 5.3 us zwischen den Pfaden resultiert. Von zwei Photonen, die mit einem entspre-
chenden Zeitabstand nacheinander emittiert werden, wahlt das erste mit einer Wahrscheinlichkeit von
50 % den langen Pfad und das zweite mit gleicher Wahrscheinlichkeit den kurzen Pfad. Daher treffen
in einem von vier Fillen die Wellenpakete beider Photonen gleichzeitig auf den zweiten Strahlteiler,
so dass an dessen Ausgang Quanteninterferenzphdnomene beobachtet werden konnen.

Abbildung 5.1 zeigt die Zahl der gemessenen Koinzidenzen, K (7), zwischen den beiden De-
tektoren am Ausgang des zweiten Strahlteilers als Funktion des Zeitabstands 7 zwischen den De-
tektionen. Wir haben diese Messung mit unterschiedlichen relativen Polarisationen der beiden Pho-
tonen durchgefiihrt, um die Auswirkung der Quanteninterferenz zu verdeutlichen. Im ersten Fall
stehen die Polarisationen senkrecht zueinander, so dass die Photonen nicht interferieren. Sie werden
zufillig auf beide Detektoren verteilt, und der Verlauf von K(7) im zentralen Peak um 7 = 0 spie-
gelt die gaussformige Einhiillende der Photonenwellenpakete o< exp(—(7/dt)?) wider. Im zweiten
Fall stehen die Polarisationen parallel zueinander und es kommt zur Interferenz, so dass bei absolut
identischen Photonen das gesamte Koinzidenzsignal um 7 = 0 verschwinden sollte. Wie erwartet,
zeigt die Messung einen tiefen Einbruch endlicher Breite bei 7 = 0, der auf Null hinuntergeht. Die
Breite des Einbruchs ist jedoch zu gering, um das gesamte Koinzidenzsignal auszuloschen. Diese
Abweichung vom idealen Verhalten schreiben wir einer inhomogenen Verbreiterung des Photonen-
spektrums zu. Aus einem Fit des nach GI. (5.3) erwarteten Verlaufs an das gemessene Signal ergibt
sich eine inhomogene Linienbreite von dw/2m = 690kHz, bzw. eine halbe 1/e Breite des Ein-
bruchs von 460 ns, die die mittlere Dephasierungszeit widerspiegelt. Zu dieser Dephasierung tragt
eine Kombination mehrerer Mechanismen bei, die im Experiment nicht vollkommen ausgeschaltet
werden konnten. Insbesondere sind dies nicht-adiabatische Ubergiinge im Atom und eine Durchmi-
schung der Zeemanzustande durch statische Magnetfelder und Magnetfeldfiuktuationen wahrend der
Photonenerzeugung sowie akustische und thermische Fluktuationen der 1km langen optischen Fa-
ser, die sich auf die Phase der transmittierten Photonen iibertragen. Es handelt sich offensichtlich um
eine rein technische Limitierung, denn die Kohérenzzeit tibersteigt die Lebensdauer des Resonators
und die Lebensdauer angeregter Atome bereits um eine Groenordnung, so dass diese als prinzipiell
limitierende Faktoren ausgeschlossen werden konnen.

Innerhalb der Dephasierungszeit konnen nacheinander erzeugte Photonen jedoch als identisch
angesehen werden, so dass mit Einsatz eines zeitlichen Filters prinzipiell optische Quantengatter rea-
lisiert werden konnen. Zudem bietet die Kopplung von Atomen und Licht die Moglichkeit, Photonen
und Atome zu verschrinken und dies innerhalb der Dephasierungszeit nachzuweisen. Dies ist im
folgenden Abschnitt erlautert.

5.2 Atom-Photon Verschrankung

Das korrelierte Verhalten zweier entfernter Quantensysteme ist eines der erstaunlichsten Phanomene,
das von der Quantenmechanik korrekt beschrieben wird. Dieser als Verschrankung bekannte Effekt
findet zwar keine klassische Erklarung [84], wird aber zunechmend in aktuellen Experimenten ein-
gesetzt. Diese Anstrengungen gipfelten vor einigen Jahren in der erfolgreichen Teleportation von
Lichtfeldern [85-87]. Demgegeniiber stellt die mehrfach vorgeschlagene Verschrankung entfernter
massiver Teilchen [88-92] und deren Teleportation [93-95] eine neue Herausforderung dar. Erst vor
kurzem ist es der Gruppe um C. Monroe gelungen, eine Polarisationsverschrankung zwischen ei-
nem Ion und einem Photon zu demonstrieren [96], wihrend wir zeigen konnten, dass die in unserem
System beobachtete Zwei-Photonen Quantenschwebung [80] eine transiente Verschrankung eines
Atoms mit einem Photonenzahlzustand impliziert.
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Wir beschreiben dazu das stark gekoppelte Atom-Resonator System mit einem vereinfachten
Modell. Bei der Erzeugung der Photonen durch eine adiabatische Passage sind nur die Zustande
{|u,0), le,0),|g, 1)} involviert, wobei |0) und |1) die Photonenzahlzustéinde des Resonators bezeich-
nen. Der Dunkelzustand und der Grundzustand,

l€') = (glu,0) = Qlg,1))/N.N.  und  |¢') =|g,0) (5.4)
spannen dabei den Unterraum auf, der zur vollstandigen Beschreibung gentigt. Das System verbleibt
im Zustand |e’) bis ein Photon den Resonator verldsst. Erst in diesem Moment geht das System in
den Grundzustand |g’) tiber.

Hervorzuheben ist, dass in unserer Anordnung ein Photon, das entlang des kurzen Weges zum
Strahlteiler lauft, streng genommen nicht geniigend Raum hat, um in voller Lange zu existieren. Sein
Photonenwellenpaket hat eine Dauer von 2 us, aber die kurze Strecke vom Resonator zum zweiten
Strahlteiler legt es in nur 50 ns zuriick. Daher ist der Zustand dieses Strahlteilereingangs mit den
moglichen Zusténde des Atom-Resonator Systems, |¢/) und |g’), zu beschreiben.

Die Laufzeit entlang des langen Pfades betrigt hingegen 5, 3 us, so dass der Zustand des ande-
ren Strahlteilereingangs durch die beiden moglichen Photonenzahlzustande der Faser, [0) und |1)
ausgedriickt werden kann.

: Im Folgenden beschrinken wir uns auf Situationen, in denen zwei Photonen nacheinander emit-
tert, in der richtigen Reihenfolge auf beide Pfade verteilt und zudem beide nachgewiesen werden.
N}lr Photonenpaare, auf die diese Bedingungen zutreffen, tragen zum gemessenen Signal bei. Andere
Fille werden nicht betrachtet.

_ Eine Schritt-fiir Schritt Analyse des Interferenzprozesses zeigt, dass unter diesen Bedingungen
die Messung des ersten Photons eine Atom-Photon Verschrinkung induziert. Mit der Messung des
Z“{evlten Photons wird die Verschrinkung anschliessend interferometrisch nachgewiesen und gleich-
Zeitig (d.h. per Postselektion) sichergestellt, das obige Bedingungen erfiillt sind.

A Die Ausgangssituation mit einem Photon in der Faser und einem angeregten Atom-Resonator
ystem beschrieben wird durch

|Winitiar) = |€)|1)-

Mi L . o e
it der Detektion eines ersten Photons zum Zeitpunkt ¢, wird ein Anregungsquant aus dem System
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genommen. Da jedoch nicht bekannt ist, welches Photon detektiert wird, projiziert dies das verblei-
bende System in den verschrankten Zustand

¥ eona(to)) = (|€/,0) £1g',1))/V2. (5.5)

Dies ist ein messungsinduzierter maximal verschrankter Zustand zwischen dem gekoppelten Atom-
Resonator System (im Zustand |e’) oder |g’)) einerseits, und der Feldmode der Faser (im Zustand
|0) oder |1)) andererseits. Die relative Phase der beiden Teile hangt davon ab, welchen Weg das
detektierte Photon am Ausgang des Strahlteilers eingeschlagen hat. Um den Grad der Verschrankung
und die Kohirenzzeit zu messen, geniigt es die Detektion eines zweiten Photons abzuwarten, wahrend
man die Phasendifferenz zwischen den beiden Teilen von |W,,,,) systematisch variiert. Letzteres
wird erreicht durch eine kleine Frequenzdifferenz A zwischen den beiden nacheinander erzeugten
Photonen'. Wird das zweite Photon zum Zeitpunkt ¢, -+ 7 detektiert, dann baut sich zwischen beiden
Teilen des verschrinkten Zustands ein relativer Phasenunterschied von d¢(7) = Ar auf, so dass der
Zustand des Systems im Produktraum rotiert zu

[Weona(to + 7)) = (|€/,0) £ 47|g, 1))/V2.

Unmittelbar vor der Detektion des zweiten Photons muss das Atom seine Anregung an die Mode des
kurzen Pfades abgeben, so dass das Atom-Resonator System vom den Photonenzustdnden separiert
werden kann,

|‘I’ccm.d(t + 7')) —* |g’) & ( 1, 0> + eiATIU, 1))/\/§

Dies entspricht dem Zustand eines klassischen Mach-Zehnder Interferometers, in dem ein einzelnes
Photon entlang zwei moglicher Pfade zum zweiten Strahlteiler gelangt. Welchen Weg das Photon
am Ausgang einschlagt héngt von der Phasendifferenz der Pfade ab, die in diesem Fall A7 betragt.
Daher erwarten wir am Ausgang des Strahlteilers ein Schwebungssignal in der Korrelationsfunktion
der Detektoren, K (7), das mit der Differenzfrequenz A oszilliert.

Abbildung 5.2 zeigt die Zahl der gemessenen Korrelationen zwischen beiden Detektoren als
Funktion der Zeitdifferenz 7 zwischen den Detektionen des ersten und des zweiten Photons. Die
Differenzfrequenz zwischen aufeinanderfolgenden Triggerpulsen betragt 3 MHz, so dass die relative
Phase der beiden Teile von |V ,,4) nach der Detektion des ersten Photons mit A = 43 MHz ausein-
anderlduft. Dies fiihrt zu der ausgeprigten Oszillation des Korrelationssignals, die deutlich iiber das
gestrichelt gezeigte Referenzlevel nicht interferierender Photonen hinausschwingt. Der Grad der Ver-
schrankung zwischen Atom-Resonator System und der Feldmode der Faser ist durch die Sichtbarkeit
des Quantenschwebungssignals, Vyuant = (Kinaz — Kmin)/(Kmaz + Kmin), gegeben. Fir 7 — 0
liegt diese bei 90% (innerhalb der Fehler), und dies bedeutet das die Verschrankung unmittelbar nach
Detektion des ersten Photons nahezu perfekt ist. Wie im vorigen Abschnitt betragt auch hier die Le-
bensdauer des Schwebungssignals (und damit die Kohérenzzeit) 460 ns, begrenzt durch die mittlere
Dephasierung des Systems.

Bemerkenswert ist, dass die Messung des ersten Photons die anfangliche Phasendifferenz (bei
7 = 0) festlegt. Diese betragt entweder 0 oder 7, je nachdem welchen Weg das Photon nach dem
Strahlteiler nimmt. Daraus folgt zwingend, dass die Quantenschwebung mit der ersten Photonen-
detektion in Phase ist. In der Kreuzkorrelation der Ausgéinge des Strahlteilers erwartet man daher
ein Schwebungssignal mit einer Sichtbarkeit von 100%. Dies unterstreicht den Quantencharakter der
Experiments, da eine derart hohe Sichtbarkeit klassisch nicht erklart werden kann. Lasst man z.B.

'Dazu dient eine Frequenzdifferenz zwischen den klassischen Laserpulsen, die die Photonenerzeugung treiben. Auf-
grund der Energieerhaltung iibertrigt sich diese auf die Frequenz der erzeugten Photonen
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Abbildung 5.3: Anordnungen zur Verschrankung. (A) Situation im Experiment. Ein Photon lduft entlang
einer langen Faser (Strahlteilereingang 2), das andere kommt direkt vom Resonator (Eingang 1). Die erste
Photodetektion verschrinkt die Feldmode der Faser mit dem Zustand des Atoms. (B) Aquivalentc Situation
mit zwei separaten Resonatoren. Hier wiirde eine erste Photodetektion die Zustande der Atome verschranken.

koharente Felder gleicher Amplitude und einer Frequenzdifferenz A interferieren, dann fiihrt dies
im besten Fall zu einer Schwebung mit einer Sichtbarkeit von 100% an jedem einzelnen Ausgang
des Strahlteilers. Die Detektion eines einzelnen Photons wirkt sich jedoch nicht auf die relative Pha-
senlage aus, so dass das Kreuzkorrelationssignal der beiden Ausgédnge des Strahlteilers durch das
Faltungsintegral

K(1) fdto sin®(toA/2) cos®((to + 7)A/2) ox 1 — 0.5cos(TA)

gegeben ist, und mithin nur eine Sichtbarkeit der Schwebung von maximal V,peren: = 50% aufwei-
sen kann.

In Abbildung 5.3 ist skizziert, dass sich das Photon in der 1 km langen Faser im Prinzip auch durch
ein zweites, identisches Atom-Resonator System ersetzen lasst. Physikalisch ist ein solches System
vollkommen dquivalent zum jetzigen Aufbau, mit dem Unterschied , dass dessen Ausgangszustand,

|Winitial) = |81>1e;2>=
mit der ersten Detektion eines Photons in den verschrankten Atom-Atom Zustand

[Weonalto)) = (le192) £ |91€))/ V2

projiziert wiirde. Eine derartige messungsinduzierten Verschrinkung zweier unabhéangiger Atom-
R.esonator Systeme wurde in leicht verschiedenen Varianten in einer Vielzahl theoretischer Arbeiten
diskutiert [88-95,97,98]. Unser Experiment bildet ein solches System zweier unabhangiger Resona-
to.ren nach, die beiden Teilsysteme sind jedoch nicht rdumlich, sondern zeitlich voneinander getrennt.
ples impliziert, dass die verschrinkten Systeme nicht gleichzeitig existieren, so dass es nicht einfach
ist diese spezielle Form der Verschrankung zur Quanteninformationsverarbeitung zu nutzen. Den-
rIOCh.ist die beobachtete Quantenschwebung ein experimenteller Beweis, dass eine Verschrankung
Massiver Teilchen in getrennten Resonatoren moglich ist.
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Aufbauend auf den hier vorgestellten Arbeiten konnten vor kurzem auch andere Gruppen zeigen,
dass durch Vakuum-stimulierte Raman-Streuung einzelne Atome zur kontrollierten Erzeugung ein-
zelner Photonen in der Lage sind [64, 99]. Der zugrunde liegende physikalische Prozess ist unitar
und somit prinzipiell umkehrbar, so dass sich ein einzelnes Atom auch zur kontrollierten Absorption
einzelner Lichtquanten eignen sollte. Es sollte daher prinzipiell moglich sein, mit diesem Prozess
den Quantenzustand eines ersten Atoms auf ein zweites Atom in einem weit entfernten Resonator
zu libertragen [52]. Mit Hilfe von Photonen als Ubermittler von Quanteninformation wire somit die
Vernetzung von weit entfernt gelegenen Quantencomputern moglich.

Ebenso ist auf Basis unserer Entwicklung die Realisierung eines Quantengatters — eines Grund-
bausteins eines zukiinftigen Quantencomputers — vorstellbar. Von zwei Atomen innerhalb eines Re-
sonators kann eines durch den hier vorgestellten Prozess gezielt seinen Quantenzustand auf das Licht-
feld im Resonator iibertragen. Solange das Licht im Resonator verbleibt, kann es das andere Atom
im Resonator beeinflussen und damit dessen Quantenzustand verindern. Dies entspricht einem Zwei-
Qubit Quantengatter, das auf die Zustande der Atome wirkt [68, 100, 101]. Um dies zu bewerkstel-
ligen, sind die Atome mit einer geeigneten Vorrichtung, wie z.B. einer optischen Dipolkraftfalle, im
Resonator festzuhalten. Alternativ bietet die Ununterscheidbarkeit der Photonen die Moglichkeit, in
einem rein optischen Netzwerk Quantenoperationen mittels linearer Elemente zu realisieren [54].
Die Quantenoperationen basieren in diesem Fall auf der Interferenz mehrerer Photonen, die ent-
lang verschiedener Pfade in das System gelangen. Die Kombination atomarer und/oder optischer
Quantengatter mit dem oben diskutierten Quantennetzwerk ermoglicht im Prinzip den Aufbau eines
skalierbaren Quantencomputers.

Zuletzt ist es uns gelungen, die messungsinduzierte Verschrinkung eines massiven Teilchens
(Rubidium Atom) mit einem Photon experimentell nachzuweisen. Dies lasst den Schluss zu, dass
auf gleiche Art auch mehrere Atome in getrennten Atom-Resonator Systemen verschrankt wer-
den konnen. Eine Erweiterung dieses Schemas hin zur Teleportation bzw. zum Verschrankungs-
Austausch (Entanglement Swapping) zwischen Atomen und Photonen ist naheliegend, und scheint
ein vielversprechender Ansatz zur Realisierung eines Quanten-Repeaters.
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M. Hijlkema, S. Nufmann, B. Weber, F. Rohde, A. Kuhn, and G. Rempe: Towards Deterministic
Control of Atom-Cavity Coupling. CLEO-Europe/EQEC 23th-27th June 2003, Munich (poster)
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Université Paris 13, Villetaneuse, France, 26.02.2002
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”Si}'lgle Photons for Distributed Quantum Networking®,
Miversitdat Darmstadt, Institut fiir angewandte Physik, 1.7.2003

i,Photqnic Quantum Network Links and Nodes",
Mperial College London (Blackett Laboratories), 18.7.2003
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,Single photons for quantum networking and information processing®,
Universitit Regensburg, 4.12.2003

,,Quantum information processing with single photons from cavity-QED systems®,
Universitit Stuttgart, Quantenforum, 19.2.2004

,.Single photons from cavity-QED systems for optical quantum information processing",
Universitidt Wien, 3.5.2004

. Transition from antibunching to bunching in cavity-QED*,
California Institute of Technology, Pasadena, CA, USA, 24.5.2004
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,,Atom-photon interaction under control®,
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Felix Rohde: Ein optischer Resonator hoher Finesse als Atomdetektor. Juni 2003 (TUM)

Holger Specht: Erzeugung spinverschréinkter Atom/Photon Paare.

9. Supervision of PhD Theses

Héléne Perrin: Refroidissement d’atomes de Césium confinés dans un piege dipolaire tres
désaccordé. June 1998 (Ecole Normale Supérieure, LKB, Paris, France)

Isabelle Bouchoule: Refroidissement Raman par bandes laterales d’atomes dans un réseau
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2004- Engineering and Manipulation of Quantum States of Matter and Light
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Three Dimensional Raman Cooling using Velocity Selective Rapid Adiabatic Passage

Axel Kuhn, Hélene Perrin, Wolfgang Héansel and Christophe Salomon
Laboratoire Kastler Brossel, Ecole Normale Supérieure, 24 rue Lhomond, 75231 Paris Cedex 05, France

ABSTRACT

We present a new and efficient implementation of Raman
cooling of trapped atoms. It uses Raman pulses with an ap-
propriate frequency chirp to realize a velocity selective excita-
tion through a rapid adiabatic passage. This method allows to
address in a single pulse a large number of non zero atomic ve-
locity classes and it produces a nearly unity transfer efficiency.
We demonstrate this cooling method using cesium atoms in
a far-detuned crossed dipole trap. Three-dimensional cool-
ing of 1 x 10° atoms down to 2 uK is performed in 100 ms.
In this preliminary experiment the final atomic density is
1.3 x 10'? at/cm® (within a factor of 2) and the phase-space
density increase over the uncooled sample is 20. Numerical
simulations indicate that temperatures below the single pho-
ton recoil temperature should be achievable with this method.

KEY WORDS

Trapped atoms, Laser cooling, Ultracold atoms, Coherent
optical effects

I. INTRODUCTION

The recent observation of Bose-Einstein condensation in di-
lute alkali vapors was a major advance in the field of atom
cooling and trapping [1,2]. The quantum degeneracy thres-
hold was reached by evaporative cooling of the atomic sample
in a magnetic trap. Despite the tremendous success of these
experiments, one can see two important drawbacks to this
method for future applications of these Bose condenstates:
(i) the strong magnetic field gradients required for the evap-
oration and their time dependence are not easily compatible
with the high precision measurements of, for instance, cold
atoms frequency standards and atom interferometers. (ii)
The evaporation is relatively slow (tens of seconds), requires
a very low rate of inelastic collisions and leads to a substan-
tial loss of atoms (typically a factor 100). A possible route
to ﬁolve both of these problems is to trap the atoms with
Op_tlcal fields and to apply to the trapped atoms the subre-
coil cooling methods first developped for free atoms. Optical
fields are easily switched on and off and, if properly designed,
Subrecoil cooling presents a priori no loss of atoms. Recently
) an cooling of trapped Na atoms has produced a sample at
_ #1_(‘- 0.42 Ty, where Tg = h?k* /Mkp is the single photon
fecoil temperature [3]. This is a factor 320 increase in phase-

shace density but still a factor 300 short of the condensation
thresholg

In this
coil

S paper, we present a new Raman method for subre-
¢ooling of trapped atomic samples and our efforts to reach
_mg:(?:t“m deger.leracy on atomic cesium by purely optical

- Contrarily to previous demonstrations of Raman

cooling, we use velocity selective Raman pulses in which both
the amplitude and the frequency are changed in a controlled
way. This produces a velocity selective rapid adiabatic pas-
sage which is very efficient (transfer efficiency close to one)
and which can excite simultaneously a large number of veloc-
ity classes.

This paper is organized as follows: we first recall the main
elements of Raman cooling (section II). We then describe the
Rapid Adiabatic Passage (RAP), its velocity selectivity, and
optimization of the frequency chirp to reach an efficiency close
to one (section III). The effect of the pulse rate in the cooling
sequence and of the atomic motion in a crossed dipole trap
is studied using a numerical simulation of the cooling process
for cesium atoms (section IV). The experimental setup is de-
scribed in section V. The loading of the crossed dipole trap
from a Magneto Optical Trap (MOT) and the results of Ra-
man cooling using the RAP method are given in section VI.

II. RAMAN COOLING SCHEME

Raman cooling was first proposed for subrecoil cooling of
free atoms in one dimension [4]. It has recently been used
to cool cesium atoms down to a 1D temperature of 3 nK=
Tr /70 [6]. Since in subrecoil cooling schemes, the temperature
decreases with increasing interaction times [7,6], the extension
of the method to trapped atoms is very attractive because
of the potentially long storage time [3]. In addition, in an
harmonic trap, the phase space density scales as T2, In the
trap, the cooling can be performed along a single axis because,
under certain circumstances, the motion of the atoms couples
all three degrees of freedom [3]. As we will show in section
IV, this coupling causes new effects which lead to a different
cooling strategy than for free atoms.

The principle of the cooling mechanism is shown in fig.1 in
the case of cesium atoms. Two counter-propagating Raman
pulses excite the atoms from F = 3 to F' = 4 in the ground
state 625, s2 and push them by 2hk towards zero velocity.
One chooses the pulse shapes and detunings in a proper way
to avoid excitation of atoms at rest and to select only the
desired velocity class.

Subsequently, the excited atoms are brought back to the
initial level ' = 3 by pumping them to the excited 62P3/2
state which decays by spontaneous emission with a rate
I' = 27 x 5.3 MHz. We have chosen the F' = 3 level in
the excited state which decays with a branching ratio of 2/3
to the initial state. To avoid a systematic momentum transfer
by this repumping process, the laser shines on the atoms in
a molasses geometry. This repumping process communicates
between two and four photons of random directions. There is
no average momentum change in this process, but this dissi-
pative random walk is required to reach sub-recoil tempera-
tures. In addition, it produces some heating in the directions
perpendicular to the Raman axis. One has to take this into
account to optimize the cooling sequence (see section IV).
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FIG. 1. Raman excitation scheme and subsequent repumping
to F' = 3 by excitation of FF =4 — 3.

Usually, the initial momentum distribution is much larger
than hk and the cooling relies on a repetition of the Raman—
and repumping pulses. In fig.2, we show an ideal Raman
excitation profile on the left-hand side. It provides an ex-
citation probability of ‘one’ for all atoms at p < —2hk and
tends towards zero around p = 0. Traditionally, such an ideal
excitation profile was replaced by a sequence of Il-pulses at
different detunings [3-6], starting at large Raman detuning 4
and compressing the velocity distribution by a reduction of §
from pulse to pulse.

Ideal Raman
excitation profile

Sequence of
Blackman pulses

1,0
Z
E
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o
o
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FIG. 2. Idealized Raman excitation profile (shown for p < 0)
and traditionally realized pulses (for p > 0)

On free atoms, the direction of the Raman pulses is changed
from pulse to pulse to cool both wings of the initial velocity
distribution.In a three dimensional trap, there is no need to
alternate the Raman beam directions because the atoms os-
cillate in the harmonic potential. However, the dissipative re-
pumping process and the oscillatory motion may bring some
atoms to high velocities that are no more affected by the Ra-
man pulse with the smallest detuning. Therefore, the se-
quence has to be restarted at higher detuning to re-collect
these atoms. In fact, one single Raman pulse affects only a
small fraction of the velocity distribution (especially the nar-
row band pulses at small §). There are also some technical
disadvantages of such a sequence. One has to fulfill the II-
pulse condition for each of them, and the pulse duration has
to be adapted to d to avoid the excitation of atoms at rest.

Most of the disadvantages of such a Il-pulse sequence vanis}
if one provides pulses with an ideal excitation profile in mo.
mentum space. In the following section, we demonstrate the
usefulness of the well known rapid adiabatic passage (RAP)
to tailor the desired Raman excitation profile. :

III. RAPID ADIABATIC PASSAGE

I
The first successful combination of stimulated Raman scat.

tering involving adiabatic passage in a A-type three level sys
tem by Bergmann [9] was based on time delayed Raman pulsey
with fixed frequencies. The excitation probability of such g
scheme reflects the Fourier transform of the applied pulses
The same holds for the previous Raman cooling schemes us.
ing coinciding Blackman [4] or square pulses [6] with fixed
frequencies at large detuning A.

In the latter case, the simplification of the three level sys
tem to an effective two level system is justified if A > |2 5|
In our method, we further allow the Raman detuning des tg
be time dependent. The interaction Hamiltonian is then

R 0 Qen(t
Hea(t) = —3 ( Qa(t) 25;((3) ) ) (

It describes the evolution of |¥) in the basis of the initia
level |1) and final level |2), the intermediate level being elimi.
nated. In this effective two level system, it is clear that rapi
adiabatic passage (RAP), as described by Loy [8], can be em
ployed when the Raman detuning d.g is chirped across thy
resonance. )

If one takes into account the different magnetic sublevel
mr, the effective Rabi frequency and detuning read

R itY mp\? i
tur =550\~ () 2

Ok (92 — 02) + Adurs(Q2 + 03) @
4A(A? — &fips) b

Oeg = 0 +

At this point, we note that it is impossible to have the samé
II-pulse condition for all magnetic sublevels, because the effe¢
tive Rabi frequencies depend on mp. In addition, because ¢
the differential light shift, the effective detuning d.g depend
on 2.

In a dressed state picture, the eigenstates of the two staff
Hamiltonian read

lat) = cos @|1) — sin ¢|2)
la™) = sin ¢|1) + cos ¢|2)

VP2 -6 g
tangp = ———, @

with the corresponding eigenfrequencies

+_ 0,1 e (
@ ==z + 5 Q244
Both the mixing angle ¢ and the eigenfrequencies w*
function of the Raman detuning 8. If § sweeps across ¥
resonance, ¢ turns from 7 /2 to 0 (which is valid for O < 1
the wings of a Raman pulse), and by consequence |a™) evo'™
from |1) to |2). In fig.3, the corresponding avoided cros$®
at = 0 is shown.
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FIG. 3. Avoided crossing at § =0

If the extend of the frequency chirp is limited, only the
atoms which experience such a crossing due to their Doppler
shifted resonance frequency are excited by the Raman pulse.
Even atoms which do not experience a crossing follow |a™)
adiabatically, but the dressed state returns to the initial state
[1) in the end of the pulse.
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FIG. 4. Energies of the dressed levels (solid lines) in response to
a frequency chirped Blackman pulse with a duration of 300 ps and
a pulse area f §2(t)dt = 3w. The dashed lines represent the energies
of the uncoupled states. The chirp extends from 6 = —24 kviec to
8 = 6 kvsec. Due to the Doppler shift doi = dchirp + 2kv of the
Counter-propagating Raman beams, atoms in the velocity interval
"_12 S v/vree S —3 are affected. The evolution is shown for four
different, initial velocities — (a): v/vrec = —T7.5; (b): v/Vrec = —4;
(¢): U/ Vrec = —3; (d): v/vrec = —2.

In fig.4, the evolution of the eigenfrequencies of a real three

el system is shown for a fixed frequency chirp and different
Ppler shifts. (a) shows a crossing right in the center of the
therl:s (b) shows that there is still an avoided crossing when
oppler shift is close to the border of (but within) the

chirp. If the Doppler shift coincides with the detuning in the
end (c), |a™) and |a~) become degenerate and both states are
equally populated. (d) shows that there is no more avoided
crossing if the Doppler shifted resonance is not within the
chirp, i.e. there is no Raman excitation in such a case and no
momentum exchange takes place. In fact, the extend of the
chirp determines the range of velocities which are excited.

A. Shape of the § chirp

To insure that the state vector |¥) follows the dressed state
|a™) adiabatically throughout the interaction, the adiabatic-
ity criterion (see [10])

Biges o
Ka*lgleT) € o —w™| = V02 +62, (5)

needs to be fulfilled. It is most stringent in the vicinity of the
crossing, where it can be expressed as

d 2
— Q. 6
‘dt6| < (©)

Blackman pulse Q_(t)
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FIG. 5. Form of the Blackman shaped Raman pulse (upper
part) and the superimposed frequency chirp (lower part).

Due to the different atomic velocities, the exact position
of the crossing within the chirp is not known. Therefore the
chirp has to be shaped like

5(t) o / 0% (t)dt, (7)

to insure the same adiabaticity condition for all atoms. The
chirp thus reflects the pulse shape and is fast at high Rabi
frequencies and slow at small Q. Fig.5 shows the shape of the
Raman pulse together with the optimized chirp.

B. Efficiency and Selectivity

A straightforward numerical simulation of the RAP excita-
tion was done solving the time-dependent Schridinger equa-
tion. We show the resulting transfer efficiency as a function
of the atomic velocities (i.e. the Doppler shift) for different
pulse amplitudes in fig.6.
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1,0 + Pulse areas: n-Blackman

0.8
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0,0

Initial momentum p /fk

FIG. 6. Transfer efficiency of frequency chirped Raman pulses
in comparison with the excitation profile of a non-chirped Blackman
pulse. All pulses have a duration of 300 us and are chirped by
Ad = 27 x 74 kHz, which extends over 9 vrec. The start frequency
is shifted from resonance in order to avoid exciting atoms at rest.
Also shown is the power law dependence of the excitation profiles
near p = 0.

The simulation shows that a box-like excitation profile is
realized with such pulses, but it reveals at the same time that
the border of the profile is not as steep as the one achieved
with a Blackman pulse of same duration.

Once the recoil limit p < hk is reached, a description of
the cooling process using Lévy flight statistics [11] shows that
there is an ideal exponent a for the excitation probability
Peyxe ox v™ around v = 0. It depends on the dimension D of
the cooled atomic ensemble and
D — 1 =
—=p31 (8)
is the optimal choice for free atoms [6]. There is no real
‘zero’ in the excitation profile of the chirped Raman pulses
and one has to choose an arbitrary cut-off to determine the
origin. If one chooses Pexc tirap I'cool = 0.25 as condition to
determine this origin (i.e. a probability of 25% to excite atoms
at rest during the trapping time tirap). We obtain for a typical
cooling time firap = 200 ms, a cooling pulse rate [eool =
0.5 ms and pulse parameters of fig.6:

ORAP = 2.6. (9)

In this case, D/« is slightly greater than one, which is not
the optimum choice to enter far in the subrecoil region. By
contrast, a Blackman pulse without frequency chirp has a
first minimum in its excitation profile where agy =~ 3.3 is
well determined. Therefore, a combination of both profiles,
a chirped Blackman at large detuning and a narrow fixed
frequency Blackman pulse might turn out to be the optimum
choice.

IV. COOLING SEQUENCE

In three dimensional Raman Cooling, one has to be aware
that the re-thermalization after each pulse has to take place.
We call I'iherm this thermalization rate and I'couple the rate
of coupling of the atomic motion to the Raman axis. If the
pulse rate I'coo1 in the cooling sequence is larger than both of
these rates, i.e. if

ool > max(rtherm f ch!ple ) f (] 0]'

the coupling of the atomic motion perpendicular to the Ra.
man axis to this same axis becomes ineffective. In such g
case, the ensemble is cooled in one dimension at the expensg
of heating the other degrees of freedom due to the dissipative
repumping process.

20 rz [um]
. 0
g, Cooling pulses . ‘
w every 0,7 ms -20
‘E a * [um]
S -40
2
AG 0
o
@
>4
- 20
-8 " 1 " 1
8r 0

L Cooling pulse:-:/z'(l
4T every 0,1 ms

Velocity [cm/s]

-8 . 1 . 1 . L . 1

0 50 100 150 200
time [ms]

FIG. 7. Time evolution of the velocity component along
Raman axis for different pulse rates I'.,5). Projections of the co
responding trajectories (between 100 ms and 200 ms) in the pl
containing the vertical and the Raman axis are shown in the inset

The Monte Carlo simulation of single atom trajectories
fig.7 demonstrates this effect. We have calculated 3D cl
sical trajectories with random initial positions and veloci
and have chosen a simplified excitation profile for the R
pulses:

1 p < —3hk
Puxc(p) = { |p/3hk|* for —3hk <p <0 (
0 p>0

In the simulation, every F;olﬂl the atom can be excited a
cording to Peyc. Once a Raman excitation takes place, &
repumping process is simulated by adding three momenta

of random directions.

For the different cooling rates shown in fig.7, the velo
component along the Raman axis decreases in all cases. Ho
ever, a closer look to the trajectory for the high cooling
I'Z! = 0.1 ms reveals that the other degrees of freedom
not cooled efficiently.

The energy loss due to the different cooling rates in
underline this effect. After 100 ms, an equilibrium is re
in case of a high pulse rate, i.e. the heating of the per
dicular motion is balanced by the combination of cooling
coupling to the Raman axis. The ‘temperature’ of 9 pbt
rather high in this case (there is no thermal distribution ~
express the average energy in terms of a ‘temperature’)' i
the other hand, the low cooling rate I'_}; = 0.7 ms allow?
effective coupling of the atomic motion to the Raman
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FIG. 8. Total energy loss for different pulse rates ['.oq. The
solid lines show the average over 100 atoms, the dashed lines cor-
respond to single trajectories. In the insets are shown the energy
distributions in the steady-state.

A simulation of the temperature obtained after a typical
cooling time firap = 200 ms is shown in fig.9 as function
of I‘C_o’o,. Due to the limited cooling time, there is an opti-
mum choice I'__}; = 0.7 ms for which the temperature reaches
0.2 pK, i.e. the recoil temperature for cesium. At lower pulse
rates, the number of pulses is too small to bring the temper-
ature further down. We have observed that for cooling times
longer than 200 ms, the temperature still decreases below
200 nK.

o o
&
3
o 6f
2
©
g ak 0.2 pK for /0\0/0
e | 1r_,=0.7 ms ¥
- 2F \ ed
NN o
0 X \0‘0-0—01-0-0’?“0 " L i 1
0,0 0,5 1,0 15 20

Delay between the Raman-pulses [ms]

FIG. 9. Temperature reached after 100 ms Raman cooling as a
function of the pulse rate.

V. EXPERIMENTAL SETUP
A. YAG and Raman beams

'ﬂelAtomS are loaded in the crossed dipole trap from a vapor
» Magneto optical trap (MOT) [13]. The beam configura-
1 of the red detuned dipole trap is shown in fig.10. We use

propagate in a vertical plane and make an angle of +37° with
the vertical.

P
£
]

repumping Glass cell

beam Cs <

LG

4 -
| !V YAG
aman
beams

PG

FIG. 10. Configuration of the dipole and Raman beams.

The attractive potential (see fig.11) is caused by the ground
state light shift

_ hQ%ae(P)

and corresponds to a well depth of 150 K. With these laser
parameters, gravity is compensated only in the intersection
volume of the two beams. Because of the large detuning of the
YAG laser, the maximum photon scattering rate at the center
of the trap is 3 s™'. The calculated oscillation frequencies near
the bottom of the potential are

v, = 458 Hz vy = 577 Hz v, = 350 Hz, (13)

where = and y design the directions in the horizontal plane,
y being perpendicular to both of the dipole beams, and z the
vertical axis.

FIG. 11. Cut of the dipole trap potential in the plane of the
beams.

The Raman cooling beams are spatially filtered using op-

21064 npy, i S JET tical fibers and propagate along the (1,1,1) direction referred
_hav‘mg eacl;r EMW Nd';{? &,!a;f which B{)Spht Hga o a.;ms to the eigen-axes of oscillation in the dipole trap. This pro-
fo Points W‘Fl;) d— et $wo beams cross in-their vides an effective coupling of the one dimensional cooling to
e acomamon walst W =30 [m. Baoth ol thiem all degrees of freedom of the atomic motion. The waist of the
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Raman beams is on the order of ~ 1 mm and their power is
up to 35 mW. For a detuning A = 27 x 25 GHz, the maxi-
mum effective Rabi frequency is Q¢ = 4 % 10° rad.s~!. The
two beams are issued from two diode lasers whose frequency
difference is phase-locked to a stable frequency source at the
9.2 GHz Cesium hyperfine frequency [5,6]. The shape, central
frequency and frequency chirp of the pulses are achieved using
acousto-optic modulators. The Raman tranfer from F = 3 to
F = 4 is followed by a repumping pulse, resonant with the
=4 — F’= 3 transition which returns the atoms to
F' = 3. This repumping laser illuminates the atoms in a six
beam molasses geometry (fig.10).

B. Detection

We measure the atom number, the velocity distribution of
the trapped atoms and the size of the cloud: the number of
atoms and the velocity distribution are deduced from fluores-
cence measurements while the size is obtained by absorption
imaging [2]. After switching off the YAG beams, we turn on
a o' polarized probe beam tuned to the F =4 — F'=5
transition which overlaps the dipole trap. It is slightly red
detuned and in a standing wave configuration. 2% of the
fluorescence light is collected with a lens on a calibrated pho-
todiode. For measuring the momentum distribution, we use
velocity selective Raman transition [12]. We transfer a narrow
velocity class from F' = 3 to F' = 4 with a 200 us Blackman
II-pulse. The fluorescence of these selected atoms is then
recorded as above. By scanning the Raman detuning § we
obtain the full momentum distribution, with a resolution of
about hk/2.

The absorption image is obtained on a CCD camera by
shining a 15 us probe beam pulse on the trapped atoms in the
(1,1,0) direction (in the horizontal plane). The probe is typ-
ically detuned by —1.5I" from resonance. The trap is imaged
with a magnification of 4 on the CCD. The image appears as
the ratio between a picture with atoms and a reference pic-
ture without atoms. The absorption picture gives the size of
the trap with a resolution of about 8um and an independant
measure of the number of atoms.

VI. EXPERIMENTAL RESULTS
A. Loading the Dipole Trap

Cesium atoms are first collected for 1 s in the MOT from
the background gas at 10™% mbar. In order to capture the
largest possible number of atoms, the YAG trap and the
MOT overlap in time for about 100 ms. Within this time,
the MOT is contracted by doubling the magnetic field gradi-
ent to 30 GauBi/cm and reducing the intensity of the MOT
beams by a factor of 20 to 1 mW/cm?. The detuning of the
beams is increased to —10 T' for a short period (~ 5 ms) to
further cool the atoms before switching the MOT off. Absorp-
tion images recorded 10 ms and 100 ms after switching off the
MOT are shown in fig.12. After 10 ms the atoms initially at
the intersection of the YAG beams remain trapped while the
others fall preferentially along the YAG beams. After 100 ms,
10° atoms (1% of the number of atoms in the MOT) remain in

the crossed dipole trap with a density of 3 x 10" a.toms/cmi
(within a factor 2) and an initial temperature of 6 uK.

Trap after 10 ms 200, Trap after 100 ms
400 - -
£ 20/ E 100} . X I
g g
g s |
2 = 100,
i ¥
|

_2m o iy : e i i
-200 -100 0 100 200
Horizontal pos. fum]

-400 0 400
Horizontal pos. [um)
FIG. 12. Absorption images of cesium atoms in the crossed trap
in the lin Llin configuration of the YAG beams. After 100 ms, 108
atoms remain in the ‘harmonic’ trap and form a cloud of Gaussia i
shape with o2,y = 24 pm, o ~ 30 pm.

‘We have observed that the loading of the YAG trap ang
the shape of the atomic cloud was strongly dependent of th
polarization of the YAG beams. When the two YAG beamns
have linear and parallel polarizations, the number of trapped
atoms is about 5 times higher than in the case of orthogon;
polarizations. The shape of the cloud (fig.13) is also very
different as it displays a ‘X’ pattern.

Trap after 10 ms 200, . \rapafter100ms
400
T 20 £ 100 L
= 3
g b g 0
g -200 B '
= G =
= 400 = 1004 |
-6001 :
. 2000

200 100 0 100 20
Horizontal pos. [um]

0 400
Horizontal pos. [um]

FIG. 13. Absorption images in the lin||lin configuration of ti
YAG beams. The X shape of the trap which contains 5 x 105 atomt
is due to an intensity modulation along the vertical (see text).

We attribute this effect as being due to the intensity inter
ference pattern along the vertical when the two polarization
are parallel. This produces horizontal planes of micro-wel
on the scale of the YAG wavelength (Ayag/2sin53°). Th
atoms are trapped in these planes of intensity maxima am
the effective trapping volume is larger. An interesting
plication of this interference effect might be to enhance ¥
loading efficiency of the YAG trap. After loading with pa
allel polarizations we could rotate the polarization of oné!
the beams during the cooling phase to collect these atoms!
the bottom of the harmonic trap.

When the YAG beams have linear and orthogonal poid
izations, there is no intensity modulation but there is a P
larization lattice along z which leads to a modulation Of'
light shift potential. It is easy to show that both of the cesi**
D1 and D2 transitions (at 894 nm and 852 nm respectiv®;
contribute to the light shift in a way which depends on ®
local polarization. The amplitude of the modulation is PC
portional to the frequency difference between the D1 and ¥
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lines and is opposite for the F' = 3 and F = 4 hyperfine states.
It represents about £10% of the total depth of the potential.
Because our YAG laser has several longitudinal modes, this
polarization lattice may fluctuate in time and produce an un-
wanted heating.

B. Realization of the Raman excitation profile

To realize the optimal excitation profile, we first note that
the effective detuning of the Raman transition depends on the
power of the Raman beams as given by eq.(2b).

----- 1: Blackman pulse
— 2: compensated Blackman pulse

*5 10 ——— 3: compensated and chirped Blackman pulse
E

=

o

:‘i; 0.7

©

5

- 0.5

c

o

Jo2

Q

b4

w

0.0 . - -
0 100 200 300 400 500

Pulse duration [us]

FIG. 14. Excitation rate as a function of the pulse duration;
intensity is kept constant; (1) Blackman pulse without light shift
compensation; (2) Blackman pulse with light shift compensation;
(3) chirped Blackman pulse for rapid adiabatic passage (including
light shift compensation).

For A > éurs it is not possible to cancel the light shift term
in eq.(2b), so that the instantaneous resonance frequency is
shifted proportionally to the instantaneous intensity of the
pulse. This leads to an imperfect m-pulse condition and to a
damping of Rabi oscillations when using Blackman pulses as
shown in fig.14, curve 1.

In order to solve this problem, we actively compensate
the light shift by chirping the detuning during the Blackman
pulse. Several periods of the Rabi oscillation in time become
then visible (fig.14, curve 2). The effective Rabi frequency
can be measured by this method and for instance fig.14 gives
o = 7%10* rad /s. The ‘damping’ of the oscillation is mostly
due to the interference between the various m-dependent Rabi
frequencies (See eq.(2a)). In the case of the pulses used for
the rapid adiabatic passage which are frequency chirped, we
add the compensation of the light shift to the RAP chirp. In
such conditions and with a frequency chirp symetric around
tesonance (fig.14, curve 3), the excitation probability remains
close to one for a pulse area greater than 3.

_We then tested the efficiency of the rapid adiabatic passage
With copropagating Raman beams for which there is no veloc-
:}' Sel_e(:tivity. The transfer efficiency as a function of Raman

€tuning § js presented in fig.15 for a 200 us long Blackman
_p‘ﬂ?e chirped from —81 kHz to 0, A = 27 x 25 GHz and for
Yarious intensities. The agreement with theory (fig.6) is excel-

t. Note the high transfer efficiency (90%) and the square

Pe of the excitation profile for the pulse of area 5.7I1 which

€ Will use in the Doppler sensitive case for Raman cooling
Next section).

excitation probability
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o , o o
-g 0.6 o O'Q o
a r ¥
c 04F SN 3
1= | o™ 50
AL L I
= 0.2 ~ °© Qg
X .0
W ool GEs=
12 -8 -4 0 4 8 12

Momentum class [fik]

FIG. 15. Excitation probability as a function of detuning for
200 ps Blackman pulses chirped from —81 kHz to 0; the three
curves correspond to three different pulse areas.

C. Raman cooling sequence

For Raman cooling, we use the Raman beams in the
counter-propagating geometry. The transition probability of
fig.15 becomes a Doppler sensitive excitation profile: for an
atom with velocity v along the Raman beams, deg = 6 + 2kv.

1.0

excitation probability
© © o
~ (o] o]

&
N
T

e
o
L

45 10 5 0
momentum [Ak]

FIG. 16. Measured initial momentum distribution in the
crossed dipole trap (T' = 5.6 uK) and Doppler selective excitation
profile for a 200 us long chirped Blackman pulse.

We carefully adjust the initial detuning and the pulse spec-
tral width in order to avoid any excitation at zero velocity.
Fig.16 shows the momentum dependent excitation profile of
a 200 ps Blackman pulse chirped over 81 kHz together with
the initial momentum distribution. We optimize the cooling
sequence to get the narrowest momentum distribution after
a fixed time (70 ms). We find that the temperature of the
cooled atoms is larger if the pulse rate is too high. This ob-
servation is in agreement with the simple simulation described
in section IV. The optimal cooling sequence was: a 300 us
Blackman pulse exciting the atoms with momentum between
—12hk and —3hk, followed by a 100 us repumping pulse. The
total time between two cooling pulses was then 400 us, which

0sa
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corresponds to 7 to 10 pulses per oscillation period. This
sequence was repeated 170 times.

D. Results

The result of the Raman cooling is shown in fig.17: before
cooling, the momentum distribution along the Raman axis is
gaussian with a ¢ = 5.3hk dispersion. We were able to cool
the atomic sample down to ¢ = 3.2hk. This corresponds to
a temperature of 7" = 2.0 uK. Since the areas of the two mo-
mentum distributions are equal, there is no atom loss during
the cooling process.

2 © initial distribution
p— v cooled distribution
=3
3, c = 3.2hk
Z cooled
31}
g i -3k
= 5 p- c:l"ll la
E \‘Q‘p
) . 2
-Es 0 P 1 1 v 1

15 10 5 0 5 10 15
momentum class [hk]

FIG. 17. Momentum distribution before and after Raman cool-
ing.

The momentum dispersion along one axis was reduced by
a factor 7 = 1.65. The increase in phase space density, pro-
portional to n° for atoms trapped in an harmonic potential,
is a factor 20. We also checked that the cooling was effective
in 3 dimensions by taking absorption pictures of the trap be-
fore and after cooling with the CCD camera. The density of
the cooled atoms is 1.3 x 10" em™® with an uncertainty of a
factor 2.

E. Limitations and prospects

For longer cooling sequences, we did not reach a tempera-
ture smaller than 2 K. Nor was the temperature lower when
we added a second, longer, pulse in order to excite atoms with
momentum between —3hk and —1hk. We suspect that Ra-
man cooling is in competition with a residual heating mech-
anism due to a time dependent interference betwen the YAG
beams inducing fluctuations of the trapping potential. A pos-
sible solution to this problem is to alternate in time the two
YAG trapping beams at a rate much higher than the oscil-
lation frequencies. Our numerical simulations indicate that,
after suppression of this heating, temperatures near the single
photon recoil temperature should be accessible. Such a value
would be near the Bose-Einstein condensation threshold, if
we neglect possible density limitations due to photon multi-
ple scattering [14,15]. A second interesting development is
to initiate evaporative cooling from the high density already
obtained in this dipole trap [16].
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Abstract. The free expansion of a Bose—Einstein conden-
sate of about 10° rubidium-87 atoms released from an Ioffe—
Pritchard magnetic trap is investigated experimentally. The
expansion dynamics depend only on the trap frequencies,
which are determined independently. The data are in good
agreement with the expected expansion of a condensate, and
are clearly distinct from the behaviour of a classical gas in the
hydrodynamic regime.

PACS: 03.75.Fi; 05.30.Jp; 32.80.Pj

The observation of Bose—Einstein condensation (BEC) in di-
lute alkali vapours three years ago [1-3], initiated enormous
activities, both experimentally and theoretically, with the goal
lo study the properties of a weakly interacting degenerate
quantum gas [4,5]. Here, we are interested in the dynamics
of a coherent atomic ensemble. In particular, we will focus on
the time-dependent expansion properties of a Bose—Einstein
condensate which is produced in and subsequently released
from our Ioffe—Pritchard magnetic trap [6]. Experimentally,
the unique properties of the density distribution after the ex-
Pansion can be used to identify the BEC phase transition and
10 distinguish the condensed fraction of atoms from its non-
condensed counterpart. The time-dependent expansion after
dSudden change of the trapping potential has been studied
Oretically in [7-10], but a detailed comparison with ex-
Perimental data has only been published in [6,10]. In [10],
Agreement between experiment and theory was found to be
%ﬁher Poor for the case of the JILA experiment, and the as-
Pﬂ:t fatio of the MIT condensate could only be estimated
M published false-colour images. The data reported in the
a Bt Paper extend our previous work [6] and allow for

Suantiative comparison between experiment and theory.
; Ollowing the notation of [9], we now summarize the
,:;%mt;cal results which are relevant for the experiment
i‘hﬁﬁcleed below. Using a mean-field approach, the single-
Wave function of the condensate is described by the

"’%.‘mt
Correspondence should be addressed.

Gross—Pitaevskii equation

hZ
pd(r) = [3;4 +U(r)+ Nglcb(r)lz] o(r) . (1

Here, p is the chemical potential, g is related to the s-wave
scattering length @ by g =4mh’a/m, and U(r) is the po-
tential used to trap the atomic gas. For the loffe—Pritchard
configuration, this potential is harmonic but anisotropic,
U(r) = % > mw?rf, where w) = wp = w, and w3 = w) are
the single-particle oscillation frequencies along the radial and
axial direction, respectively.

In the Thomas—Fermi regime, the mean-field energy aris-
ing from collisions between the particles dominates the ki-
netic energy which can therefore be neglected in (1). In this
case, the confining potential U(r) of the atoms in the trap is
balanced by the mean-field energy,

B »  |u—U@)for p > Ur)
gp(r) = Ng|o(r)|” = {0 otherwise

) )
where p(r) is the spatial density in the gas. Consequently,
any cut through p(r) has the form of an inverted parabola,
whereas the surfaces of equal density are ellipsoids.

The trap is switched off at t =0, i.e. U(r) =0 for £ = 0.
However, the mean-field energy remains and gives rise to
an expansion of the atomic ensemble, i.e. the mean-field en-
ergy is converted into kinetic energy of the atoms. From
a classical point of view, this acceleration is due to a force
F(r,1) = —V(gp(r, 1)), which depends on the gradient of the
mean-field energy. As was derived in [8—10] from a classical
and a quantum mechanical treatment, the dynamics of the ex-
pansion is contained in the evolution of three time-dependent
scaling parameters A, Az, and A3, obeying the initial condi-
tion A} = Ay = A3 = L. In particular, the condensate remains
elliptical, still featuring its truncated parabolic density profile.

The Ioffe—Pritchard trap used in our experiment is aniso-
tropic, with the axial frequency, wj, being smaller than the
radial frequency, @, . In this case, the widths of the conden-
sate along the axial and radial directions are given by W)
and W, respectively, with Wy being larger than W, . Conse-
quently, the condensate is cigar shaped with an aspect ratio




720

W, /W, =¢, where € = w/w, < | is the ratio of the trap fre-
quencies. After switching off the trap, the aspect ratio is given
by

_ Wi(n) _ Ay(r)
Wi A0

n(® €. (3)

Note that it depends only on the two scaling parameters | =
A1 =Xz and Ay = A3, which evolve according to

d? % 1 4 d? i e @
— A== an —A ===

dz2™ 7 23y, a2 VT 2
Here T = w, t is a dimensionless time variable. The two equa-
tions can be solved analytically for € < 1. To lowest order in
€, the result is

M@=v1+2,
M@ =1+€ [t arctant —In+y/ 1+ 1:2] . (5)

Obviously, A, increases much faster than Aj. Therefore
the shape of the condensate changes from a prolate (cigar-
shaped) distribution to an oblate (pancake-like) distribution
after a time 7 ~ 1 /e.

Note that € is neglected in the equation for A, because
the radial expansion is fast. However, the second-order term
in € is needed for Ay in order to take into account any axial
expansion in this model. Note also that the aspect ratio is in-
dependent of the number, N, of atoms in the condensate.

We now discuss our experiments which are performed
in the magnetic trap described in [6]. Briefly, a gas of
$7Rb atoms is trapped and cooled in a UHV chamber
with two magneto-optical traps. The atoms are then loaded
into the magnetic trap and cooled by means of radio-
frequency-induced evaporation. Condensation starts at a crit-
ical temperature 7. & 550 nK. We have realized pure con-
densates with more than 10° atoms at peak densities of
4 x 10" atoms/cm?.

It is obvious from the theory outlined above that the trap
frequencies play a crucial role in the experiment. We have
therefore carefully measured the axial frequency, wy, by mon-
itoring the oscillation of an atomic cloud in the trap. This is
achieved by placing the atoms initially off-centre with respect
to the minimum of the magnetic trapping potential. The oscil-
lation is stopped at a variable time delay by linearly ramping
down the current through the coils within 200 ps. This turns
off the trap on a timescale short compared with the inverse
oscillation frequencies (see below). At this moment, an ab-
sorption picture of the cloud is taken. The position of the
cloud centre is plotted versus time in Fig. 1. The data are fit-
ted by a sinusoidal function, with amplitude, frequency, and
phase as fit parameters. The axial frequency is found to be
wy =21 x (24.5+0.7) Hz.

The radial frequency is too fast to be monitored in the
same way. Instead, the cloud is heated by modulating the
magnitude of the magnetic bias field in the centre of the
trap, thereby modulating the radial frequency. We first cool
the atomic cloud by rf-induced evaporation to 2 pK. At this
temperature, the size of the cloud is small so that the anhar-
monicity of the trapping potential can be neglected. Next, an
ac magnetic field with adjustable frequency is applied along
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Fig. 1. Oscillation of the atomic cloud along the symmetry axis of the dc
magnetic trap, induced by placing the atoms initially off-centre

the axial direction while the radio frequency is kept on at
a constant value. This limits the effective trap depth to a suf-
ficiently small value so that resonantly excited atoms with
enough energy can escape from the trap. After the trap is
suddenly switched off, the number of remaining atoms is
measured. This is achieved by pumping the atoms to a dark
hyperfine state and recording the laser-induced fluorescence
with a photo-multiplier, which is calibrated by a frequency-
resolved absorption technique. The total fluorescence signal
is proportional to the number of atoms. Results for various
modulation frequencies are shown in Fig. 2. When the reson-
ance condition is met, the radial oscillation is excited and the
trap is depleted. By fitting an inverted Lorentzian to the data,
we find w; =2 x (246.8+0.2) Hz.

Next, Fig. 3 shows the radial density profile of a con-
densate 12ms after release from the trap. A near-resonant
absorption technique is used, so that the displayed profile rep-
resents the integral of the density distribution p(r) along the
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Fig. 2. Resonant excitation of the radial oscillation by means of an auxil-
iary ac magnetic field. The resonance manifests itself as a decrease of the
number of trapped atoms

position [mm)]

Fig.3. Radial absorption profile of the condensate after a 12-ms-long free
expansion featuring its inverted parabolic shape. The profiles are taken from
normalized absorption images and therefore represent the integrated atomic
absorption AJ/Iy along the observation direction, where [ is the inten-
sity of the incoming light and A/ is the difference between Iy and the
transmitted intensity. The dashed line is a fit to the experimental data

observation direction. The width can easily be obtained by fit-
ting an integrated truncated parabola to the experimental data.
For example, a full width of W = 150 pum is obtained for the
profile displayed in Fig. 3. Similar plots are obtained for the
axial direction.

The time-dependent aspect ratio of the expanding cloud
is obtained from a series of measurements like that shown in
Fig. 3, for both the axial and the radial directions. Note, how-
ever, that the condensate falls a considerable distance dur-
ing the 100-ps-long exposure time. For example, after 30 ms
gravity has accelerated the condensate to a mean velocity of
0.3 m/s. The atoms therefore move a distance of 30 um along

aspect ratio

time [ms]

Fig.a. Aspect ratio of the freely expanding condensate as a function of
- The solid squares represent the experimental data, which are corrected
& ‘akengl‘a\'ity—induced motion along the vertical direction. The solid curve
of 3 o, tNl'{‘-'n_1 [91, i.e. from (3) and (5) and shows the expected expansion
Ydrog Se-E!nstem condensate. The free expansion of a classical gas in the
X daynarmc regime, as described by (7) taken from [11], is also shown
shed curve. Both curves are corrected to include the effect of our

aton angle, and are plotted without any free parameter
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the vertical direction during the exposure time. Because the
symmetry axis of the trap and the direction of observation
are both horizontal, the measured radial width is broadened
by this motional effect. The experimental data were therefore
corrected by simply subtracting the relevant flight distances
from the measured radial widths. Results for the aspect ratio
are plotted as solid squares in Fig. 4. Each data point is ob-
tained by averaging over two realisations, with error bars
representing shot-to-shot fluctuations.

To allow for a direct comparison between our experi-
mental results and the theoretical prediction, we also take
into account that the condensate is not observed exactly per-
pendicular to its symmetry axis, but under an angle of 76°.
Although small, this difference of @ = 14° has a significant
effect for longer expansion times, where the condensate has
the shape of a pancake. In this regime, the axial width of
the condensate’s absorption image has two contributions: one
from Wj and the other from W, . However, the radial width,
W, remains unchanged. Therefore, the observed aspect ratio
is always smaller than expected from (3) and (5). Assum-
ing a hard-core ellipsoid for the condensate, the effect of the
projection can easily be included in the theoretical model by
considering

n(0)
JVecos? a+n2(f) sin? @ '

Ne(t) = (6)

instead of n(r), which is the aspect ratio for & = 0° from (3).
The result is shown as a solid line in Fig. 4. Note that no
adjustable parameters are used for the comparison between
experimental data and theoretical prediction.

The evolution of the aspect ratio as a function of time
observed in the experiment agrees well with the theoretical
prediction. However, to use the expansion dynamics as a sig-
nature of Bose-Einstein condensation, a more detailed in-
vestigation is required, since also a classical gas can show
a behaviour which is close to that of an expanding conden-
sate, This would be the case for a gas in the hydrodynamic
regime, where the density is so high that the mean free path
of the particles is much smaller than the sample size. It has
been shown by Kagan et al. [11] that the dynamics of such
a dense gas are also described by scaling laws, with scaling
parameters obeying the differential equations

d? 1 d? 2

= — and T A B (7
a2l Y& l;ﬁ

T2 = TR
dt A J:" l”!
The resulting evolution of the aspect ratio is shown as
a dashed line in Fig. 4. It resembles the expansion of a Bose—
Einstein condensate. However, the data clearly proof that an
expanding condensate is observed in the experiment.

It is worth noting that the data shown here cannot be
explained by invoking Heisenberg’s position-momentum un-
certainty relation alone, i.e. by the dispersion of a free atomic
wave packet initially localised in the magnetic trap. With-
out the repulsive force associated with the mean-field en-
ergy, a Bose-Einstein condensate would expand much slower
than actually observed in the experiment and the aspect ratio
would asymptotically reach a value 1/./e.

We emphasize that no asymptotic limit of the aspect ratio
is reached in our experiment. However, the long-term be-
haviour of the expanding condensate is of general interest,




]
e ———

722

because a simple physical picture implies that all the mean-
field energy is converted to kinetic energy of the atoms.
Consequently, a stationary aspect ratio must be reached. The
existence of an asymptotic limit is also evident from the dif-
ferential equations (4). However, the value for this aspect
ratio cannot be deduced from these equations. In particu-
lar, the assumption of a constant n is only consistent with
n(f) = 1, i.e. a spherically expanding condensate. In general,
the asymptotic limit can only be found by numerically inte-
grating (4). For the parameters of our experiment, the result
is n(00) = 6.7 (i.e. ne(00) == 3.55 for @ = 14°), which differs
from the prediction of (5), n(co) = 2/(me) = 6.4, obtained in
lowest order. Experimentally, no such limit has been observed
so far and it remains a challenging task of future experiments
to record the free expansion of a Bose—Einstein condensate
for very long time intervals.

Acknowledgements. We gratefully acknowledge financial support by the Op-
tikzentrum Konstanz and the Deutsche Forschungsgemeinschaft.

References

1

2.

3.

M.H. Anderson, J.R. Ensher, M.R. Matthews, C.E. Wieman, E.A. Cor-
nell: Science 269, 198 (1995)

C.C. Bradley, C.A. Sackett, 1.J. Tollett, R.G. Hulet: Phys. Rev. Lett. 75,
1687 (1995)

K.B. Davis, M.-O. Mewes, M.R. Andrews, N.J. van Druten, D.S. Dur-
fee, D.M. Kurn, W. Ketterle: Phys. Rev. Lett. 75, 3969 (1995)

. For a recent review of the experimental work, see, e.g., H-J. Miesner,

W. Ketterle: Solid State Commun. 107, 629 (1998)

. For a recent review of the theoretical work, see, e.g., A.S. Parkins,

D.F. Walls: Phys. Rep. 303(1), 1 (1998) and F. Dalfovo, S. Giorgini,
L.P. Pitaevskii, S. Stringari: Rev. Mod. Phys., to appear (1999)

. U. Emst, A. Marte, F. Schreck, J. Schuster, G. Rempe: Europhys. Lett.

41, 1 (1998)

. M. Holland, J. Cooper: Phys. Rev. A 53, R1954 (1996)
. Yu. Kagan, E.L. Surkov, G.V. Shlyapnikov: Phys. Rev. A 54, 1753R

(1996)

. Y. Castin, R. Dum: Phys. Rev. Lett. 77, 5315 (1996)

. F. Dalfovo, C. Minniti, S. Stringari, L. Pitaevskii: Phys. Lett. A 227,
259 (1997)

. Yu. Kagan, E.L. Surkov, G.V. Shlyapnikov: Phys. Rev. A 55, R18

(1997)

pur. Phys. J. D 1, 57-70 (1998)

THE EUROPEAN

PHYSICAL JOURNAL D

©® EDP Sciences
Springer-Verlag 1998

Coherent population transfer in NO with pulsed lasers: the
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Abstract. Coherent population transfer between vibrational levels of the NO molecule induced by the
interaction of two delayed laser pulses, also referred to as stimulated Raman scattering involving adiabatic
passage (STIRAP), is studied experimentally in a molecular beam and in the bulk. The consequences of
hyperfine splitting and Doppler broadening are discussed in detail. Unlike in previous studies of this kind,
transfer occurs simultaneously between more than one group of non degenerate levels. In a molecular beam
or in the bulk, the transfer efficiency of STIRAP exceeds that obtained by Stimulated Emission Pumping
(SEP) by a factor of 3.6 or 15, respectively. We estimate the absolute transfer efficiency T' in the beam
to be T' 2 60%, while T' =~ 18% is found in the bulk. In both cases, this is 60% of the maximum value
expected from numerical studies. Possible reasons for this discrepancy are discussed. Finally we show that
the absorption of a pump pulse in a weakly absorbing medium is significantly enhanced by the presence
of a copropagating Stokes pulse when the Rabi frequency Qs of the latter is smaller than the width of the
Doppler profile Avp. The relation of this observation to the phenomenon of Electromagnetically Induced *.
Transparency (EIT), which is observed for Qs > Awp, is also discussed. F

PACS. 33.80.Wz Other multiphoton processes — 33.80.-b Photon interactions with molecules —

42.65.Dr Stimulated Raman scattering; CARS

1 Introduction

Coherent population transfer by a stimulated Raman pro-
tess involving adiabatic passage (STIRAP) is now an estab-
]i:Shecl technique for manipulating the population distribu-
tion in atoms and molecules [1]. After the first demonstra-
tion with continuous lasers [2] and the subsequent imple-
Mentation with pulsed lasers [3-5] numerous applications
Ve been proposed or demonstrated. New elements for
atom optics [6-8] were developed, applications to atom
Wterferometry [9, 10] and laser cooling were reported [11—
3] and a concept to use this method to prepare and
Probe the state of the radiation field in optical cavities has
Proposed [14]. The technique was also used to study
[ ; collision dynamics of vibrationally excited molecules
+16]. With some modification the method was further-
More applied for spectroscopic studies [17].
its simplest form, the STIRAP technique is imple-
lne1"t‘3(1 for a three state system [2,18,19)]. Initially state 1
_“lles *ihe population. The objective is to transfer all the
Wation to a state 3. This is done by suitably timed

LTy
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b ‘eure 24 Rue Lhomond, 75231 Paris Cedex 05, France

Emaj]. bergmann@rhrk.uni-k1.de

coupling of an intermediate state 2, typically a state in a
different electronic level, to the states 1 and 3 by radiation
from a pump laser and a Stékes lgser, respectively. Nearly
complete population transfer is achieved provided the in-
teraction begins with the Stokes laser and ends with the
pump laser. The laser frequencies may be detuned from
the resonance with the transition to the intermediate level.
However, the two—photon resonance must be maintained.
With these conditions met, the system is prepared in a su-
perposition state (called trapped state, discovered in 1976
[20]) with contributions from the bare states 1 and 3, but
no contribution from bare state 2. In the adiabatic limit
level 2 is not populated in the course of the transfer pro-
cess and radiative losses from the intermediate state 2 are
efficiently suppressed.

The timing of the interactions is done either by pulsing
the radiation or, when molecular beams in combination
with continuous lasers are used, by spatially shifting the
axes of the lasers. In the latter case the particles are ex-
posed to a time dependent radiative coupling as they cross
the laser beams. The losses during the transfer process
are small, if the evolution is (nearly) adiabatic. Adiabatic
evolution depends on several conditions. Firstly, the pulse
area of the interaction must be sufficiently large [1,2,21],

i.e. QAT > 1, where Qg = /3, + O, and Qpo, 5o are
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Fig. 1. The level scheme for the NO molecule, relevant for the
transfer and the detection.

the peak Rabi frequencies of the pulses [22], which mea-
sure the coupling strength induced by the lasers; A7 is the
relevant interaction time. Secondly, the frequency fluctu-
ations during the interaction with the atom or molecule
with both lasers must be small [3]. Also, deviations from a
smooth pulse shape are detrimental. Therefore special care
must be taken when implementing the method with pulsed
lasers, which usually exhibit inferior coherence
properties. In fact, nearly transform limited radiation is
required for successful application of the STIRAP tech-
nique [4].

Early studies [23] and recent theoretical [24-26] and
experimental [27] work has carried the method beyond
three level systems. It was found [27] that efficient trans-
fer in multilevel systems can be achieved, subject to some
restrictions with regard to the choice of the polarization,
frequency and power of the lasers. Also, the consequences
of detuning from the two—photon resonance have been an-
alyzed [3,19,28].

In the present work, we expand on previously reported
results on coherent population transfer with pulsed lasers
applied to the NO molecule [4] as well as on some aspects
relevant for population transfer in multilevel systems [27].
We consider in particular the consequences of the hyper-
fine structure of the molecular levels and the consequences
of Doppler broadening.

2 Background
2.1 Some spectroscopic and experimental details

Figure 1 shows the relevant transitions in NO including
the level splitting due to A-doubling, which is character-
istic for molecules in a IT-state. We consider the trans-
fer from the A-component with negative parity [29-31]
of the lowest rotational state (j” = 1/2) of the vibra-
tional level v” = 0 in the %IT,/, electronic ground state
to the (j” = 1/2,v" = 6) level. The intermediate level
is (j = 1/2,v" = 0) in the A2X*" electronic state. The

Fig. 2. Details of the level scheme for NO, relevant for the
transfer, including the hyperfine structure. Since only the
amount of Mr is shown, all the levels are doubly degenerate.
The levels are numbered from 1 to 9, for convenient reference
in the text.

wavelength of the pump and Stokes laser is 226 nm and
300 nm, respectively. This coupling leads to the popula-
tion of only one parity component in the v = 6 level.
The population of this level is monitored by fluorescence
induced by excitation to the v’ = 4 level via a Q, or SRy,
transition. Collisional transfer to the adjacent level of dif-
ferent parity is monitored by R; or ®Qs, transitions.

Pulsed radiation with nearly transform limited band-
width is obtained by pulse amplification of cw radiation
[4] with a typical energy of 1mJ for each of the pulses.
The pulse width was Ar = 3.0ns according to
E(t) = Egexp[—(t/A)?) while the power spectrum had
a width (FWHM) of Avpy, = 125 MHz. Very high lying
vibrational levels (e.g. v > 20) can be populated when
coupling occurs to the B-state, which requires radiation
with A < 200 nm [32]. A spatially smooth intensity pro-
file is needed in the region where the laser and molecular
beams cross, in order to assure the validity of the con-
dition for adiabatic evolution near the laser beam axes.
Therefore the radiation was spatially filtered, at consider-
able expense in pulse energy. Typically 0.1 mJ/pulse was
delivered to the molecular beam.

2.2 The hyperfine structure

The nuclear spin of *N60 is I = 1 leading to levels with
total spin of F' = 1/2 and 3/2, see Figure 2. Therefore,
what is shown in Figure 1 as a three state system encom-
passes actually 18 states. Such hyperfine splitting could be
detrimental for efficient population transfer since the laser
frequencies may not be in two-photon resonance with all
radiatively coupled pairs of initial and final levels. How-
ever, for linear polarization, when Ep is parallel to Es
(this state of polarization was used throughout this ex-
periment), the system decomposes into four independent
systems, one each for mp = +1/2 and mp = +3/2. The
latter two are three state systems while the former consist
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Fig. 3. Laser-induced fluorescence of the Q1(1/2) level of the
X-A -transition. The hyperfine splitting of the ground state is
well resolved. The gaussian fit to the profiles reveals a differ-
ence in the width of 17 MHz, which is close to the hyperfine
splitting of 15 MHz in the upper state. This difference is re-
lated to the variation of the linestrength for transitions between
(F,mp)-states, given in Table 1 of the appendix. The ratio of
the transition strength F' — F' = 1/2 and F"' — F' = 3/2
is1:8 for F” = 1/2 but 4:5 for F”' = 3/2. Therefore, the profile
of the peak labeled F”' = 1/2 is dominated by the transitions
1? ::rnly one hyperfine component of the upper level, while tran-
Sitions to both hyperfine levels contribute nearly equally to the
peak labeled F” = 3/2, giving rise to a broadening equivalent
1o the upper state hyperfine splitting.

of six S_tates each. They reduce to effective three level sys-
tems Since the hyperfine splitting in the electronic ground
State is 214 MHz [33] and is spectrally resolved, see Fig-
;fmi 3. The hypgrﬁne splitting in the intermediate state
9 MHz [34] is small compared to the laser linewidth.

© Precise value of the difference frequency of the pump
i Stokes laser radiation determines between which pairs
o evels (F,|mp| = 1 /2) the transfer occurs. Following
. Mumbering shown in Figure 2, transfer may occur be-
8 one of the states 4 and 5 to one of the states 9 and
.. en the two-photon resonance is established for the

Q, Einecf States.4 and 8, the same is true for the pair 5 and
fin Sp?‘tt}'le dl_fference Ap — Ac (see Fig. 3) of the hyper-
Sma)). 1tting in the levels v” = 0 and v” = 6 is negligibly

%:n €ases (not encountered here) where the hyperfine
Comp); the X-state is not fully resolved additional

the e(‘;ati’i’ns may arise, since transfer from any one of
Mally populated levels 4 and 5 may be transferred

to any one of the levels 8 and 9. Such a situation was
not encountered in previous studies. In the recent work
involving multilevel systems, the initial state was always
a single quantum state [27], or the initial level consisted
of degenerate quantum states [2].

2.3 The Hamiltonian and dressed state eigenvalues
With reference to the detunings, defined in Figure 2, the

Hamiltonian (in rotating wave approximation) [22] for the
three-state system, relevant for the |mp| = 3/2 states is

ﬁ, _2AP e AA le 0
H; = = (97291 —Agp Qa3 . (2.1)
0 Q32 —2Ag — Ag

while the six-state Hamiltonian, relevant for the
|mp| = 1/2 states reads

see equation (2.2) above.

The Rabi frequencies and their dependence on the quan-
tum numbers are explicitly given in Appendix B. It is
instructive to inspect the variation of the dressed state
eigenvalues for various ratios of the Rabi frequencies and
the hyperfine splitting. However, one can not adapt the
approach used in [27] because only diabatic crossings arise.

Figure 4 shows the variation of the dressed state eigen-
values for four Rabi frequencies Qg with Q0/2 much larger,
slightly larger, equal or smaller than the ground state hy-
perfine splitting. The calculation was done for parallel lin-
ear laser polarizations with the laser frequencies tuned to
the two-photon resonance for the 4, 8 and 5, 9 pairs of lev-
els. Initially, when only the Stokes laser is present, the sys-
tem evolves along the horizontal (thick) lines correspond
to the trapped states which are, at early times, identical
to the initially populated levels 4 and 5. For large Rabi
frequencies (Fig. 4a and 4b) a crossing of eigenvalues oc-
curs at early times when the pump laser intensity is zero
(or very small). At this time the trapped states have not
acquired yet a contribution from the level 8 resp. 9, and
the coupling with the states that correlate asymptotically
to state 6 resp. 7 is zero. Therefore the crossing is not
avoided (or only very weakly avoided) and the system fol-
lows the horizontal paths. The dressed states correspond-
ing to these paths correlate to state 8 resp. 9 at late times.
The situation is equivalent at the second crossing and thus
complete transfer to states 8 and 9 is possible.

For small Rabi frequencies (Fig. 4d), there is no cross-
ing of eigenstates and adiabatic transfer from 4 to 8
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Fig. 4. Evolution of the dressed state eigenvalues of the Hamil-
tonian (Eq. 2.2), for various ratios of the Rabi frequency and
the hyperfine splitting of the ground state level. The horizontal
thick line is the adiabatic path for the transfer. The numbers of
the bare states (see Fig. 2) which correlate with the eigenvalues
at very early and very late times are also given.

(or 5 to 9) is possible, provided the conditions for adi-
abatic following are met.

Only in the intermediate case (Fig. 4c) where the Rabi
frequency matches the hyperfine splitting, the eigenvalues
become degenerate near ¢ = 0. At this time, the trapped
states are superpositions of states 4 and 8 (resp. 5 and
9) and some population will be transferred to the states
which asymptotically correlate to 6 resp. 7, from where
they will be lost by spontaneous emission.

3 Population transfer in a molecular beam
3.1 Numerical results

Unlike for Na, and Ne* used in previous studies with cw
lasers, the electronic lifetime of the NO A-state (200ns) is
long compared to the overall interaction time of 10-20ns.
Therefore, radiative losses from the intermediate state are
small during the interaction time with the laser pulses and

numerical calculations based on the Schridinger equation
(rather than on the Liouville equation) are adequate. How-
ever, any population which reached the intermediate state
due to nonadiabatic coupling during the transfer process
will later on be lost by spontaneous emission.

The state vector prior to the arrival of the laser pulses
is

¥ (early)) = \%(e"@ 1) + 6 |4) +e%0[5)).  (3.1)

It should be emphasized again, that unlike in our previous
studies, more than one non-degenerate quantum state is
initially populated. The state vector (3.1) is propagated
to

|@(late)) = Zn(cmewl + Cna€'®t + cnse’®®)n)  (3.2)
with |#(t)) = Ty (t = 0)), leading to
(0} = F (T + 4Tl + ORI (69

Levels 1, 4 and 5 are each doubly degenerate. They are
thermally populated lacking any fixed relative phases
amongst them. Therefore the population in state |n) is
given by

(@ (t)|n}(n|P(t)) = crin1 + CnaCna + Cr5Cns

since cross terms vanish.

The transfer efficiency obtained from numerical sim-
ulation studies is shown in Figure 5. The panel (a) rep-
resents the transfer efficiency as a function of the pump-
and Stokes laser detuning on a gray-coded scale. Along
the diagonal, the two-photon resonance (Ap = Ag) is
maintained while the frequencies are detuned from the
one-photon resonance (Ao # 0). The solid line in Fig-
ure 5b shows the transfer efficiency “along the diagonal”
(Ap = Ag) as Ag is changed. The dashed line shows the
two photon line shape, “perpendicular to the diagonal”,
i.e. for Ap = —Ag.

The panels (c) and (d) show the related fluorescence
intensity. Because the upper state lifetime is long com-
pared to the laser pulse duration, most of the fluorescence
is emitted after the population transfer is completed. The
pronounced dark resonance, associated with efficient pop-
ulation transfer is obvious from panel (c). Panel (d) shows
a horizontal cut (Stokes laser tuned while the pump laser
frequency remains on resonance, Ap = 0) through the
structure of panel (c). The details of the lineshape depend
on the pump laser detuning Ap and are similar to the Fano
profiles [35] which were also observed by Neusser [17].

The transfer efficiency is slightly reduced for Ag = Ap,
which is even more pronounced when only the transfer
from state 4 to state 8, shown in Figure 6, is considered.
The loss on resonance is caused by the coupling to states
which correlate to level 6 and 7, as discussed in the pre-
vious section. Figures 6a and 6b show the transfer from 4
to 8, while the transfer from 4 to 9, which requires tun-
ing of the Stokes laser frequency by 214 MHz, is shown
in Figures 6¢ and 6d. For the latter the relevant Rabi fre-
quencies are smaller (see Appendix), and the condition for
adiabatic following is no longer satisfied.

(3.4)
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Fig. 5. Numerical simulation of the transfer efficiency (T)
shown in (a) and excitation of the intermediate level (IL) shown
in (c) as a function of the detunings Ap and As, respectively, in
the beam. The solid line (b) shows the transfer efficiency along
the contour Ap = Ag (Raman resonance), while the dashed
line refers to Ap = —Ag. For Ap = 0 a pronounced dark res-
onance is observed (d). The center of the dark resonance is
shifted from zero by 107 MHz in the latter panel, because the
detunings are measured with reference to the middle between
the ground state hyperfine levels (see Fig. 2).

3.2 Experimental results

The overall features of the coherent population transfer in
NO,‘observed in the simulation studies discussed in the
Previous section are well reproduced in the experiment.
'.I'he population transfer and the related dark resonance
5 shown in Figure 7 as a function of Stokes and pump
tha.r detuning. The maximum of the Stokes pulse preceded
82t of the pump pulse by 3ns. The pump and Stokes
> T energies (and beam diameters) were Ep = 17 ulJ
mmm} and Eg = 340 puJ (4 mm), respectively. The
o esponding peak Rabi frequencies for Am = 0 tran-
s from the magnetic sublevels m = +1/2 are both
= 2m 330 MHz (neglecting the hyperfine splitting, see
1., 2PPendix A as well as Table 2). With A7 = 3ns, this

of QyA, >010"'-' 6.3, falling short of the desirable value

o Bure Ta shows the population in the final state, mea-

by probe laser induced fluorescence. The signal

hlxg the diagonal is related to the STIRAP process. The
o al structure seen for Ap = 0 (Ag # 0) results
5 OSP - -

ate g molecules which are excited to the intermedi-
Shopt ¢ by the pump laser and which decay during the

ey 'me interval of 300ns set for detection about 1 1S

€ STIRAP pulse sequence. This fluorescence is a

action of the time integrated total fluorescence

Fig. 6. Numerical Simulation of the transfer in the beam from
level 4 to 8 ((a) and (b)) or level 4 to 9 ((c) and (d)) with

;‘he frequencies adjusted accordingly (see also the caption of
ig. 5).

shown in panel (c), representing the decay from the in-
termediate level after the excitation to all accessible vi-
bronic levels. Since the simulation studies are based on
the Schrédinger equation, the total loss out of the system
by spontaneous emission is included, while the population
of the initial or final levels by spontaneous emission is not.
Therefore the horizontal structure of Figure 7a is not seen
in Figures 5a, 6a and 6c.

The transfer efficiency along the ridge of the diagonal
structure is displayed in the lower left panel. The maxi-
mum transfer efficiency is observed, as expected, very close
to the one-photon resonance. The two photon lineshape
(recorded for Ap = —Ag, i.e. along a line which is per-
pendicular to the “STIRAP-ridge”) is also shown.

3.3 STIRAP signature and transfer efficiency

Figure 8 shows the variation of the fluorescence induced by
the probe laser as the delay between the pump and Stokes
laser is changed from about AT = —8ns (Stokes laser pre-
cedes the pump laser) to about AT = +10ns (pump laser
precedes the Stokes laser). The maximum of the transfer
efficiency near AT = —3.5ns is significantly higher than
that for AT = +2.5ns, which is a typical signature of
the STIRAP process. For large positive delay, the transfer
is caused by Stimulated Emission Pumping (SEP). Obvi-
ously, the STIRAP signal exceeds the SEP signal by more
than a factor of three.

Experimental determination of the absolute transfer
efficiency requires a calibration procedure. When cw lasers
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Fig. 7. Experimentally determined transfer efficiency (T) in
the beam as a function of the Stokes laser and pump laser
detunings shown in (a) and the fluorescence from the inter-
mediate level (IL) shown in (c). Cuts along Ap = Ag ((b),
solid line, Raman resonance), Ap = —As ((b), dashed line),
or for Ap = 0 ((d), exhibiting the dark resonance) are also
shown. The horizontal structure seen in (a) shows that the
spontaneous emission of the population from the intermediate
level still contributes to the Auorescence signal. Most of these
molecules do not reach the final level and therefore this process
is not included in the numerical studies (Fig. 5).
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Fig. 8. Experimentally determined ratio Tstirap/Tsep of the
population transfer efficiency T in the beam as a function of
the delay between the pulses (STIRAP-signature). Negative de-
lay corresponds to the STIRAP configuration (Stokes pulse pre-
cedes the pump pulse) while positive delay relates to the SEP
configuration (pump pulse precedes Stokes pulse). The results
from two different runs are combined. The transfer observed at
large positive delay is used to calibrate the absolute transfer
efficiency.

are used for the transfer via an electronic state, the ra-
diative lifetime of which is short compared to the inter-
action time with the laser, the normalization procedure
is straightforward and unambiguous [2,27]. Under those
circumstances the pump laser alone will deplete all the
population of the initial state by optical pumping. The
fraction of the population, which reaches the final state
by spontaneous emission is determined from the known
transition strength. Thus, the ratio of the laser-induced
fluorescence out of the final state for the STIRAP transfer
to the fluorescence when only the pump laser is present
provides an accurate measure of the transfer efficiency.

The attempt to use the pump laser induced sponta-
neous emission to the final state for calibration fails here,
because pump laser induced Rabi oscillations occur which
are not damped during the interaction time. Therefore
the fraction of molecules residing in the electronic state
after the pump laser pulse is over depends sensitively on
the pulse area QpgA7. In fact, it may range between zero
and 100%. However if QpoA7 > 1, and pulse-to-pulse
fluctuations are large enough, on the average 50% of the
molecules will be in the excited state at the end of the
pump pulse. Thus 50% of the molecules (rather than 100%)
will radiatively decay, the fraction of molecules reaching
the final state is again known and can be used for the
calibration, as demonstrated in the recent work on SO,
[5]. Here, we adopt a different approach. When the pump
laser precedes the Stokes laser with no overlap between
the two but the delay AT is still small compared to the
radiative lifetime, molecules are first excited to the in-
termediate state by the pump laser and then transferred
to the final state by stimulated emission pumping. If the
pulse areas of both lasers are large enough and the signal
is accumulated for a sufficiently large number of pulses,
the pulse-to-pulse fluctuations will average over the Rabi
oscillations and a known fraction of the molecules will be
found in the final state.

For this experiment the collimation of the molecular
beam is such that the residual Doppler width related to
the motion perpendicular to the molecular beam axis is
small compared to the laser linewidth. Therefore the de-
tuning of the laser frequencies from their respective tran-
sition frequencies is the same for all the molecules in the
beam and the consequences of the hyperfine splitting for
the normalization procedure need to be carefully consid-
ered. In the Stimulated Emission Pumping (SEP) config-
uration (AT > 6ns, see Fig. 8), the molecules are excited
to the intermediate level by a pump laser induced one-
photon process, in which the hyperfine structure of the
initial state is resolved, i.e. only the population of one hy-
perfine component is transferred to the intermediate state.
Here we tune the pump laser frequency to the F” = 3/2
level which carries 2/3 of the total population accessible
for coherent population transfer. The fraction of 25% of
that population, i.e. 16.7% of the total population of the
initial 5" = 1/2 level, will be transferred to the final level
in the SEP process. The STIRAP process will transfer the
population of both levels F”/ = 1/2 and 3/2 since the Ra-
man resonance for transitions out of these levels is the
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same. Since the STIRAP signal exceeds that one obtained
with SEP by a factor of 3.6, the transfer efficiency of the
STIRAP process is 60%.

There are several possible causes which may have pre-
vented us from reaching a transfer efficiency closer to unity
than actually observed. We first mention two aspects which
at first glance, seem to contribute to the difficulties. Closer
inspection shows, that they can’t be the major cause of
the problem:

o the line strength factors, see Table 3, vary by nearly
one order of magnitude with mg and at first glance it
may seem that the mean Rabi frequency overestimates
the value of QA7 for transfer out of same levels and
thus non adiabatic coupling may have been stronger
than expected. However, when the line strength factors
are summed over the F' = 1/2 and F' = 3/2 levels in
the upper state, which are not resolved, the effective
linestrength factors are independent of my;

o the bandwidth of the laser were larger than measured
when the data in the SEP regime was taken, trans-
fer out of the F' = 1/2 level would have been possible.
The higher transfer efficiency in the SEP regime would
increase the transfer efficiency in the STIRAP regime
accordingly. We emphasize, however, that saturation
broadening does not occur for excitation with coher-
ent pulses, i.e. for radiation with transform limited
bandwidth (see Append. C).

The lower than expected transfer efficiency could have
been caused by the following:

¢ despite spatial filtering, the profile of the laser beams
may have been less uniform than anticipated. This
would locally lead to an effective Rabi frequency
smaller than estimated;

depending on the alignment of the Nd:YAG laser, the
pump pulse could have been of asymmetric shape. If,
for instance, the fall time is longer than the rise time,
the ratio Qg/Qp would not approach zero as needed.
Therefore, some of the population in the dark state
Would coherently return to the initial levels. On the
other hand, for large negative delay (Stokes precedes
Pump, with no overlap expected), an asymmetric pulse
shape would lead to a transfer signal which is larger
than expected from pump laser induced fluorescence
\franck-Condon pumping). Such enhanced transfer is
Indeed observed for AT = —8 ns, see Figure 8.

ip ;Pulation transfer in Doppler broadened
ia

:‘mfwe consider the feasibility of efficient population

;1‘ in the bulk. We show that Doppler broadening is
ing v‘fntal ‘o the success of STIRAP when exciting high
i,r, | Prational states of the NO molecule, but that it

% be‘ applied successfully in other cases with a small

: We difference between initial and final levels.

I“Om te-xamined NO at a pressure of p = 0.1 mbar and at

“Mperature. For T = 300K, we have kT /we =~ 0.1
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Fig. 9. Comparison of the results of numerical simulation
studies of the transfer efficiency in the beam (T', shown in
(a) and (b)) and in the bulk (T shown in (c) and (d)) for
QA7 = 9 and AT = 3ns. The cuts along the Raman res-
onance (Ap = Ag, solid lines, see also thin line in (a)) and
perpendicular to it (Ap = —Ag, dashed lines) are also shown.

and only the vibrational state v/ = 0 of the electronic
ground state X2IT carries significant population. There
is, however, a broad rotational distribution with its max-
imum at 7 = 10.5. In the experiments we use 4§t=5.5,

4.1 Numerical results

The'transfer efficiency Tp(2p, Qg, Ap, Ag) depends on the
Rabi frequencies and the detunings. In a Doppler broad-
ene_d medium, the effective detuning depends on the ve-
locity component along the direction of the laser beam

ff

p =Ap+u/Ap A = As +v/)s. (4.1)

The overall transfer efficiency

Tis(Ap, Ag) = /f(U)To(Ap +ufhp, Ag 4 viks)dv
(4.2)

is obtained by integration over the velocity distribution

1 A
flv)dv = — e~ (@/)* gy, (4.3)
Up /T

Results are shown in Figure 9 for o, = 408 m/s,
Ap = 226 nm and As = 300 nm, in comparison with those
for a collimated molecular beam (@, = 0). Obviously, the
Doppler broadening reduces the overall transfer efficiency
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Fig. 10. Simulation of the STIRAP transfer efficiency in
Doppler broadened media as a function of the ratio As/Ap and
the product A7Avpeppler.- The relevant Ag /Ap ratios for the
population of specific vibrational levels v” in the NO molecule
are indicated. Here we have A\p = 226 nm and v’ = 6 is excited
with ATAvpoppler = 9, therefore a transfer efficiency of 29% is
expected.

to less than 1/3 as compared to the beam results. It is,
however, significantly higher than for SEP, see below.

For Ap = \g, the two photon resonance is maintained
independent of the detuning due to the Doppler shift. The
integration (Eq. (4.2)) is then along the two photon reso-
nance line (the diagonal in Fig. 9). With increasing veloc-
ity, the frequencies are detuned further from the resonance
with the intermediate level and a higher Rabi frequency
is needed to guarantee adiabatic following.

For Ap # Mg, the Doppler broadening is significantly
more detrimental, since the Doppler shift of the pump
and Stokes laser is only partially compensated. With in-
creasing velocity, the system will tune off the two photon
resonance, and adiabatic following is no longer possible.
The integration (Eq. (4.2)) is along a path which is tilted
with respect to the diagonal, see Figure 9.

The dependence of the efficiency Tp(Ap = As = 0)
on the ratio Ag/Ap and the product ATAvpeppler, Where
Avpoppler is the Doppler width, is depicted in Figure 10.
Almost complete inversion of a three level system can be
achieved for Ag/Ap — 1 and/or for higher peak Rabi
frequencies (not available for this experiment).

The STIRAP efficiency for excitation of v" = 6 would
increase to 85% when the product ATAvpgppler is reduced
by a factor 5. This could be achieved either by cooling or
by using shorter pulses. If the pulse length decreases the
pulse energy must increase in order to maintain the pulse
area.

4.2 Experimental results

The transfer efficiency Tp from (v” = 0,5 = 5.5) to
(v" = 6,5 = 5.5) via v' = 0 in the A-state in the bulk
is shown in Figure 11 as the time delay of the pulses is
changed. The STIRAP signature is again clearly seen.
From the laser pulse energies (Ep = 60 puJ,

Es = 300 pJ) and the beam diameters (Dp = Dg =
3 mm), we estimate the Rabi frequencies to be
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Fig. 11. Experimentally determined ratio Tstirar/Tsep of
the population transfer efficiency T' in the bulk as a function
of the delay between the pulses (STIRAP-signature). Negative
delay corresponds to the STIRAP configuration (Stokes pulse
precedes the pump pulse) while positive delay relates to the
SEP configuration (pump pulse precedes Stokes pulse). The
results from two different runs are combined. The transfer ob-
served at large positive delay is used to calibrate the absolute
transfer efficiency.

Qpo = Qg0 = 27 480 MHz, averaged over the magnetic
sublevels of NO.

Figure 11 shows a dramatic enhancement of the trans-
fer efficiency in the STIRAP regime as compared to the
SEP regime. This enhancement is significantly larger in
the bulk than in the beam. In the bulk, only a small
fraction of the molecules, essentially given by the ratio of
the laser linewidth over the Doppler linewidth (= 4.7%),
participates in the SEP process (concerning the absence
of power broadening in this experiment, see append. C).
Since partial Doppler compensation occurs in the STIRAP
process, a larger fraction of the molecules is addressed in
this case.

Detection of the molecules in v” = 6 is done by laser
induced fluorescence. The bandwidth of the excimer laser
pumped dye laser used in this case was large compared to
the Doppler width. Therefore the detection efficiency is in-
dependent of the velocity of the molecules. The hyperfine
splitting is more than one order of magnitude smaller than
the Doppler width and can be neglected here. Therefore
the SEP process reaches an efficiency of

ESEP 52 0.2b % 4.7% = 1.2%. (4.4)

The transfer efficiency of the STIRAP process is 15 times
larger than for SEP, i.e. Estirap = 18%. As in the beam
experiments, this is only 60% of the value expected from
the calculation.

5 Stokes laser induced absorption in a
Doppler broadened medium

Pulse propagation effects in absorbing media have recently
attracted much interest [36-39]. Harris and coworkers [40]
as well as others (see e.g. [41]) demonstrated the phe-
nomenon of Electromagnetically Induced Transparency
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Fig. 12. Transmission of the pump pulse embedded in the
Stokes pulse (i.e. zero delay), upper panel, and laser induced
fluorescence from the intermediate level, lower panel, as a func-
tion of the Stokes laser detuning As. The pump laser was
tuned to resonance Ap = 0 while the Rabi frequencies were
flpo ~ 27 140 MHz and Qso = 27 370 MHz.

_[EIT} in lead vapor. In their experiment, strongly absorb-
ing lead vapor was made transparent for pump laser radia-
tion when its pulse envelope was embedded in the envelope
of a powerful Stokes pulse. The Rabi frequency of the lat-
ter was Q0 > 27 160 GHz and thus much larger than the
Dfoppler width. Therefore a Doppler shift has only a negli-
gible effect. Here we show that a related mechanism, which
leads to EIT when Qg > Awp, results in Electromagneti-
cally Induced Absorption (EIA) when we have Qg < Avp.

€ connection of EIT and STIRAP is discussed in some
more detail in [42]

5.1 Experimental results

l_“ tile €xperiment, we observe the transmission of a pump

"oF pulse (Qp = 27 140 MHz) after propagation through
e ;nm long cell containing NO at T' = 300K. A pres-
i g I?‘; mbar was chosen to adjust the absorption of the

ulse resonant with th 0) 1i

Beng 1 i e Q1(5.5) line of the (0, 0)
m”b eﬁcompare the absorption of the pump laser pulse
tace: ‘l 2.7ns) with and without copropagating Stokes
lay), ]I;U se (Ars = 3.1ns, Qg = 27 370 MHz, no time de-

':'f?"the égllre 12 shows the transmission of the pump laser

tokes laser frequency is tuned. On two photon res-

| g (i t .
:(;ltéle transmission drops from 50% to about 15%.
s tirms that the pump laser pulse is indeed more

:%tgl%’taisorbed when embedded in a copropagating res-
Okes laser pulse. In parallel, we also observe a
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Fig. 13. Velocity distribution of the molecules in the cell (solid
lines). The fraction of molecules contributing to absorption is
shaded, with the pump laser alone (tuned to resonance) and
the pump laser together with the Stokes laser (tuned to the
Raman resonance) are shown on the left and right side, re-
spectively. With the Stokes laser present, molecules with v ~ 0
do not absorb the pump laser radiation anymore (EIT). How-
ever, otherwise inactive molecules in a large range of velocities
[v| > 0 may contribute (EIA). The net result is a significantly
enhanced absorption.

significant reduction of the fluorescence from the interme-
diate level about half way along the absorption path. This
signifies that the absorption due to resonant one photon
excitations of the intermediate level is reduced, whereas
the enhanced overall absorption must be a result of two
photon processes, i.e. Raman excitations to v’ = 6.

5.2 Induced transparency vs. absorption

Figure 13a shows the range of velocity which leads to a
Dopplershift of no more than the laser bandwidth. These
molecules (a fraction of about 5%) contribute to the ab-
sorption. With the Stokes laser present and tuned to res-
onance, pump laser radiation can not be absorbed by
molecules with v /2 0. This group of molecules experiences
electromagnetically induced transparency, like in the ex-
periments by Harris. In those experiments, the range over
which absorption is eliminated is of the order of 150 GHz
and thus covers all of the Doppler width. In our experi-
ments, however, the Rabi frequency is of the order of the
Doppler width and molecules in a large range of velocities
are tuned, because of their Doppler shifted frequencies,
into resonance with the components of the Stark doublet
(the fraction of molecules is shown in Fig. 13b). The net
effect is a strongly enhanced absorption.

In order to observe the EIA process discussed here, one
typically needs a medium with an initial transmission of
about 50% which can be reduced to a much smaller value
when the Stokes laser pulse is copropagating.

It is interesting to see, that it is the magnitude of
Qs/Avp which controls the consequences of the presence
of the Stokes laser; EIT is observed for Qs/Avp > 1,
while Q5/Avp < 1 leads to EIA. Obviously, there is a
value of Qg/Awvp for which the Stokes laser has no effect
on the transmission of the pump laser.
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Fig. 14. Comparison of the pump laser absorption under the
influence of the Stokes laser in the beam (Ao shown in (a))
and in the bulk (Ap shown in (c)). The lower panels show the
absorption for Ap = 0 as a function of As. In the beam ((b),
no Doppler broadening), the absorption vanishes at the Raman
resonance. In the bulk ((d), Doppler broadening), the absorp-
tion reaches a maximum when Ap = Ag = 0. The integration
path used to determine Ap(Ap = Ag = 0) is indicated in (a).

In Figure 14, the pump laser absorption without
Doppler broadening (left hand side) is compared to the ab-
sorption of a Doppler broadened medium (right hand side)
as a function of pump- and Stokes laser detuning. The pa-
rameters for the numerical simulation correspond to the
experimental conditions (see section 5.1). It is seen that
the absorption drops to zero without Doppler broadening
but raises up to 16% in the Doppler broadened medium.
Due to the dynamic Stark shift, the peaks of the absorb-
ing Stark doublet are shifted towards the Raman reso-
nance line Ap = Ag. The path of the Doppler integral,
indicated in Figure 14a, runs almost parallel to this line,
thus increasing the number of molecules participating to
the absorption process. The ratio Ag/Ap determines the
direction of the integration path and controls the relative
contribution of EIT and EIA. For the parameters used
here, the medium becomes transparent for Ag/Ap < 0.7.

6 Summary and conclusion

We have expanded our previous studies of coherent pop-
ulation transfer to a vibrationally excited level of the NO
molecule. In particular we have analyzed the consequences
of hyperfine splitting and Doppler broadening for the
transfer efficiency.

In previous STIRAP studies, the initial level consisted
of a single quantum state or of a group of degenerate sub-

levels. Here we transfer simultaneously population from
two groups of non-degenerate levels to two such groups in
the vibrationally excited state. Since the hyperfine split-
ting is larger than the bandwidth of the laser and both ra-
diation fields are linearly polarized parallel to each other,
complications, such as demonstrated and analyzed by
Martin et al. [27], do not occur. We have also discussed,
in some detail, the normalization procedure needed to de-
termine the absolute transfer efficiency. A discrepancy be-
tween the expected and observed efficiencies is found, the
reason for which has not yet been identified unambigu-
ously.

We have also studied population transfer in the bulk
with a Rabi frequency Qg smaller than the Doppler width
Avp. The STIRAP transfer efficiency is more than an or-
der of magnitude larger than that obtained by Stimulated
Emission Pumping (SEP), since a partial compensation of
the Doppler shift occurs in the coherent two photon pro-
cess, allowing a larger fraction of molecules to participate
in the transfer.

Finally we considered the effect of a Stokes laser pulse
copropagating with a pump laser pulse in a weakly ab-
sorbing medium. While the phenomena of Electromag-
netically Induced Transparency (EIT) is observed when
Qs > Avp, we observe an enhanced absorption (EIA),
since Qg < Awvp, since the number of molecules which
are able to absorb a photon increases due to the Stark
shift and splitting at resonance. Thus, the EIT or the EIA
phenomena could be used to open or close, respectively, a
light path in a laser controlled optical gate.
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and partial support by the EU (HCM network ERB-CHR-
XCT-94-0603) is acknowledged. A.K. is indebted to the
Alexander von Humboldt-Stiftung for support.

Appendix A: Rabi frequencies

The population of a two level system exposed to coherent,
resonant radiation oscillates between the levels with the
Rabi frequency 2 = p - E/h, where E is the amplitude
of the radiation field. Evaluation of the dipole matrix ele-
ment y is a non trivial task because of the large manifold
of rotational sublevels and the mixtures of Hunds cases a
and b in the X2IT state of NO. Therefore, we compile the
necessary information in this appendix.

A.1 Dipole moments of NO

The coupling schemes in the A and X states of NO are dif-
ferent. This leads to different sets of quantum numbers,
(', 4,m', k') and (v", j",m", Q) respectively, which spec-
ify the rovibronic substates. The parity splitting in the
X state and the hyperfine splitting are not considered in

equations (A.1 and A.2). The squared dipole moment of
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Table 1. Honl-London factors and dipole matrix elements for the various s
. 2 pump and Stok
,7(0, ﬁ) bands, assuming linear pclla.riza.ticm (Am oo G) for ju = 1/‘2 and jn il 3!(21) okes transitions of the NO ‘7(0, U) and

. N #0,0[107"" Asm] | 110,6[107°" Asm]
J”_| Transition | Line | HLF | £1/2  +3/2 | +1/2  43/2 | « m”
o 0.667 | 2.135 = 0.968 —
1/2 Ak Q21 | 0.667 | 2.135 - 0.968 ~
” $ R 0.333 | 1.510 = 0.684 —
My | Rn 0333 (1510 - |o0684 -
’ P, 0.362 | 1.573 = 0.713 -
¥ Py 0.306 | 1.447 — 0.656 =
, B Q1 | 1.112 | 0.872 2616 | 0.395 1.186
Hug Qa 1.022 | 0.836 2.508 0.379 1.137
R 0.616 | 1.590 1.298 0.721 0.588
3/2 Rz | 0.582 | 1.545 1.262 0.701 0.572
) Py, 0.972 | 2.578 = 1.169 —
bIes P, 1.028 | 2.652 - 1.202 —
" 1 Q12 | 0.756 | 0.719 2.157 0.326 0.978
Iy, Q2 | 0.846 | 0.761 2.282 | 0345 1.034
Ry | 0.184 | 0.869 0.709 0.394 0.322
Ry 0.218 | 0.946 0.772 0.429 0.350
aspecific A — X transition reads [43] Table 2. Rabi frequencies of the pump- and Stokes transitions
) o L for several pulsel energies W with R = 1.5 mm beam radius
u? = [(A,U ' m! k quiX:U ,J”,m”,Q)lz (A.l) a]il]d pulse duration A7 = 3ns. Qp and Qs are scaling with
12 FCFyu [( . Kldglj", m" Q)2 Q7 /W[uJ] where Q) = 27 54.2 MHz and Q% = 27 24.7 MHz.
o v N2 Wipl] | Qp/2n[MHz ]| Qs/27 | MHz
=Wy FOFu (5 A, I0) 1 il 1 51 ST
5 121 55
10 172
where d, is the dipole operator (¢ = 0 for excitation with 50 383 177%1
linearly polarized light) and |(j, k'|d,|j", Q)|? is equiva- 100 542 247
lent to the Honl-London Factor (HLF).
; The Einstein coefficients A,.,~ for individual vibra-
tmn;.ﬂ transitions v —s v’, needed to determine the elec- A-2 Laser fieldstrengths
tronic and vibrational contribution to the dipole moment :
By are known [44] Assuming laser pulses of gaussian envelope

Ivib(v';0") = pei\/FCFyyr = iq—'”'—‘;’;_h:a_p
™
The algf)rit_hm to calculate the HLF for a mixed coupling
& €me is given in [45]. It relies on the ratio v of spin-orbit
Upling coefficient A to the rotational constant B. With
: e&nd B from [46] using the fact that B is only weakly
“Pendent on v”| we use here an average value of v = 74.5.
2 The renormalized Hénl-London factors for the
-___}2]]' t iy . o o
1/2 transitions with j = 1/2 and j” = 3/2 are

BiVen explicifle ; ; i
from [i’;?hmtly in Table 1. Using the Einstein coefficients

Ay o — _
00 =1.002 x 10%s™! — 190 = 6.406 x 10~3! Asm

.AO,B = 8.801 x 1045_1 —_— P:U,ﬁ = 2904 X 10—31 Asm

'm ll : .
t;“g?; Polarized light (Am = 0), the dipole matrix ele-
ang he NO 7(0,0) and (0, 6) bands were calculated

© also given in Table 1.

E‘(t) = Eo exp(—(t/A)?), an homogeneous intensity dis-
tribution within a circular area of radius R and a pulse
energy W, the electric field amplitude E, at the center of
the pulse is given by

B — W 2v/2
2 w3/2R2ceq AT’

Typical Rabi frequencies for the pump- and Stokes tran-
sitions (5" = 1/2) CH (v = 0) —2 ZH(»' = 0) with
p=2.135x1073! Asm, and 25H(v' =0) —s 2 I 5 (v" = 6)
with 4 = 0.968 x 107*! Asm, respectively) are given in
Table 2. The Stokes pulse energy needs to be a factor of
five larger than the corresponding pump pulse energy to
equalize both Rabi frequencies.

(A.3)

Appendix B: Relative transition strengths

For a full treatment the consequences of hyperfine splitting
need to l?e considered. We determine the dipole moments
for transitions between levels in the X-state with quantum
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—2Ap + Ax 0 Q0 (/8/90p 0 0
0 —2Ap — Ap /8/90p -;-Qp 0 0
Ho—_D 1Qp V/8/9p Ap 0 305 V/8/9s (B.4)
*T 2| B9 10p 0 ~As  /8/99s 10s
0 0 3Qs 8/90s —2As + Ac 0
0 0 8/90s  30s 0 —2As — Ac

Table 3. Relative transition strengths S, in units of
|5, K'|d|5”, S[* for linear polarization g = 0 (see Eq. (B.1
and B.2)) with j” =j' =1/2 and I = 1.

X F’=3/2 =1/2
A My | 32 1/2 -1/2 -3/2| 1/2 -1/2
3/2 | 9/54 - = = : .
F=|1/2| - 1/54 - - | 8/54 -
3/2 | -1/2 | - - 1/54 - - 8/54
3/2 | - - - 9/54 | - .
F=|1/2 | - 8/54 - - | 1/58 -
1/2 | -1/2| - - 8/54 - - 1/54

numbers (v”, Q, I, j”, F, M{) and the A-state with
quantum numbers (v', k', I, j', F', Mg). The electronic
and vibrational contributions may be separated according
to ([22], Chap.21)

Hdip = HelV/ FCF(v',v")

X{kr,I,j’,F’,Mi:-ldq[Q,I’j{’,FH,M;)

(B.1)

= pa/ FCF(v',v") HLF(j', k', j", Q)

p o o1 F
NG I2F — ML+
=y T (—M{, AM M{;)

«/EF T 1)2F 1 1) x {I{i, 3 f,, } :
The ratios of the relative transition strength factors
Sq =K', 15", F', Mg|dg|Q, I, 5", F", Mg)|*  (B.2)

to the Honl-London factors HLF (5, k', j", §1), calculated
from equation (B.1), are given in Table 3. With these re-
lations the Hamiltonians in equations (2.1 and 2.2) read
explicitly

Hy= -3 Oy Ay O (B.3)
0 s —2As5—Ac

and see equation (B.4) above
where the coupling strength is given with reference to the
Rabi frequencies in the three-state system, 215 = {2p and
Q32 = Qs.

Appendix C: Coherent population return

The dynamics of the interaction of coherent radiation with
a two level system is well known [22]. Here, we explain

why a strong pulse of coherent radiation with smooth en-
velope does not lead to substantial saturation broadening.
The understanding of this phenomenon is important for
the normalization procedure of the transfer efficiency in a
three level system.

Pulsed laser excitation with large pulse area and an
interaction time much shorter than the lifetime of the ex-
cited state leads to Rabi oscillations. Figure 15 shows the
population of the upper state after the interaction with a
gaussian pulse or a pulse with a rectangular shape, both
of them having the pulse area [Q(t)dt = /7Q2A7. The
half width at 1/e with respect to the maximum of the for-
mer is A7, while the duration of the latter is \/TA7. For
on resonance tuning (A = 0), the variation of the excita-
tion probability is the same for both pulses. However, for
A # 0 the excitation dynamics is dramatically different.
While substantial saturation broadening is observed for
excitation with a pulse of rectangular shape, such broad-
ening is not observed for a gaussian pulse.

The eigenstates of the Hamiltonian of the system

-3 (a0 V)

are written in the basis of the bare states |1) and |2)

(C.1)

|at) = cos ©|1) — sin |2} la=) = sin O|1) + cos O|2)

(C2)
where
2 7 _
R — Q :\/Q +A A (C.3)
V2 4+ A2+ A Q

and the corresponding eigenvalues are
+ 1 2 2
we = :t§ 02 4+ Az,

For A # 0, we have tan®@ = 0 at very early and very
late times (2(t) < |A|). Therefore |(a*|1)| = 1 at early
and late times and no population remains in state |2) at
the end of the pulse, provided the evolution is adiabatic,
i.e. |©| < |w*|. This phenomenon is known as “Complete
Population Return” (CPR) [47]. For Gaussian pulses, the
condition for adiabatic evolution is well satisfied and only
little population is transferred from the initially populated
state [at) to the state |a~). Some of the population which
reaches the latter will be in state |2) at the end of the
interaction. For a Gaussian pulse excitation will only be
observed for A < 1/Ar.

} B

T
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Excitation with
gaussian pulses

Excitation with
square pulses
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Pulse area | Q(t)dt I Q(tydt

Fig- 15. Comparison of the excited state population in a two

level system for gaussian pulses (a) and square pulses (b) of

same pulse areas (square pulse duration \/7A7), as a function
of the Rabi frequency ;2 and laser detuning A, 5.

The sudden increase of the Rabi frequency in case of
the rectangular pulse leads to strong nonadiabatic cou-
pling of the states |a*) and |a~) at the beginning and
the end of the interaction. In the beginning the angle ©
ncreases suddenly to a value determined by the Rabi fre-
quencies and the population in |1) is distributed accord-
ingly to the dressed |a*) and |a~) states. At the end, the
phase relation w*¢ between the dressed states determines
how the population projects back onto the bare states.
Averaging over this relative phase, the final population in
the upper state

[(2|Z(t > 0))|? = 2sin® ¢ cos® ¢ sin’(wtt) (C.4)
02
~ 2(07 + A2y

shows the expected Lorentzian line profile with full width
at half maximum Apwam = 0.

Appendix D: Dependence on the pulse
shape

The envelope E(t) of laser pulses often derivates from a
E?Llsman shape. Here we examine the detrimental effect
Ol asymmetry of the pulse shape. Such an asymmetry

fould be caused by a slow decay of the inversion in the

Nd:y,

& AG rod or nonlinear effects in the pulse amplifiers or
€ doubling crystals. Also Nd:YAG lasers with an inter-
Phase conjugate mirror exhibit an intrinsic asymmetric
S¢ with a fast rise time and a slow decay.
or the purpose of demonstration, we assume the
SYmmetric pulse shape shown in Figure 16. The tails
ent the increase of the mixing angle to @ = 90° as
?:ededl for complete transfer. Figure 16 shows the simu-
Altt time evolution of the popuIE}tion due to such pulses.
Ough at ¢ ~ 3ns, the population is transferred almost

bul

t Mpletely to the final level, a large fraction of it returns

€ initial state. Furthermore, we note that the small

Q,, Q  [rad/ns]

Population

Population

Time t [ns]

Fig. 16. Comparison of the population evolution (b) during
the STIRAP excitation using a pulse envelope with tails (a) to
the evolution using gaussian shaped pulses (c). The maxima
of the Rabi frequencies % p = 27 320 MHz were chosen to fit
the measured two photon linewidths.

Rabi frequencies in the tail do not assure adiabatic follow-
ing and some population is lost by non-adiabatic coupling.

It is interesting to note that the determination of a
pulse shape for most efficient transfer by the optimal con-
trol theory [48] leads to asymmetric forms. However, the
optimal shape of the Stokes laser shows a slower rise and
a faster fall, while the optimal shape of the pump laser is
one with a faster rise and a slower fall.
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PACS. 32.80Pj - Optical cooling of atoms; trapping.
PACS. 32.80Qk — Coherent control of atomic interactions with photons.

Abstract. - Sideband laser cooling using stimulated Raman transitions is performed on
!:rapped cesium atoms. The confinement is produced by a far—off-resonance dipole trap consist-
ing of two' cmsstled YAG beams which, by interference, create a one-dimensional optical lattice
In a pure intensity lattice, we measure a 1D temperature of T = 6 uK corresponding to a mean

quantum vibrational number of about (nv) = 0.75. In a polarization gradient lattic
r 75. e, the fi
temperature is T' = 3.6 uK corresponding to (n.) ~ 2.4. = e finel

Sideband laser cooling has become a very efficient method to prepare ions in the vibrational
ground state v = 0 of a harmonic trap of frequency w, (1]-[4]. The resolved sideband regime is
obtained when the width of the excited state of the two-level system is much smaller than w,,.
This condition is conveniently fulfilled when using Raman transitions between two Iong-livevd
states [5]. In the Lamb-Dicke regime, the rms size of the fundamental vibrational state Az is
much smaller than \/27, where ) is the wavelength of the cooling transition. In this regime a
two-level ion excited from the n, vibrational level in the ground state to n, — 1 in the excited
state decays mostly into n, — 1 in the ground state. Using this method, Monroe et al. [4]
prepared an ion in the ground state of a three-dimensional trap 92% of the time. The ability
to prepare ions in this pure, minimum uncertainty, quantum state has enabled spectacular
advances such as the preparation of Fock states or Schrddinger cat states [6].

In the case of neutral atoms, it is much more difficult to realize a single potential well
satisfying the Lamb-Dicke condition. However, this condition can be fulfilled using optical
lattices [7]. Sisyphus cooling has long been studied in nearly resonant lattices and atoms have
been cooled in three dimensions to a mean vibrational number (ny) = 1/(eMv/®aT _1) ~ 1 [8].
In such a case cooling and trapping are intimately coupled as the same lasers are responsible

for both. Selection of atoms in n, = 0 has recently been performed in a 3D far detuned
lattice [9].

(") Present address: Fakultit fiir Physik der Universitat Konstanz, Germany.
© EDP Sciences
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Fig. 1. — Configuration of the dipole trap beams and the resulting polarization with respect to the
quantization axis aligned along the down-going YAG beam in the lin L lin case (a). The period of
this modulation is A\/(2sin &) = 665 nm. Trap potential for parallel polarizations of the YAG beams
(b), and orthogonal polarizations (c), displayed for m = 3. In (b) the potential is independent of the
magnetic sublevel. (d) Absorption picture of the trap 10 ms after loading from a MOT in the lin L lin
case. Untrapped atoms fall along the YAG beams whereas atoms in the intersection volume of both
beams remain trapped for up to 1-2 seconds.

In this letter we demonstrate efficient sideband cooling of cesium atoms in a 1D far—off-
resonance lattice. We use stimulated Raman transitions between the two hyperfine ground
states, which act as an effective two-level system with a narrow width [5], [10]. In contrast
to near-resonance Sisyphus cooling, the dissipation induced by the lattice beams is totally
negligible. Vibrational sidebands are resolved and co-propagating Raman beams with fre-
quency difference tuned to the red sideband are used to induce Doppler-insensitive transitions
to extract energy from the system. Cooling is performed by a sequence of pulses in the time
domain which are matched to the energy width of the sideband and dissipation of energy
is provided by an independent repumping process. Our cesium sample is confined in three
dimensions in a crossed dipole trap and the 1D lattice simply results from their interference.
A time-of-flight method in two-dimensional absorption imaging provides a direct measurement
of the velocity distribution in the lattice direction and in a direction orthogonal to it. We
show in two simple cases that, depending on the choice of the trapping beam polarizations,
the sideband cooling mechanism is quite different from the ion case and new processes occur.
In the first case, we observe a 1D temperature of 6 uK corresponding to a mean quantum
vibrational number of (n,) = 0.75, i.e. 57% of the atoms are in the n, = 0 state. In the
second case, we get a temperature of 3.6 uK and (n,) ~ 2.4.

Our experiments proceed as follows: cesium atoms are collected for 1s in a magneto-optical
trap (MOT) from the background gas at 10~ mbar and loaded into a red-detuned crossed
dipole trap with a peak density of a few 10'2 at/ cm® [11]. This trap consists of two TEMgq
Nd:YAG laser beams with a power of 5 W each which cross in their focal points with a common
waist wo = 80um. They propagate in a vertical (z, z)-plane and make an angle of a = £53°
with the horizontal axis z (fig. 1a). The attractive potential is given by the ground-state
light shift AE = h2%,(r)/4Ayag, where 2yaq is the Rabi frequency of the light field and
Avyag is defined by 3/Ayag = 1/4A; + 2/A;. Here A; is the detuning between the YAG
laser frequency and the D; line of Cs. Since A; is much larger than the excited-state and
ground-state hyperfine splitting, the Hamiltonian reduces to an effective Hamiltonian Heg
acting on a J = 1/2 manifold. Therefore, Heg is the sum of a scalar term and a term
equivalent to a fictitious magnetic field which depends on the local polarization of the light.
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Fig. 2. — Absorption pictures of the atom cloud recorded 100 ms after the MOT has been switched off
for parallel (a)‘a.nd orthogonal (b) polarizations of the dipole trap beams. In the lin | lin configuration

the trap contains about 2- 10° atoms. Absorption pictures after 5 ms time of free flight before ( c) anci
after (d) sideband cooling with lin L lin polarizations of the dipole trap beams.

With Ayag = —27x64 THz, the photon scattering rate is less than 3s~! and can be neglected.
The lifetime of the trap is about one second, due to collisions with the background gas. Both
of the beams are linearly polarized: One polarization is always orthogonal to the (z, z)-plane
while the other is either parallel or orthogonal to the former. The trapping potentia.l, strongly
depends on this choice, as illustrated in fig. 1 and fig. 2.

With parallel polarizations (lin || lin along y), the YAG intensity is modulated in the

z-direction with a period a = A/(2sin @) = 665nm. In this case, all |F, mp) states see the same
trapping potential modulated between zero and a maximal value U) varying as the Gaussian
shape of the beams, U™ /ks = 400(100) uK at the centre (fig. 1b). The calculated vertical
oscillation frequency in a micro-well is v = 180kHz in the centre, whereas the horizontal
oscillation frequencies are only about 300 Hz. When the MOT is switched off, atoms located
far from the centre remain trapped in either one of the YAG beams because the interference
with the wing of the other beam is sufficient to compensate gravity. This explains the “X”
shape of the trap seen in the absorption image (fig. 2a).
_ When the polarizations of the YAG beams are orthogonal (lin L lin case), there is no
intensity modulation on the wavelength scale but the polarization of the total light field is
modulated. Since the fine structure of the Cs 6p state is non-negligible with respect to the
detuning of the YAG laser, the D1 and D2 transitions (at 894nm and 852 nm, respectively)
f:ontribute differently to the light shift, which therefore depends on the local polarization. It
is the sum of a scalar term U, (with UP2/kg = 200 uK) and a term modulated along z
(period a) that is formally equivalent to a magnetic field along the axis orthogonal to the
polarization of the two YAG beams. This axis is chosen as the quantization axis. The effect
of this effective field is opposite in the two hyperfine states due to opposite gyromagnetic
factors. The amplitude of the modulation is +3.5% of U 1 for the extreme magnetic sublevels
m= +3 (see fig. 1c). When the modulation is smaller than kg7, the global shape of the trap
is unaffected and is Gaussian (fig. 2b). Finally, we emphasize that the effective trap depth is
only UP**/2 as atoms may escape along one of the YAG beams.

Sideband cooling is performed using two-photon Raman transitions between the F — 3 and
F' = 4 hyperfine states [11], [12]. Copropagating Raman pulses are used, so that the Doppler
shift is negligible. Both beams propagate along the —z direction with linear polarizations
always orthogonal to each other. With respect to the quantization axis, they couple the |3, m)
state with the [4,m’) state where m’ — m = —1,0 or 1. Their detuning from the D2 line
A = 27 x 25 GHz is large compared to the hyperfine structure of the excited state. Their
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Fig. 3. — Raman spectra of uncooled atoms in the lin ||‘lm (a) an _ )
spigctrum after 100pms of sideband cooling in the lin L lin case. Note the different scales in (b]_anti
(¢). The dotted line in the panels (a-b) is the corresponding spectrum on free atoms. (d): Ratio o
the blue to the red sideband as a function of the cooling time (lin L lin case).

frequency difference is Aprs + 8, where § is the Raman detuning and Ayrs = 27 >< 9.2 Gle.
The cooling process consists of a sequence of Raman pu‘lses followed by repumping pu _se53
(resonant with the D2 F =4 — F’ = 3 transition) which return the atoms to the F =
state. To avoid a systematic momentum transfer, the repumping is done.wn;h three standing
waves along z,, z. The sideband cooling relies on the large energy spacing AE betwc.aen the
vibrational levels of the micro-wells in the z-direction. These levels are reso}ved with tl}e
Raman transition and for § < 0, the atoms are forced into lower-lying v1brat14_3nal levels in
F' = 4, The copropagating Raman pulses are selective only in interna‘l state and in energy but
do not induce any momentum change. The elementary cooling cycle is completed with a 20 us
repumping pulse and the atoms lose an energy of about || on average. .

The Raman spectra shown in fig. 3 depict, as a function of 4, the fr.actlon of atoms
transferred to F' = 4 by a Raman probe pulse, and measured by state—selectl?re lase}' 1nduc.ed
fluorescence. To avoid Rabi oscillations of saturated lines, the Raman transfer is obtained W}th
a rapid adiabatic passage by chirping § during the pulse over a range Ad [11]. If the cha;p
is sufficiently slow, the atoms follow adiabatically a dressed state and are transferred to tbe
other hyperfine state as soon as the effective detuning crosses a resonance. Thg Raman probe
is a 1 ms pulse chirped over Ad = 16 kHz which determines the et‘le:lrgy resolution. .

In the lin || lin case for the YAG beams we do not expect transxtloxfs b.et?veen atomic stat;s
with different vibrational energies in the micro-wells since the potential is independent of the
internal state. Two wave functions with different vibrational quantum num’b_ers are orthogonal
and a change of the vibrational level is forbidden in the Ra.ma.ng‘trans@logs. However,ha
typical Raman spectrum (fig. 3a) consists of three peaks, a ?entral ”Raylelgh peak when the
Raman detuning is zero and two lateral “Stokes” and “anti-Stokes” peaks when the R,a;la.n
detuning is about £u|. The position of these two peaks depenc?s on the YAG power Pyac
and scales as v/Pyac like the oscillation frequency. The maximum oscillation frequency
deduced from these spectra is 130 kHz, somewhat smaller than the calculated' one. The
height of the sidebands is very sensitive to the intensity of the; Raman beams: it is almost
zero if we select with a 7= Blackman pulse, whereas with chirped Rz_zma.n pulses it keeps
increasing while the central peak is saturated. The width of the sidebands reflects the
inhomogeneity of the oscillation frequency across the trapped cloud (see fig. 10 and ﬁg.. 2a).
The sideband cooling sequence in the lin || lin case uses a 100 us Blac%ci.nan pulse [13] chirped

from § = —80 kHz to § = —96 kHz centered on the anti-Stokes t.ran51t10n of fig. 3a, followed
by a 20 us repumping pulse. When repeating this sequence 754 times, the tfemperatgre along
2 decreases from 14(2) uK to 6(1) uK, while the horizontal temperature slightly raises from
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17(3) uK to 20(3) uK. These temperatures are extracted by a time-of-flight technique from
absorption images [14]. Assuming a thermal distribution, one finds about 57(5)% of the
atoms in the vibrational ground state for v) = 100 kHz. We believe that the surprising
observation of sidebands is due to a small defect in the polarization of the YAG beams:
for instance, the resulting potentials in F = 3 and F — 4 could differ by a few percent
and two different vibrational states in the F = 3 and F = 4 manifolds would no longer be
orthogonal. Therefore, the transition probabilities depend strongly on the YAG polarizations:
experimentally, changing by one degree the polarization direction of one YAG beam alters the
amplitude of the sidebands by a factor 2-3.

In the lin L lin case, the situation is quite different; transitions between different vibrational
states are always allowed since the modulated potentials are different for |F' = 3,m) and for
|F" = 4,m’) and the external wave functions are thus no longer orthogonal. The modulation
amplitude of the potential is proportional to m, with opposite signs for F' = 3 and F = 4. This
induces a spatial shift of the structure by half a period (a/2) between the two hyperfine states.
Raman transitions fulfill the rule Am = +1,0 with probabilities proportional to the squared
overlap integral of the vibrational wave functions, i.e. the Franck-Condon factors (FCF).

Raman spectra display two broad peaks centered at about +70 kHz in addition to a narrow
central peak (fig. 3b). The maximum oscillation frequencies deduced from the lin || lin data are
vi(m) = v x 0.15 x y/Im| = \/Jm] x 20 kHz. The detuning of the maxima of the sidebands is
larger than the oscillation frequencies because transitions with An, =1 are less favored than
those with An, > 1 due to the FCF. We cool using a 300 us Raman pulse chirped between
—40 kHz and —56 kHz centered on the anti-Stokes peak, followed by a 20 us repumping
pulse. Two 5ms time-of-flight absorption images are shown in fig. 2 (c) and (d), before
and after 100ms of sideband cooling (273 pulse pairs). The velocity distribution is clearly
compressed along z while it is slightly broadened in the horizontal plane. The temperature in
the z-direction drops from 18(0.5) uK to 3.6(0.5) 1K, whereas in the horizontal plane it raises
to 24(1) uK. After cooling, the red sideband almost disappears while the blue one increases
with respect to the Rayleigh peak (fig. 3¢ and d). From the time evolution of the ratio of
the two sidebands, we deduce typical cooling times in the 10-20ms range. Note that the
Raman spectra depict the convolution of the total energy distribution of the atoms in F = 3
with the transition probabilities to all the accessible levels in F' = 4. Since the Raman transfer
efficiency depends on the populations in the different m-sublevels which are not measured here,
we cannot simply deduce the velocity distribution from the Raman spectra as in the case of
trapped ions. The comparison of the final temperature of 3.6 uK with the potential well depth
of ~ 10 uK which is an average over m (m = 0,+1, 42, +3) shows that most of the atoms are
bound in the modulated structure. Assuming equal populations in the magnetic sublevels and
a thermal distribution, the mean vibrational number in the micro-wells is (n,) = 2.4.

The sideband cooling described here differs in several respects from the sideband cooling
of trapped ions [1], [3]. Due to energy conservation, every red-detuned Raman pulse imposes
a loss of external energy (linked to the external part of the wave function) in a F = 3 —»
F' = 4 transition, i.e. the atoms are transferred to energetically lower-lying vibrational states,
including states of higher vibrational quanta if m/ # m. However, the FCFs are very small for
transitions between tightly bound states if m does not change sign. This is due to the very
weak overlap of the corresponding wavefunctions in the spatially shifted potentials. All the
potential wells in F' = 3 coincide with local maxima of the potential surface in F' = 4 for m’s
of same sign (and vice versa). Thus the FCFs are vanishingly small (< 107) for atoms in the
first two bound states with |m| > 2. Therefore, the disappearance of the red sideband does not
imply that the atoms are accumulated in the vibrational ground states of the six modulated
magnetic sublevels.
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The same transition probabilities apply to the repumping process, but work in the opposite
sense. It preferably heats the tightly bound atoms in F' = 4 since t%ley are locat_ed at the
maxima of the respective potential in F' = 3. It preferably cools atoms in highly ex_cnted levels
which have a large FCF with tightly bound states in F' = 3. However, the repumping bac%('to
F' = 3 needs one or two emission cycles and m may change significantly, e.g. the probability
for |[Am| = 3 is 2%. If m changes sign, transitions between tightly bound sFates become more
favored. We observe experimentally that the balance between Raman cooling and repumping
is reached when the red sideband almost disappears. First results of a quantum Monte 'Ca.rlo
simulation confirm that the red sideband disappears when the fraction of atoms bound in the
modulated potential increases, in good agreement with our observations. o

We believe that this method can be pushed further to cool atoms down to the v1brat10¥131
ground state in a 1-, 2- or 3-dimensional lattice. In the lin || lin case, cogl}ter—propag.a_tl’ng
Raman beams will allow transitions between all vibrational states and t:ra.nstmn proba!mlltles
between tightly bound states will not vanish, in contrast to the case studn.ed here [15] . With 1';he
high oscillation frequencies produced here, heating due to photon multiple scattering during
repumping at high optical thickness could be overcome [16].
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We describe the preparation of Fock states of motion of cesium atoms trapped in potential wells of a far
detuned optical lattice. Direct observation of the velocity distribution of the |[n=0) and |n=1) Fock states is
obtained by an absorption imaging technique. [$1050-2947(99)50701-4]

PACS number(s): 32.80.Pj, 03.75.—b

The quantum harmonic oscillator is one of the canonical
models in physics. Noninteracting boson fields, such as pho-
tons, are described, for each mode, by a harmonic Hamil-
tonian H=fw(a'a+ 1/2). The eigenstates of H are number
states, [n=0),ln=1), ..., called Fock states. In cavity
electrodynamics, the Fock state |n= 1) has been produced
[1]. For a particle trapped in a harmonic potential, the Fock
state [n) consists of n quanta of vibrational excitation of the
center-of-mass motion. |n) is nothing but the vibrational
state of quantum number n. A system that has been exten-
sively studied consists of a single ion confined in a harmonic
potential. Sideband cooling in the Lamb-Dicke regime has
been used to prepare the ion in the ground state of a three-
dimensional trapping potential [2—5]. From this pure quan-
lum state, a number of nonclassical states of motion (Fock
states n=1,2, ..., Schrédinger cat states, etc.) have been
prepared [6]. Recently sideband cooling has been extended
lo neutral atoms confined in optical lattices [7,8]. In each
potential well of the lattice, the atoms experienced a har-
monic potential and after two-dimensional sideband cooling
Ehe population of the vibrational ground state reached 98%
7.

In this paper, we present the preparation of |n=0) and
In=1) Fock states of motion of neutral atoms and a direct
observation of the velocity distribution of |n=1). First, one-
dimensional sideband cooling using Raman transitions is
used to prepare 92(5)% of the atoms in the n=0 state. A
Properly chosen Raman pulse then transfers the atoms in the
n=1 Fock state. Finally, the velocity distribution of [n=1)
is recorded using a time-of-flight technique. In contrast to the
'on experiments where the distribution over the Fock states
Was deduced from an analysis of Rabi oscillations, our
Straightforward method gives direct access to the square of
the modulus of the wave function in velocity space.

We use the experimental setup described in [8]. Cesium
aloms are trapped in a red detuned crossed dipole trap [Fig.
1@)]. This trap consists of two TEM, neodymium-doped
YUrium aluminum garnet (Nd:YAG) laser beams with a
Power of 5 W, each of which crosses at its focal points with
4 common waist wo=120 pm. The two beams are linearly
Polarize along the same axis, propagate in a vertical plane,
3d make an angle of a=+53° with the horizontal plane.

tcause the detuning of the YAG laser from the D 1 and the
2 lines (about 64 THz) is much larger than all hyperfine
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splittings, atoms in both hyperfine states F=3 and F=4
“see’” the same scalar potential, proportional to the light
intensity [8]. The photon scattering rate is less than 2.2 s~/
and can be neglected in our experiments. The lifetime of the
trap is about one second, limited by collisions with the back-
ground gas.

The interference of the two YAG beams produces a
modulation of the intensity along the vertical direction (z
axis) with a period of a =M/(2sina)=665 nm. Thus the trap-
ping potential is modulated along z with a maximum depth
of 200(20) uK at the center [Fig. 1(b)]. The vertical oscilla-
tion frequency in a microwell at the center of the trap is
v§5c= 120 kHz. This oscillation frequency decreases from
Vose t0 0 for wells far from the center. To avoid a large
dispersion of the oscillation frequencies, the trap is loaded
from a small cloud of atoms having an rms width of 56 pm,
leading to a dispersion of the oscillation frequencies of
~8%. This is performed by first loading from a magneto-
optical trap the crossed dipole trap with orthogonal polariza-
tion of the two YAG beams. In this case, there is no intensity
modulation and the atoms are confined at the bottom of the
potential [8]. After 50 ms, the intensity lattice is produced by
turning in 10 ms the polarization of one of the YAG beams
so that it is parallel to the other. In this way, about 150
horizontal planes are populated with ~650 atoms in each
plane. The Gaussian shape of the YAG beams provides a
weak horizontal confinement with oscillation frequencies
around 200 Hz. The potential wells of the optical lattice are

(@ (b)

U(pK)

300 -150 0 150 300
Z (um)

FIG. 1. (a) The dipole trap beams propagate in a vertical plane
and have the same linear polarization. They create a far detuned
optical lattice along z with a period of 665 nm as well as a weak
confining potential in the horizontal plane. (b) Cut of the resulting
trapping potential along z including the effect of gravity. The period
of the modulation has been multiplied by 50. The vertical oscilla-
tion frequency in a microwell at the center of the trap is 120 kHz,
whereas the horizontal oscillation frequencies are v, =180 Hz and
v, =220 Hz. '

R8 ©1999 The American Physical Society
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FIG. 2. Raman spectra (a) before cooling and (b),(c) after 20 cooling sequences. Plotted is the number of transferred atoms as a function
of the Raman detuning 8. The Raman probing pulses for (a) and (b) are 150-us-long Blackman pulses, in the low intensity limit for the
sidebands. (a) The dotted line shows the excitation profile of the Raman cooling pulses. (b) The quasidisappearance of the red sideband and
the decrease of the blue sideband indicate that most of the atoms are accumulated in the n=0 vibrational state. In (c), the Raman transition
is performed by rapid adiabatic passage at high intensity (see text) so that the efficiency of the transfer is close to 1 for both sidebands and
the central peak. From the ratio of the two sidebands we obtain ny=92(5)%.

deep enough so that, for the first 10 bound states, tunneling is
negligible and the potential acts as a harmonic potential. As
the initial temperature is 13 K, about 30% of the atoms are
in the fundamental vibrational state and the mean vibrational
number is 3.2. The atoms are initially pumped into the F
=3 hyperfine ground state.

The Lamb-Dicke factor of a single photon transition 7
=kAzy, where k=7.4X10°m™" is the wave vector of the
D, transition and Azy=20 nm is the rms width of the fun-
damental ground state, is small (7=0.14). In this regime
resolved sideband cooling will accumulate most of the atoms
in the vibrational ground state [3,5].

Sideband cooling is performed using two-photon Raman
transitions between the F=3 and F=4 hyperfine states
[8,5,9]. Here, we use counterpropagating Raman beams so
that a Raman transfer with a change of the vibrational level
is allowed: the two-photon Raman coupling between
vibrational ~states |n) and |n') is (n|e***|n’)
=(n|2in(a+a*)n') for low n. Both beams propagate along
the z axis with orthogonal linear polarizations. Their detun-
ing from the D, line A= —30 GHz is large compared to the
hyperfine structure of the excited state. Their frequency dif-
ference is A ypg+ & where & is the Raman detuning and
A 4ps=9.2 GHz is the frequency difference between the
ground hyperfine states. With the intensity used for the cool-
ing, the Raman spontaneous process rate is about 10? s™!
and the induced heating can be neglected here.

Information on the vertical motion of the atoms is pro-
vided by ‘‘Raman spectra’’ that depict the number of atoms
transferred from F=3 to F=4 by a Raman probe pulse as a
function of 8. The number of transferred atoms is measured,
after the probe pulse, by the fluorescence induced by a laser
resonant with the transition 68, ,F=4—6P3,,F'=5. The
Raman probe pulse is, for Figs. 2(a) and 2(b), a Blackman
pulse [10] with an overall duration of 150 us. The Raman
spectrum [Fig. 2(a)] consists of three peaks. A central peak
(carrier) at zero Raman detuning corresponds to a transfer to
F=4 without change of vibrational level: An=0. Two side-
bands at a Raman detuning 6= * v =*100 kHz corre-
spond to a transfer with a change of the vibrational level
An==*1. The width of the sidebands is larger than that of
the central peak because of the slight inhomogeneity of the
oscillation frequency across the trapped atom cloud [see Fig.

1(b)]. In addition to Raman spectra, we perform two-
dimensional absorption images on a charge-coupled-device
camera with a horizontal probe beam. The probe is o, po-
larized, tuned to the F=4—F'=5 transition and turned on
for 60 ws. First, an image taken just after the switching off of
the YAG gives a measurement of the trap size. Second, im-
ages taken after a long free expansion of the atoms reflect the
velocity distributions along z and x (time-of-flight method).

Our Raman cooling process consists of a sequence of Ra-
man pulses tuned to the red sideband followed by a 20-us
repumping pulse (resonant with the D,F=4— F'=4 transi-
tion), which returns the atoms to the F=3 state. The Raman
cooling pulse is a 500-xs-long Blackman pulse chirped from
6= —50 kHz to 6= — 140 kHz covering the red sideband of
Fig. 2(a). When repeating this sequence 20 times (in 10 ms),
the rms width of the velocity distribution along z, measured
by time of flight, decreases from 31(3) mm/s to 11(1) mm/s
[Fig. 3(a)]. Within our experimental error, this value is equal
to the rms width v of the velocity distribution |(v]|n=0)[*
of the Gaussian vibrational ground state: vy= Vhvy/(2m)
=12 mm/s [Fig. 3 (c) smooth line]. During cooling, the hori-
zontal temperature rises from 13 to 20 wK. On the Raman
spectrum after cooling [Fig. 2(b)], the red sideband disap-
pears as expected if all the atoms are in the ground state. The
height of the blue sideband also decreases as expected if the
atoms are pumped into lower n states, since the Rabi fre-
quency of the n—n-+1 transition decreases as n decreases.
From Fig. 2(b), it is in principle possible to infer the popu-
lation of [n=0) [3,4], but the weakness of the red sideband
makes this measurement imprecise.

To circumvent this limitation, we use a Raman probe
pulse that has a transfer efficiency close to 1 for both side-
bands and the central peak. This pulse is realized by slowly
chirping its frequency (d&/dt=—60 kHz/ms) in order to
perform a rapid adiabatic passage between F=3 and F=4
as the detuning crosses a resonance [11]. The adiabatic con-
dition is fulfilled with a Rabi frequency of ~2 X 13 kHz for
the transition F=3,n=0— F=4,n=1. The pulse duration i$
1 ms and the amplitude of the frequency chirp is 60 kHz s0
that it covers completely each of the sidebands but still re-
solves them [Fig. 2(c)]. The Raman spectrum of Fig. 2(c)
depicts the number of atoms transferred to F=4 as a func-
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FIG. 3. Absorption images of Fock states (a) [n=0) and (b)
[n=1) taken after a time of flight of (a) 6 ms and (b) 10 ms.
Measured distributions along z are compared to the calculated ones
in (c) and (d). The calculation assumes that all the atoms are in the
corresponding Fock state and takes into account the initial size of
the cloud along z measured independently (rms width of 56 pm).

tion of the initial detuning of this pulse. On this spectrum,
the blue sideband has the same height as the central peak and
the transfer efficiency is consistent with 1 within our 5%
experimental error. On the other hand, the red sideband re-
mains barely visible. As the blue (red) sideband corresponds
loatransfern—n+1 (n—n— 1), all atoms contribute to the
blue sideband, whereas only atoms that are in the excited
vibrational levels (i.e., n>>0) contribute to the red one. The
ratio between the height of the red sideband and that of the
blue sideband is equal to 1 —ng, where ny is the fraction of
atoms in the fundamental vibrational state. From Fig. 2(c) we
obtain ny=92(5)%. Thus, we have prepared a sample of
about 150 horizontal planes in which almost all atoms oc-
cupy the lowest quantum state of the vertical motion.

Once the atoms are cooled to the fundamental quantum
Siattf, it is straightforward to prepare any other Fock state of
Motion by a sequence of transfers performed on the side-
baljds or carrier. For instance, we prepare |[n=1) as follows.
Using a single Raman pulse tuned to the blue sideband, we
U'angfer the atoms in the vibrational state [n=1) of F=4.
Again, to achieve a transfer efficiency of ~1 we use a 1-ms

aman pulse frequency chirped over 60 kHz and centered at

90 kHzZ.
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The velocity distribution of the vibrational state n=1 ig

P(U)=|(Uln:l)lzz_‘—l‘—ivze‘uzﬁvﬁ_ (l)

U,

It displays two peaks at + \/500 and P(v=0)=0. The image
taken after 10 ms of time of flight [Fig. 3(b)] indeed exhibits
this double peak structure.

To make a quantitative comparison between observed and
expected spatial distributions along 7 after a time of flight of
duration 7, we must take into account the finite initial size of
the cloud. The expected spatial distribution F(z2) is

I oo —
F(z)= ?f_mFo(Zo) P(z rzo)dzo, (2)

where_ Fo(zg) is the initial spatial distribution which js
Gaussmr} with an rms width of 56 um, and P((z—zq) /1)
= P(_u) is given by Eq. 1. As shown in Fig. 3, the calculated
distribution agrees well with the measured distribution, with
no other adjustable parameter than the amplitude. Any higher
Fock state could be prepared by applying a succession of
Raman ‘pu]ses that transfer the atoms into the other hyperfine
state with an increase of the vibrational number of 1. For
example, to produce the Fock state |n=2), a first Raman
pulse on the blue sideband transfers the atoms in F=4 in
[n=1) and then a Raman pulse on the red sideband brings
them back to F=3 in [n=2).

Two directions could be explored for a future work. First,
the manipulation of quantum states can be pushed further: a
time-dependent coherent superposition of vibrational states
could be produced and detected in the same manner as here.
The quantum control of the single particle and the entangle-
ment of several particles are essential ingredients for the re-
ghzaliop of a quantum computer [12]. Second, it would be
Interesting (o study the behavior of the trapped gas strongly
f:onﬁned in one dimension. For instance, after sideband cool-
ing, the cloud is out of thermal equilibrium, the horizontal
kinetic energy being larger than the vertical one. We have
observed that the cloud thermalizes by collisions with a time
constant of ~100 ms. Since the width of the vibrational
ground state along z is 20 nm and the collisional cross sec-
tion for Cs atoms in free space at T=20 #K is on the order
of (50 nm)? [13] how should the collisions be described?
F_mal]y, it would be interesting to search for a two-
dimensional Bose-Einstein condensation in a harmonic trap
[14] by cooling the horizontal motion of our trapped gas.
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PACS. 32.80Pj - Optical cooling of atoms; trapping.
PACS. 32.80Qk — Coherent control of atomic interactions with photons.

Abstract. — We describe a Raman cooling scheme that allows for the simultaneous polarization
and cooling of cesium atoms. Using efficient chirped Raman pulses, cesium atoms confined in
a red-detuned crossed dipole trap are 80 % polarized and cooled to a temperature of 2.4 K.
After cooling, the phase-space density reaches 10™2. We have strong evidence that this value is
limited by multiple photon scattering within the atomic cloud.

Since the first observation of Bose-Einstein condensation in 1995 using evaporative cooling
in a magnetic trap [1-3], important efforts have been made to achieve quantum degeneracy by
all optical methods [4,5]. With current trap oscillation frequencies and atom number achievable
with laser light, the onset of BEC requires temperatures below the single photon recoil
temperature given by kTl = mvZ, = h%k? /m were k is the light wave number and m the
atomic mass. There are two laser cooling methods that can reach ultra-low temperatures when
applied to free atoms, namely velocity-selective coherent population trapping (VSCPT) [6, 7]
and Raman cooling [8-10]. Raman cooling of Na atoms confined in a dipole force trap has
produced T' = 0.42T;.. and a phase-space density of 6.5 x 1073 [4]. Blue molasses [11] and
Raman cooling [5] of Cs atoms confined in a dipole trap have produced phase-space densities
of 1073 and 2 x 10~4, respectively. In these experiments, atoms were spread over all Zeeman
substates. By contrast, gravitational Sisyphus cooling produced a sample of cold polarized
rubidium atoms in a magnetic trap [12]. In this letter, we present a Raman cooling scheme
that allows to simultaneously cool and polarize trapped cesium atoms in a weak bias magnetic
field. Recently, a similar scheme was demonstrated on sodium atoms [13] and a temperature of
0.62 Tiec was obtained at a density of 4 x 10!! atoms /em?. In our experiments, we accumulate
more than 80 % of the cesium atoms into the |F' = 3,mp = 3) stretched state at a temperature
of 2.4 uK. The phase-space density reaches 1073, a factor 7 x 80 % = 5.6 larger than in the
unpolarized case. This figure represents a four-order-of-magnitude gain over the phase-space
density of a cesium magneto-optical trap (MOT) and a factor of 5 improvement over our

(*) Present address: Fakultit fiir Physik der Universitit Konstanz, Germany.
(© EDP Sciences
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Fig. 1. — Configuration of the trapping YAG beams and the cooling beams. A small magnetic field
(10 mG) along the vertical axis z provides our quantization axis. The YAG beams propagate in a
vertical plane zz and make an angle of @ = £53° with the horizontal plane zy. The non degenerate
eigenaxes of the resulting trap at the intersection of the beams are x, y and z. The Raman beams
propagate respectively along © — y and —z and are 7 (resp. ¢~ ) polarized. The Raman transition

is Doppler sensitive and induces a velocity change of v/2vrec along the x —y + 2z direction. The
repumping laser is present in two directions with polarizations ¢t or 7.

previous results. We demonstrate that this value is limited by a heating mechanism associated
with multiple photon scattering within the atomic cloud.

In our experiments, cesium atoms are collected for 1 s in a vapor cell MOT [14]. They are
then loaded into a crossed dipole trap (fig. 1) at a peak density of about 5 x 10!! atoms/cm?3.
This trap consists of two TEMpo Nd:YAG laser beams each having a power of Pyag = 5 W and
which cross in their focal points where the waist is wg = 100 pm (see fig. 1). They propagate in
the vertical zz-plane and make an angle of & = +53° with the horizontal axis z (fig. 1a). The
attractive potential is given by the ground-state light shift AE = hQ%,;(7)/4Ayac where
Qyag is the Rabi frequency of the light field and Ayag is defined by 3/Ayag = 1/A1+2/A,.
Here A; is the detuning between the YAG laser frequency and the D; line of Cs. With
Ayag = —27 x 64 THz, the photon scattering rate is less than 2 s™!. The lifetime of the
trap is about one second, limited by collisions with the background gas. The polarizations
of both beams are linear and parallel to each other, i.e. orthogonal to the zz-plane. An
interference pattern in the vertical direction is therefore produced with a period of 665 nm.
In our previous work, we used this lattice to perform 1D Raman sideband cooling to the
ground state [15,16]. Here, by contrast, in order to produce a quasi-spherical trap, we use an
acousto—optic modulator (AOM) to shift the frequency of one of the YAG beams by 100 MHz.
The resulting interference pattern is moving at 33 m/s and the cold atoms are not able to
follow this fast motion of the lattice. They see a time-averaged potential without this fine
spatial structure. Its depth Upax/ks ~ 70 pK is given by the AC-Stark shift of either one
of the YAG beams. This potential depth corresponds to oscillation frequencies v, ~ 170 Hz,
vy = 5/4v, ~ 210 Hz, v, = 3/4v, ~ 125 Hz. Initially, a few 105 atoms are transferred from
the MOT to the crossed dipole trap. The 1 ¢ radius of the atomic cloud is r = 28 £ 5 pym and
its temperature is Tp = 14 4+ 2 pK. This temperature is measured by an absorption imaging
technique after a time of flight of 5 ms [1].
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w1t_h a transfer efficiency close to 100 %, the detuning of the Raman pulse is chirped [5)} F
a given m, the chirp range determines the velocity classes which are adiabatically transftlarr;}czi‘
to the other _hyperﬁne state. First, we use the following sequence of Raman + repumpin
pulses to optically pump the atoms in the |681/2,F = 3,m = 3) state: With B :pm f:ng
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Fig. 3. - Raman spectra before (dashed line) and after (full line) 15 repetitions of the polarizing
sequence. The right peak corresponds to the |[F =3,m =3) — |F = 4, m = 4) transition. The
Raman pulse is a Blackman pulse which satisfies the 7 condition for the two extreme peaks. The
population in |F' = 3,m = 3) in this spectrum is 80 %.

the detuning § of a 400 us Raman pulse is chirped from +15 kHz to —44 kHz to excite
|F' = 3,m = —3) atoms with an initial velocity between —5.3 vec and +4.9 vy along the
Raman axis. Atoms in |F = 3, m = +3) are excited if their velocity is between —12.5 vy and
—2.3 Urec. More generally, the Raman transfer from |65, /2, F' = 3,m) to |65, 5, F = 4,m+1)
for an atom with an initial velocity (v — v/2/2)vrec along the Raman axis occurs when
§ = 5.8u+ 3.5 x (2m + 1) kHz. This Raman pulse is followed by a 250 ys repumping pulse
and the polarization sequence is repeated 15 to 20 times. In contrast to ref. [13], where a large
bias magnetic field (430 mG) was used to resolve the Doppler broadened Raman transitions
of various mp substates, our method operates with a much weaker bias field allowing efficient
simultaneous excitation of all mp states with a single chirped Raman pulse.
To measure the atomic polarization, we plot the number of atoms transferred from F' = 3 to
F = 4 by a Raman Blackman pulse [17] as a function of the Raman detuning 0. This number
is measured by the fluorescence light induced by a probe laser tuned to the F =4 — F' =5
transition at 852 nm. This plot (a Raman spectrum) is produced with copropagating Raman
beams. The red Raman beam is now aligned with the blue Raman beam and has a linear
polarization orthogonal to z (see fig. 1). The Raman transition is then Doppler insensitive and
is only selective in internal energy. The resulting spectrum (fig. 3) consists of eight peaks, each
peak corresponding to the two degenerate transitions |F' = 3,m) — |F =4,m+ 1) and
|F'=3,m+1) — |F =4,m) except for the extreme peaks which give the transfer efficiency
from |F = 3,m = —3) to |F = 4,m = —4) and from |F = 3,m = 3) to |[FF = 4,m = 4). The
population of the different magnetic sublevels is inferred from the relative height of the peaks.
After 15 repetitions of the polarizing cycle, about 80 % of the atoms are polarized in the
|F' = 3,m = 3) state, most of the others being in the m = 2 state. The repumping process
is responsible for a slight depolarization because the atoms may absorb several 7 polarized
photons before being pumped back to F' = 3. Depolarization may also occur because of
misalignment of the Raman beams with respect to the geometry imposed by the magnetic
field. The final situation thus results from the equilibrium between polarizing and depolarizing
processes [18].
Once the atoms are in the |F' = 3,m = 3) state, Raman cooling is performed using the
beam configuration of fig. 1. With respect to the quantization axis, the Raman beams couple
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cooling, the temperature does not depend on the atom number, except for a slight spontaneous
evaporation for large values of N. On the contrary, the final temperature is an increasing
function of Ny as we apply the cooling sequence: we obtain 8 pK for 5 x 10* atoms, whereas
it decreases down to 4 K for 1.5 x 10? atoms. We have also observed that the cooling process
induces an additional loss of atoms, typically 30 % at 6 pK. We attribute this loss to hyperfine
changing collisions [20,21]. A detailed study of the heating rate as a function of ng and r is
beyond the scope of this paper. Additional evidence of the existence of reabsorption effects was
obtained in another experiment with unpolarized atoms. It consisted of lowering the trapping
potential, enforcing at the same time a slight evaporation of atoms [25]. A combination of
Raman and evaporative cooling produced a temperature of 680 nK (vrms = 1.8 vrec) for a
sample of 2 x 10 unpolarized atoms at a density of 4.3 x 10" at/cm?® in the trap.

Cirac et al. and recently Castin et al. suggested to lower the repumping rate in order to limit
the effect of photon reabsorption [22,23]. If the two-atom model of ref. [23] is valid for a dense
atomic cloud, we expect the reabsorption to be significantly reduced for repumping rates lower
than the Doppler width kv.ms. Preliminary experimental results show a slight dependence of
the final temperature with the pumping rate. The observed effect remains modest, the final
temperature decreasing from 3 to 2.4 pK as the pumping rate is lowered from 100 kHz to
5 kHz with the same cooling sequence. Note however that, in the case of cesium, because of
the giant spin relaxation collisions of the |F' = mp = 4) state [24] additional loss terms appear
at very low repumping rates.

In conclusion, we have demonstrated a cooling scheme which prepares cesium atoms in
a single internal state at very low temperatures. Using appropriate Raman and microwave
pulses, it should be possible to transfer the atoms in any other magnetic state. Applications
include the study of collisions in atomic fountains [26], atom optics experiments and pre-cooling
for shortening the evaporation time in Bose-Einstein condensation.
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Abstract. We propose a new method for the generation of
single photons. Our scheme will lead to the emission of
one photon into a single mode of the radiation field in re-
sponse to a trigger event. This photon is emitted from an
atom strongly coupled to a high-finesse optical cavity, and the
trigger is a classical light pulse. The device combines cavity-
QED with an adiabatic transfer technique. We simulate this
process numerically and show that it is possible to control
the temporal behaviour of the photon emission probability by
the shape and the detuning of the trigger pulse. An extension
of the scheme with a reloading mechanism will allow one to
emit a bit-stream of photons at a given rate.

PACS: 32.80.Qk; 42.50.Ct; 42.65.Dr

Atoms, ions or photons in a superposition of different states
are the basic building blocks of quantum information pro-
cessing, quantum communication, or quantum cryptography,
where they act as elementary quantum bits (qubits) [1]. Sim-
ple quantum-logic operations [2,3] in future quantum-logic
networks [4] and the transmission of quantum information
from one place to another [5], such as the teleportation of
a quantum state [6—8], are based on the entanglement of
different qubits or even different types of qubits. In a quan-
tum network, for example, single atoms or ions are entangled
with individual photons. To generate such an entanglement in
a controlled way, a triggered source for single photons will be
needed.

So far, most schemes used for the generation of single
photons rely on spontaneous emission events or on parametric
down-conversion. However, these processes produce photons
at more or less random times. Only recently, evidence for
a single-photon turnstile device has been demonstrated by
Kim et al. [9]. They employed the Coulomb blockade mech-
anism in a quantum dot to trigger the emission of a single
photon, radiated in an essentially random direction. Here, we
adopt a different approach. Our studies are based on pro-
posals by Law et al. [10,11], where a single atom strongly

* Corresponding author.

coupled to an optical cavity is used as the active medium gen-
erating the photon. The cavity defines the active mode and
ensures photon emission into a well-defined direction. The
main aspects of the proposed mechanism can be explained an-
alytically, but numerical simulations are necessary to analyze
the flexibility and the limits of the excitation process.
Figure 1 shows the excitation scheme for a single-photon
emission on the energy scale of the atomic bare states. We
consider a A-type three-level atom with two long-lived states,
|u) and |g), typically two Zeeman or hyperfine states of the
atomic ground state, and an electronically excited state, |e).
The atom is inside a single-mode optical cavity, with states
|0) and |1) denoting a cavity field with zero and one pho-
ton, respectively. The cavity frequency is close to the atomic
transition frequency between states |e) and |g), but far off res-
onance from the |e) to |u) transition. Hence, only the product
states |e, 0) and |g, 1) are coupled by the cavity mode. The
coupling constant g is time independent for an atom at rest.
Note that the cavity does not couple states with equal photon
number, i.e. |e, 0) with |u, 0), and |e, 0) with |g, 0).
Initially, the system is prepared in state |u,0). To trig-
ger a photon emission, the atom is exposed to a light pulse

3 le,0>
8 :
= \ i atom-cavity
g I{,\ \ E coupling g
O |
) H
g \ o emission of 3
2 L single photon
2 "
5 &—)_G>

lg,1> R
b=} .
o aw =T
oo m” repumping pulse

lu,0>

Fig. 1. Scheme of the atomic levels coupled by the trigger pulse, the cavit):
and a possible repumping pulse
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crossing the cavity transverse to its axis. This pulse has Rabi
frequency 2 and is near resonant with the transition between
states |u, 0) and |e, 0), thereby coupling these states. Provided
t?le trigger pulse rises sufficiently slowly, an adiabatic evolu-
tion of the atom-cavity system is assured. If the two-photon
resonance condition is fulfilled, a STIRAP-type adiabatic pas-
sage [.12, 13] takes place and a transition from |u,0) to |g, 1)
is realized. The process generates a single photon in the cavity
mo_de,_ and the subsequent decay of the cavity field leads to the
emission of a single-photon pulse. In the end, the state vector
of the atom-cavity system is |g, 0), which is decoupled from
any further interaction.

To analyze the excitation scheme in more detail, we as-
sume a Raman-resonant excitation, where A is the common
detumr!g of the trigger pulse and the cavity mode from the in-
tenne_dxate level |e, 0). The combined atom-cavity system is
examined in the interaction picture. In the basis of the uncou-
p]eg states, {|u, 0), |e, 0), |g, 1))}, the interaction Hamiltonian
reads

0210
H=—5 21242g |, (1)
0 2g*0
where 2g is the cavity-induced resonant single-photon Rabi
frequency on the |e, 0) «—> lg, 1) transition. If the time de-
pendence of the Hamiltonian is neglected, the state vector
of the system, |¥), can be expressed as a time-independent

superposition of the three eigenstates (or dressed states, see
[14]) of Hamiltonian (1):

|a%) = cos Ou, 0) —sin O|g, 1),
la*) = cos @ sin @|u, 0) — sin Ple, 0) +cos P cos @lg, 1),
la”) = sin @ sin @|u, 0) + cos Ple, 0) +sin P cos O|g, 1)

?

(2)

where the mixing angles @ and @ are given by

482+ 22
; (3)
V482 + 22+ 42— A

with 2+ and g assumed to be real. The corresponding eigen-
frequencies are

0: i_l
@' =0 and w _E(A:I:,Mgz—l—ﬂ%—}-dz). 4)

ggen a trigger _pulscois applied, the Hamiltonian and the
li(};se;i-?,tate basis, {|a"), |a*), |a~)}, are changing as a func-
- of time. Prowde_c[ that all parameters change slowly, the
3 e vector, I‘Uf). adiabatically follows the dressed-state ba-
18 and can still be expressed as an invariant superposition of
la)-vectors throughout the interaction.
I Before the trigger pulse is applied (21 = 0), the atom
> only coupled to the cavity mode (2g > 0), i.e. tan® = 0.
. erefore, pr_eparing the atom initially in |u, 0) is equivalent
; ii_ Preparation of the atom-cavity system in state |a°). It is
pUlS]:l]ls frf;)m (2) and (3) {h_at any interaction with the trigger
o eacci'mg to 213> 2g, i.e. tan © > 1, implies the evolu-
N of |a”) and, hence, the state vector, |¥), into state |g, 1).

and tan® =

tan@:&
2

*ﬁ’——*

Therefore, the atom is transferred to the othey long-lived state,
{3), and a p_hotm:n 1s generated in the cavity mode ar the same
time. As adiabatic following must be assured, the slope of the

trigger pulse must be sufficiently small to f iabatic-
ity constraint [15], 4 ulfill the adiabatic

[@*|$1a%)| < j® —wt] or |6 L — |, Q)

For a Gaussian trigger 3 =
: : pulse, 21(f) = £2 exp(—(¢t/AD)?),
with a duration (FWHM) of Ar+/41n2, and an a(n{p[itgld]e

comparable to the atom-cavit li
1parable y coupling, £27(A7) ~
excitation is adiabatic if d o g e

Atg > I{\/ﬁ. (6)

This cor}straint yields a first lower limit for the time inter-
val requm_ed to generate one photon, because the population
Lran_sfer will not work reliably with tri gger pulses shorter than
the inverse coupling constant, g I, A second lower limit is the
cavity-decay time, (2x)~!, which is needed for the emission
of the photon out of the cavity.

Up to this point, the finite lifetimes of the cavity field, k!
and of the atom’s excited state, y~!, have been omitted in
the analytical treatment. To include these two decay channels,
we chose |U) = |u, 0), |E) = |e, 0), and |G) = |g, 1) as ba-
sis states and simulate the emission process numerically in the
density matrix representation. Note that the non-interacting
state |g, 0) is not included in this representation. The time
evolution of the atom-cavity system is given by the master
equation [14],

L ) [H I
3¢="7[H.d-ro, @)
w!lere the linear operator I" describes the effect of all relax-
ation processes. The elements of Ip are expressed in terms of
the relaxation constants, ys = y, ¥G = 2k, yy = 0 (there is no
loss from state |u, 0)), and the Einstein coefficients, Ay, for
spontaneous transitions between the basis states:

|
[FQL}‘ = E(}’:‘ +¥i)aii — 8 ZQkk Agi. (8)
P

The first term on the right-hand side of (8) encompasses only
losses_and dampings of the g;;’s, whereas the second term
takes into account the incoherent population flux into basis
states. In the present situation, only state |u, 0} is populated
by spontaneous emission from le, 0). For simplicity we as-
sume that this transition contributes 50% to the total decay
rate ofsiate e, 0), i.e. the only non-zero Einstein coefficient is
Apy = V- The other 50% is due to the direct transition to the
pon-bams state |g, 0). This decay channel is already included
in y and, hence, taken into account by the first term. Note that
the spontaneous decay process |e, 0) —» lg. 1) is neglected
because of the typically small solid an gle of the cavity mode
(£2/4m ~ 10, Finally, the transient photon emission rate,
2k06¢, is obtained from the numerical solution of 7.
Results of the simulation are shown in Fig. 2, where a trig-
ger pulse with a Gaussian shape and realistic values for y and
K were chosen. It is obvious that the generated photon is al-
ready_ emitted from the cavity before the Rabi frequency of
lhc trigger, 2r, gets larger than 2g. This early photon emis-
sion occurs if the cavity lifetime, (2«)~!, is short with respect
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“ig. 2. Numerical simulation of a single-photon pulse. The time _cvnlunan
g;g‘-hi ubil;gger pulse, £27(r), and the constant coupling to_rhc cavity m(x!c.
2g, are shown in the upper part. Below, the oomzsppndmg photon emis-
sion rate out of the cavity is shown, assuming a cavity-decay constant of
2k = 27 x 1.5 MHz and a spontaneous emission rate constant of y ='2:§ *®
6 MHz. The integral of the emission rate yields a single-photon emission
probability of 92%

to the duration of the trigger pulse. Once lhe.ph(_)ton is emit-
ted, the remaining system is in state |g, 0_), }vhlch is decoupled
from any further interaction. Therefore it is not really neces-
sary to reach the final condition 21 > 23, a_nd the trigger
pulse could be switched off even non-adiabatically after the
photon emission has taken place.

In Fig. 3, the populations of the states |u, 0) and |g, 1)
are plotted together with the photon-emission rate as a func-
tion of time for different values of «. In the loss-fref: case,
neither a photon is emitted nor a pl}oton rem{ains inside the
cavity mode, since the initial condition (coupling to the cav-
ity and weak trigger pulse) is restored towards the end of 'th.e
interaction. This coherent population return [16] to th(? ini-
tial state, |u, 0), occurs with the falling edge of :he trigger
pulse. It takes place if the cavily-d;ca)_z time, 3(2;()‘ , 18 longer
than the trigger pulse duration. With increasing _cav:ly-decay
constant, 2x, the emission probability not only rises, but qlso
narrows and shifts towards earlier times. From this, one Fmght
be tempted to use a bad cavity with large loss for optimum
performance. However, since the dcqay of the cavity ﬁel_d
directly affects state |g, 1), the off-diagonal density-matrix
element gyg is also damped and, hence._the coh(?rence be-
tween states |u, 0) and |g, 1) gets lost. _Smce an 1pcoherem
superposition of these states does not prO‘]ect_exc‘luswely onto
the dressed state |a®) (see (2)), some population is tran:sfer!"ed
to the other dressed states, |a®), which contain a contribution
from |e, 0). Hence, the excitation can be_losl by spontaneous
decay. This loss is expected to be small in the case of strong
coupling, g > (k, y/2). For example _for_lhe parameters of
Fig. 3, the fraction of transient population in the excited state,

le, 0), is less than 1073 throughouF the whole process. There-
fore spontaneous emission loss in transverse modes other
than the cavity mode is negligible and will not degrade the
process significantly. _
We now consider the more general case where the trig-
ger pulse detuning, Ar, and the cavity detuning, Ac, from
the appropriate atomic resonances are not necessarily equal.
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Fig.3. Population of states |u.0) and | & 1) (u;_?per part) and photon-
emission probability (lower part) as a function of time for y = 2 x 6 MHz
and different values of k in response to a Gaussian trigger with At =5ps

and a peak Rabi-frequency 2y =2g =27 x9MHz

Results are displayed in Fig. 4, which shows the overall pho-
ton emission probability, Pgmission, and the overall loss pr(_mt?—
ability, Pross. as functions of Ay and Ac. Both probabili-
ties are calculated from the time integral of the correspond-
ing emission and loss rate, i.e. ngmssm.:levcgggd_t and
P = f %]/Qggdf, respectively. It is evident from Fig. 4a,
that the emission probability as well as the losses h{;we two
maxima for £29 < g. The reason for this is the cavity-induced
coupling of states |g, 1) and |e, 0), producing a new doublet
of non-degenerate states. This is the wei_l—known vacuum-
Rabi splitting [17], now probed by a weak light pulse coppled
to the atom [18]. The splitting survives only folr weak driving,
but changes drastically for larger trigger amphtud_es: 20> 8
as shown in Fig. 4c. In this case, the photon emission prob-
ability is close to unity if the excile_mo_n is Raman resonant
(Ar = Ac) and the losses are va_mshmgly small. We em—‘
phasize that this holds true even in the case of a resonan
excitation (Ar = A¢=0), i.e. an inﬂuen(:f: c_:f the vacuum-
Rabi splitting is neither visible in the emission ;_)robablhly
nor in the spontaneous emission losses, as shown in the sec-
ond row of Fig.4. For Ar # Ac, these lnsges reach the_lr
maximum if the trigger pulse is resonant with the atomi¢
transition (A7 = 0), and the bandwidth of tAhe losses power-
broadens with increasing amplitude of the trigger pulse (fro;ﬂ
left to right). As mentioned above, the los_segs are vanishing ys
small only if the Raman resonance condition, Ay = Ac, !
ed.
fmﬁ";‘lhe influence of the trigger amplitude and the cor_mr!(}:
detuning, A = Ay = Ac, on the shape oftl_w photon en"nssyor|
probability is shown in the last row of Fig. 4. The duratio

—<*
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Fig.da—c. Photon emission probability, loss of excitation in transverse ra-
diation modes, photon-pulse duration (FWHM) and center as functions
of both cavity detuning, A¢, and trigger-pulse detuning, Ay, from the
atomic resonance. The trigger pulse is At =5 1s long. The three columns
comrespond to three different peak Rabi-frequencies of the trigger pulse
(a £20=2m x0.64 MHz. b $20=2m x 1.6 MHz, ¢ 20=21x64 MHz).
The cavity-decay constant is x = 27 x 0.75 MHz, the spontaneous emis-
sion constant is y = 27 x 6 MHz and the atom-cavity coupling constant is
8=2m x 4.5 MHz. The probabilities are shown in shades of gray, ranging
from 0.0 (white) to 1.0 (black). The duration (solid lines, last row) and the
center position (dashed lines, last row) of the emission are only shown for
a Raman resonant excitation, i.e. for A7 = Ac. The center of the emission
probability precedes the center of the trigger pulse in b and ¢

(FWHM) and center of the time-dependent emission proba-
bility vary only slightly as a function of 4, but show a strong
dependence on the trigger-pulse amplitude.

Figure 5 shows the photon-emission probability, the dura-
tion and the center of the emission as functions of the trigger
pulse amplitude, 2y, for a resonant excitation, Ay = Ac = 0.
The photon-emission probability tends towards an asymptotic
limit of Pgpission = 95% and does not reach unity with in-
Creasing trigger pulse amplitude. This limit is caused by the
damping of gy, which was already discussed above. Note
that the emission probability is already larger than 90% if the
peak Rabi-frequency of the trigger, 2, exceeds g/2.

. The single-photon pulse duration varies between two lim-
1s. Figure 5 shows that it does not exceed the FWHM,
At/21n2, of the trigger-pulse intensity. A longer photon
Pulse is not possible due to the coherent population return
Mentioned above. Of course, the lower limit of the pulse dura-
tion is given by the cavity decay time. It can also be seen from
the figure that the center of the emission shifts towards earlier
limes with increasing amplitude of the trigger pulse. In the
“ase of a Gaussian trigger-pulse, a lower bound for the cen-
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Fig.5. The photon-emission probability (solid line) and its duration
(FWHM, dotted line) and center position (dashed line), shown as a func-
tion of the peak Rabi-frequency §2y, for an atom-cavity coupling constant
& =2m x 4.5MHz, resonant excitation, Ar=Ac =0, a cavity-decay
constant k =27 x 0.75MHz and a trigger-pulse width of At =5 Jis.
This corresponds to a duration (FWHM) of the trigger-pulse intensity of
Atv/21In2 =59 s, which is also the upper limit of the photon-pulse du-
ration. The lower limit is given by the cavity decay-time, (2¢)~'. These
two limits are indicated by the horizontal dash-dotted lines. For the para-
meters chosen here, the emission probability exceeds 90% if 29 > g/2.
This regime is indicated by the dush-dorted vertical line

ter of the emission does not exist, since the emission occurs
as soon as £2r(f) and g are of comparable magnitude.

We finally discuss two possible applications. First, a repet-
itive emission of single photons might be desirable. Hence,
the emission cycle has to be completed by an independent re-
pumping scheme, which brings the system back to the initial
state, |u, 0). In Fig. 1, a possible re-pumping mechanism with
a microwave w-pulse is indicated. Alternatively, one could
think of a cavity-independent Raman re-pumping scheme.
With the emission cycle closed, the device could produce
a bit-stream of single photons as proposed in [11].

Second, an interesting aspect of the scheme is its possible
use for quantum teleportation: a photon is only generated if
the atom is initially prepared in state |u). An atom that resides
already in state |g) cannot emit a photon. But in both cases the
system reaches the same final state |g, 0). It follows that any
initial superposition state of the form

[¥) = alu) + Blg)
is transformed into
[¥F) = |g, 0) ® (a|one photon) + B|no photon)) ,

and an entanglement between the photon and the atom is not
established. Instead, the information about the initial atomic
state is encoded in the emitted light field. In a setup where the
emitted photon is captured by a second remote atom, the ini-
tial atomic state might be reinstalled and the quantum state is
teleported to the other atom.




We conclude by noting that the propose_d scheme requires
a single atom localized in the center of a high-finesse optical
cavity. This can easily be achieved with a tcchn_:que recen_[ly
reported in [19,20]. With an individual atom in the cavity,
the photon emission probability — and therefore the shape of
the photon wavepacket — can be .control]ed by varying the
shape and the amplitude of the trigger pulge._From our nu-
merical simulations, we expect a photon-emission probability
close to unity. It should also be possible to repeat_lhe photon-
emission process at a predefined rate using an 1ndepende5m
re-pumping scheme to recycle the atom. Moreover, the emis-
sion process depends also on the initial state vector of the
atom, so that a quantum teleportation of internal atomic states
could be realized.
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Vacuum-Stimulated Raman Scattering Based on Adiabatic Passage
in a High-Finesse Optical Cavity
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We report on the first observation of stimulated Raman scattering from a A-type three-level atom,
where the stimulation is realized by the vacuum field of a high-finesse optical cavity. The scheme
produces one intracavity photon by means of an adiabatic passage technique based on a counterintuitive
interaction sequence between pump laser and cavity field. This photon leaves the cavity through the
less-reflecting mirror. The emission rate shows a characteristic dependence on the cavity and pump
detuning, and the observed spectra have a subnatural linewidth. The results are in excellent agreement

with numerical simulations.

PACS numbers: 32.80.Qk, 03.67.—a, 42.50.Ct, 42.65.Dr

In the past few years, interesting proposals on the
generation of nonclassical states of light in optical cavities
[1.2] and on the controlled generation of single photons
from such cavities [3,4] were made. All of these schemes
are based on a technique known as STIRAP (stimulated
Raman scattering involving adiabatic passage) [5,6] or
a variant thereof, and incorporate the time dependent
interaction of an atom with the field mode of an optical
cavity. The operation principle is related to that of a
Raman laser [7], with the difference that now a single atom
interacts with an empty cavity mode. Other schemes for
the preparation of Fock states are based on vacuum Rabi
oscillations or, more generally, 7 pulses in a two-level
atom. In these cases, the need for a long-lived excited
atomic state restricts experiments to the microwave regime
[8,9], where the photon remains stored in a high-Q cavity.

Here, we report on the experimental realization of an
excitation scheme that allows one to emit a visible photon
into a well-defined mode of an empty cavity. This photon
then leaves the cavity in a known direction. Our method
is based on the single-photon generation scheme discussed
in [4]. It relies on STIRAP [5,6], but, instead of using two
delayed laser pulses, we have only one exciting pump laser,
combined with a strong coupling of a single atom to a
single cavity mode [10,11]. This strong coupling induces
the anti-Stokes transition of the Raman process.

Figure 1 depicts the excitation scheme for the
$5Rb-atoms used in our experiment. A A-type three-level
scheme is realized by the two 5812 hyperfine ground
States F = 3 and F = 2, which we label |u) and |g), re-
spectively. The F = 3 hyperfine level of the electronically
excited state, 5P3, forms the intermediate state, le). The
atom interacts with a single-mode of an optical cavity,
with states |0) and |1) denoting zero and one photon in
the mode, respectively. The cavity resonance frequency,
@c, is close to the atomic transition frequency between
states |e) and |g), but far off resonance from the le) to |u)
transition. Hence, only the product states |e, 0) and |g, 1)
are coupled by the cavity. For this transition, the vacuum

4872

Rabi frequency,

2
2g(1) = Zgoew[*(i—) } (1

is time dependent since the atom moves with velocity v
across the waist wc of the Gaussian cavity mode. Its peak
amplitude is given by the atom-cavity coupling coefficient
at an antinode, go.

In addition to the interaction with the cavity mode, the
atom is exposed to a pump laser beam which crosses the
cavity axis at right angle. This beam is placed slightly
downstream in the path of the atoms (by &, with respect
to the cavity axis) and has a waist wp, therefore causing a
time dependent Rabi frequency

Qp(1) = Qp exp[ —(“’—_5)2} @

wp
The pump frequency is near resonant with the transition
between |u, 0) and e, 0), thereby coupling these states.
In a frame rotating with the cavity frequency and the
pump laser frequency, the Hamiltonian is given by

F
4
Ap Ac
- L I=le>
5P o S v —_——p -
372 ‘ T 4 T
| 2
1
E:
2 pamIp atom-cavity
o laser ;
b coupling 2g(t)
! ‘ ()
g v
| : 3=u>
58 Y r
172 Anrs =3 GHz +
- 2=lg>
FIG. 1. Scheme of the relevant levels, transitions, and detun-

ings of the **Rb atom coupled to the pump laser and the cavity.
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H(t) = h[Aplu)(ul + Aclg) (gl
+ g(t) (le){gla + a'lg)(el)
+ 2 Qp(t) (e)ul + luyleD].  3)

Here, Ac and Ap denote the detunings of the cavity and
the pump beam from their respective atomic resonances,
and a and a' are the annihilation and creation operators
of the cavity field. The pump beam is treated semiclassi-
cally. On Raman resonance, i.e., for Ac = Ap, one of the
eigenstates of this interaction Hamiltonian reads

28(1) [1,0) — Qp(1)lg. 1)
4g2(1) + Qp(r)

This is a dark state without any contribution from the
electronically excited level |e,0). Therefore losses due
to spontaneous emission cannot occur, provided the state
vector of the system, |¥), follows |a®) throughout the
Raman excitation.

The atom is prepared in state |u) before it enters the
empty cavity, i.e., atom and field start in state |u, 0). Since
the pump beam is displaced by &8, with respect to the
cavity axis, the atom is subject to a counterintuitive delayed
pulse sequence, i.e., due to the initial condition 2g > Qp,
the evolution starts with (¥ ]a® = 1. The subsequent
interaction with the pump beam leads to {1p > 2g, which
implies the evolution of |a®) into state |g, 1). Provided the
state vector |¥) is able to follow, the system is transferred
to |g, 1), and a photon is placed in the cavity mode. Since
this photon is emitted with the cavity energy decay rate,
2k, the empty cavity state, |g,0), is finally reached and the
atom-cavity system decouples from any further interaction.

This simple excitation scheme relies on three conditions.
First, the detunings of the cavity, A¢, and of the pump
pulse, Ap, must allow a Raman transition, i.e.,

lAc — Ap] < 2. )

(1)) = ™)

Second, the condition for |¥) adiabatically following |a®)
must be met [4,5],

(2gowc /v, Qowp/v) > 1. (6)

Third, either the interaction time must be significantly
longer than (2«)~! to allow the emission of the photon
before it is reabsorbed by the atom due to coherent popu-
lation return [4,6] or, alternatively, the interaction with the
pump beam must be strong when the atom leaves the cav-
ity to avoid this reverse process.

A numerical simulation for a single atom crossing the
cavity is shown in Fig. 2. To include the cavity-field
decay rate, k, and the spontaneous emission rate of the
atom, I', we have employed the density-matrix formalism
described in [4]. For the resonant situation, Ap = A¢ =
0, shown here, the total emission probability, Pepmit, is ex-
pected to reach 90%. For the considered waists and ampli-
tudes, Fig. 2(c) shows that Pemi; reaches its maximum for
8./v = 45 us. Note also that Pey;, is vanishingly small if

o, /v
2 094 (c)
l'.i:)‘_ 150 % d Emit
:g o 0.6 -
o
=100 = ]
= 2‘ 0.3
N 50 ° 7]
a @
g E 0.0+
@
0 B 60 9
delay &, /v [us]
71009 (b) > 094 (d)
E 80+ L E
® g emission T 06
o - rate [}
& 405 =
@ 20 - L)
@ 3 ]
w
g 0 - £ 0.0
30 0 30 80 2 ® o0 0.5 1.0

time [ps] position on axis, z /A

FIG. 2. Simulation of a resonant atom-cavity interaction se-
quence for a cavity decay constant, 2k = 277 X 2.5 MHz, an
atomic decay constant of I' = 277 X 6 MHz, and atoms trav-
eling at v =2 m/s. (a) Qp(r) and 2g(z) shown for experi-
mental amplitudes and waists, we = 35 pum and wp = 50 pm.
(b) Photon emission rate for a delay of 6,/v = 45 us. The inte-
gral of the rate yields a total photon emission probability, Pemir,
of 90%. (c) Pemit as a function of the delay, 8. /v, between cav-
ity and pump interaction, (d) Pem; as a function of the atomic
position on the cavity axis for a delay of &,/v = 35 us.

the interaction with the pump beam coincides or precedes
the interaction with the cavity mode. Figure 2(d) shows
P.mix as a function of the atom’s position on the cavity
axis for the delay realized in the experiment. Because of
the standing wave mode structure, the emission probability
is zero at the nodes, and shows maxima at the antinodes.
Since the dependence of Pemi on the position dependent
coupling constant, g, is highly nonlinear and saturates for
large g, the gaps around the nodes are much narrower than
the plateaus surrounding the antinodes.

Figure 3 depicts the case where Ap # Ac. Itis obvious
that Pemi; is close to unity if the excitation is Raman reso-
nant (Ap = Ac¢). However, for the delay 6,/v = 35 us
chosen here, a smaller signal is expected for Ap = A¢c =
0, since the waist of the pump, wp, is larger than wc, and
resonant excitation of the atom prior to the interaction with
the cavity mode cannot be neglected.

To realize the proposed scheme, we have chosen the
setup sketched in Fig. 4. A cloud of ®*Rb atoms is prepared
in the 58,2, F = 3 state and released from a magneto-
optical trap (MOT) at a temperature of =10 pK. A small
fraction (up to 100 atoms) falls through a stack of apertures
and enters the mode volume of an optical cavity at a speed
of 2 m/s. The cavity is composed of two mirrors with a
curvature of 50 mm and a distance of 1 mm. The waist
of the TEMgy mode is we = 35 pm, and in the antinodes
the coupling coefficient is go = 27 X 4.5 MHz. The fi-
nesse of 61 000 corresponds to a linewidth 2k = 27 X
2.5 MHz (FWHM), which is significantly smaller than the
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FIG. 3. Photon emission probability as a function of cavity and
pump detuning, calculated for a pulse delay of 6./v = 35 us
and the parameters of Fig. 2. The chosen delay gives the best
fit with the experimental data shown in Fig. 5.

natural linewidth of the 3°Rb atoms. While one cavity mir-
ror is highly reflective (1 — R = 4 X 1079), the transmis-
sion qf the other is 25X higher to emit the photons in one
dl_rectmn only. A single-photon counting module (SPCM)
with a quantum efficiency of 50% is used to detect them.

A reference laser is used to stabilize the cavity close to
resonance with the 55,5, F = 2 « 5P3/5,F = 3 transi-
tion with a lock-in technique. However, since an empty
cavity is needed for the experiment, this laser is blocked
3.7 ms before the atoms enter the cavity.

The pump beam is close to resonance with the

SS]./:,],F =3 & 5P35, F = 3 transition and crosses the
cavity transverse to its axis. This laser is focused to a waist
of 50 um and has a power of 5.5 wW, which corresponds
to a peak Rabi frequency Qy = 27 X 30 MHz.
. The_dcsired counterintuitive pulse sequence for STIRAP
is r‘eahzed by time of flight. The atoms first enter the
cavity mode and therefore experience a strong coupling on
the anti-Stokes transition, whereas the interaction with the
pump beam is delayed, since it crosses the cavity mode
shg?nly downstream. This delay has been optimized to
achieve a high flux of photons leaving the cavity.

@ atoms from a MOT

!

cavity

single photon
counter (SPCM)

?G. 4. Sketch of the experimental setup. The pump beam is
isplaced with respect to the cavity mode.
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Flgt.:re 5(a) shows the number of counted photong
emerging from the cavity as a function of the pump pulse
demn?ng, Ap, in case of a resonant cavity, Ac = 0. The
f:letumngs of the cavity and the pump laser are both ad-
Justed by means of acousto-optic modulators. To register
the data, the MOT has been loaded and dropped acro?s the
cavity 50 times. The atom cloud needs 6.5 ms (FWHM)
to cross the cavity mode, and, within this interval, the
photons emerging from the cavity are measured by the
SIl’CM and recorded by a transient digitizer during 2.6 ms
}mth a time resolution of 25 MHz. Therefore, the signal
is observed for a total time of 130 ms. Because of the
dark count rate of 390 Hz of the SPCM, the total number
of dark counts in the interval is limited to 51 + 7.

In the resonant case, one expects a small probability
for.atomic excitation. This could lead to a small but
cavity enhanced spontaneous emission into the cavity
mode, as has been shown previously [12]. Our numerical
sm}uia_tion shows that an excited atom at the antinode
emits into the resonant cavity mode with a probability
that can be as high as 26%, indicating that even in this
case most of the spontaneously emitted photons are lost
in a random direction. This loss explains the smaller
pfeak emission rate with respect to the off-resonant cases
discussed below. Note that the cavity mode covers only
a small solid angle of =4 X 2.6 X 1075 sr, therefore
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FIG. 5. Number_of photons from the cavity as a function of the
pump I'e_lser_ detuning, Ap, for three different cavity detunings.
The solid lines are Lorentzian fits to the data.
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the calculated spontaneous emission rate into the cavity
is enhanced by a factor of 10*. However, the linewidth is
subnatural, and therefore the observed signal cannot be
attributed to an excitation by the pump beam followed by
enhanced spontaneous emission.

This is even more evident if the cavity is detuned
[Figs. 5(b) and 5(c)]. The emission peak is pulled away
from the atomic resonance following the Raman resonance
condition, Ap = A¢. Such a displacement proves that the
light emission is not the result of a pump transition fol-
lowed by enhanced spontaneous emission into the cavity.
Moreover, A p is too high for an electronic excitation of the
atoms. Therefore, the far out-reaching wings of the pump
beam no longer excite the atoms prior to their interaction
with the cavity mode. The losses vanish, and the peak
photon emission probability is higher than for the resonant
case. Note also that the observed linewidth is much smaller
than the natural linewidth, I' = 27 X 6 MHz, of the
atom. For Ac = —27 X 15 MHz, the line is only 3 MHz
wide and approaches the linewidth 2k = 27 X 2.5 MHz
of the cavity, which also limits the width of the Raman
transition, since 2x is the decay rate of the final
state, |g, 1).

In our discussion, we have assumed that the atoms in-
teract with the cavity one-by-one. This is justified ac-
cording to the following estimation: A mechanical slit
restricts the atom’s maximum distance from the cavity axis
to 50 wm. The spatial variation of g along [Fig. 2(d)]
and perpendicular to the cavity axis reduces the average
emission probability to 37% per atom crossing the slit and
the pump beam. Because of the low quantum efficiency
of the SPCM and unavoidable cavity losses, only about
40% of the generated photons are detected. Therefore
the maximum measured rate of 230 events/130 ms cor-
responds to a generation rate of 4.4 photons/ms, and at
least 12 atoms/ms are needed to explain this signal. Since
the photon generation takes 12 us [FWHM, Fig. 2(b)], the
probability that a second atom interacts with the cavity si-
multaneously is 14%. This is small and, hence, negligible.

All observed features are in excellent agreement with
our simulation, and we therefore conclude that the photon
emission is caused by a vacuum-stimulated Raman tran-
sition, i.e., the coupling to the cavity, g(z), and the Rabi
frequency of the pump laser, {)p(¢), are both high enough
to ensure an adiabatic evolution of the system, thus forcing
the state vector | W) to follow the dark state |a®) through-
out the interaction. Loss due to spontaneous emission
is suppressed, and the photons are emitted into a single
mode of the radiation field with well-determined frequency
and direction.

The scheme can be used to generate single, well-
characterized photons on demand, provided the Raman
excitation is performed in a controlled, triggered way.
In contrast to other single-photon sources [13], these
photons will have a narrow bandwidth and a directed

emission. Finally, we state that the photon generation
process depends on the initial state of the atom interacting
with the cavity. If the atom is prepared in a superposition
of states |g,0) and |u, 0), prior to the interaction, this state
will be mapped onto the emitted photon. A second atom
placed in another cavity could act as a receiver, and, with
the suitable pump pulse sequence applied to the emitting
and the receiving atom, a quantum teleportation of the
atom’s internal state could be realized [14].

This work was partially supported by the focused re-
search program, “Quantum Information Processing,” of
the Deutsche Forschungsgemeinschaft and the QUBITS
project of the IST program of the European Union.
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. i_sf;?;ence of_ s‘.mgie ghotons is emitted on demand from a single three-level atom strongly coupled to a

: ;fns':‘ sEe optical cavity. ‘The photons are generated by an adiabatically driven stimulated Raman

. [; ;I?:i . gtweercai t;:vo atom]n: ground states, with the vacuum field of the cavity stimulating one branch of
n, and laser pulses deterministically driving the other b i i i

tion, ar : Tmir ranch. This process is unitary and

ll;}erefore intrinsically rcver_s:bie, which is essential for quantum communication and networking arr{d the
photons should be appropriate for all-optical quantum information processing. ‘

DOL: 10.1103/PhysRevLett.89.067901

A future quantum network connecting remote quan-
tum processors and memories has several advantages in
processing quantum information as compared to a local
quantum computer, since it combines scalability with
modularity. Different kinds of networks have been pro-
posed [1]: one is an all-optical network [2], where the
nodf:s are linear optical components, with quantum infor-
mation encoded in the number of photons flying from node
to node. The nodes perform gate operations based on
quantum interference effects between indistinguishable
photons. In another, more general, network the nodes
also Serve as quantum memories storing information
€.g. in long-lived states of atoms located in an opticai
cavity [3]. The key requirement for such a network is its
ability to interconvert stationary and flying qubits and to
transmit f:iying qubits between specified locations [4]. The
atom-cavity system, in particular, must be able to transfer
quantum information between atoms and photons in a
cohen:f,nt manner [5,6]. It must also act as an emitter and
a receiver of single-photon states. These states must there-
fore bc? generated by a reversible process. However, all
deterministic single-photon emitters demonstrated so far
_[7—15] do not meet this essential requirement. The reason
is that the emission process, namely, an electronic excita-
tion of the system followed by spontaneous emission
cannot be described by a Hamiltonian evolution and,
hence, is irreversible. ‘

Thl? Letter describes the realization of an intrinsically
reversnl?]e single-photon source [3,16—19], which is based
On a stimulated Raman process driving an adiabatic pas-
Sage (STIRAP) [20] between two ground states of a single
al(){n slrongly coupled to a single mode of a high-finesse
tf:ptl‘cal cavity [21,22]. A laser beam illuminating the atom

XCltes one branch of the Raman transition, while the
fﬁ:llyh vacuum stimulates llhe emission of the photon on
lifcl(i); er branch. S_TIRAP is slow compared to the photon
iy ei;n' the cavity, so that the field generated inside the
Instantaneously mapped to the outside world.
cﬂﬂl::over, itemploys a dark state, which has two important
€quences: first, any electronic excitation is avoided, so

AL irreversible spontaneous processes do not occur.

0679011
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Second, the scheme allows one to continuously tune the
frequency of the photon within a range that is only limited
by the atom-cavity coupling strength. The tuning ability
has ’rccently been demonstrated with a beam of atoms
passing through the cavity [23]. This experiment produced
at most one photon per passing atom, but did not operate as
a single-photon source, because its continuous driving
scha‘:n"fe simply mapped the random (Poissonian) atom
statistics to the photons. The present experiment, however
uses a Pulsed driving together with a pulsed recycling. This;
n_1akes 1t possible to produce on demand a stream of several
single-photon pulses from one and the same atom trig-
gerc_ed by the detection of a “first” photon emitted fro’m the
cavity.
F:gmjc I(a) shows the basic scheme of the photon-
generation process. A single ®*Rb atom is prepared in
state Iu)‘, which is the F = 3 hyperfine state of the 5
electronic ground state. The atom is located in a higllf
finesse optical cavity, which is near resonant with the
780 nm transition between states lg) and |e). Here, lg) is
the F = 2 hyperfine state of the electronic ground state
and |e) is the electronically excited 5P, (F = 3) state.
The state of the cavity is denoted by |n), where n is the:
nun}ber of photons. When the atom is placed inside the
cavity, the product states |g, n) and |e, n — 1) are coupled
by the electric dipole interaction, characterized by the Rabi
frequn_ancy Q, = 2g./n. Here, g is the average atom-cavity
cou’ppng constant, which takes into account that neither the
position of the atom in the cavity nor the magnetic quan-
tum number of the atom is well defined in the experiment.
We assume g to be constant while a pump-laser pulse with
Rabi frequency Qp(r) is applied. This laser is close to
resonance with the |u) < |e) transition, so that now the
three product states |u,n — 1), |e, n — 1), and lg, n) of the
atom-cavity system are coupled. For the one-photon mani-
fold, 1= 1, and a Raman-resonant excitation, where the
detunings of the pump-laser, Ap, and the cavity, A, from
the respective atomic transitions are equal, it is straightfor-
war_d to find the three eigenstates of the coupled atom-
cavity system, |#7") and |¢%) = [2g]u, 0) — Qp()lg, 1))/

4g% + Q3(1). Note that state |#%) is dark, i.e., has no
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FIG. 1 (color online). Scheme of the experiment.
(A) Relevant energy levels and transitions in *°Rb. The
atomic states labeled |u), |e), and |g) are involved in the
Raman process, and the states |0} and |1) denote the photon
number in the cavity. (B) Setup: a cloud of atoms is released
from a magneto-optical trap and falls through a cavity 20 cm
below in about 8 ms with a velocity of 2 m/s. The interaction
time of a single atom with the TEMyy mode of the cavity
(waist wo = 35 wm) amounts to about 17.5 us. The pump
and recycling lasers are collinear and overlap with the cavity
mode. Photons emitted from the cavity are detected by a pair
of photodiodes with a quantum efficiency of 50%.

contribution of the excited state, |e), and is therefore not
affected by spontaneous emission.

The dark state |¢{) is now used to generate a single-
photon inside the cavity. This is achieved by establishing a
large atom-cavity coupling constant, g, before turning on
the pump pulse. In this case, the system’s initial state,
lu, 0), coincides with |¢9). Provided the pump pulse rises
slowly, the system’s state vector adiabatically follows any
change of | ), and for a lossless cavity a smooth transition
from |u, 0) to |g, 1) is realized as soon as () > 2g. Hence,
a single photon is generated in the relevant cavity mode.
This photon leaves the cavity through that mirror which is
designed as an output coupler. The emission starts as soon
as the decaying state, |g, 1), contributes to |#), i.e., al-
ready with the rising edge of the pump pulse, because the
contribution from |g, 1) is proportional to Q3(z). If the
pump pulse rises slowly, the emission can therefore end
even before (1 > 2g. The dynamics of the simultaneous
excitation and emission processes determines the duration
and, hence, the linewidth of the photon. When the photon is
emitted, the final state of the coupled system, |g,0), is
reached. This state is not coupled to the one-photon mani-
fold, and the atom cannot be reexcited. This limits the

number of photons per pump pulse and atom to one.

To emit a sequence of photons from one and the same
atom, the system must be transferred back to |1, 0) once an
emission has taken place. To do so, we apply recycling
laser pulses that hit the atom between consecutive pump
pulses. The recycling pulses are resonant with the lg) <
|e) transition and pump the atom to state |e). From there, it

067901-2

decays spontaneously to the initial state |u). Note that state
le) populated by the recycling laser couples to the cavity.
However, spontaneous emission into the cavity is sup-
pressed by deliberately choosing a large cavity detuning,
Ac. The pump laser is detuned by the same amount to
assure Raman resonance. If an atom that resides in the
cavity is now exposed to a sequence of laser pulses, which
alternate between triggering single-photon emissions and
reestablishing the initial condition by optical pumping, a
sequence of single-photon pulses is produced.

Figure 1(b) shows the apparatus. Atoms are released
from a magneto-optical trap and pass through the TEMg,
mode of the optical cavity, where they are exposed to the
sequence of laser pulses. On average, 3.4 atoms/ms enter
the cavity [24], so that the probability of finding a single
atom inside the cavity is 5.7%, while the probability of
having more than one atom is only 0.18% which is negli-
gible. The cavity is 1 mm long and has a finesse of 60 000.
One mirror has a 25 times larger transmission coefficient
than the other. Therefore, photons are preferentially emit-
ted into one direction. These photons are counted by two
avalanche photodiodes which are placed at the output ports
of a beam splitter. For each experimental cycle, all photon-
arrival times are recorded with transient digitizers with a
time resolution of 8 ns.

In the experiment, the electric field amplitudes and,
hence, the Rabi frequencies of the pump and recycling
pulses have the shape of a sawtooth and increase linearly,
as displayed in Fig. 2(a). This leads to a constant rate of
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FIG. 2 (color online). Pulse shapes. (A) The atoms are
periodically illuminated with 2 us-long pulses from the
pump (solid line) and the recycling laser (dotted line).
(B) Measured arrival-time distribution of photons emitted
from the cavity (dotted line). The solid line shows the
arrival-time distribution of photons emitted from strongly
coupled atoms (see text). (C) Simulation of the pro-
cess with (g, Q% g, Ap i T, k) = 27 X (2.5, 8.0, —20.0, 6.0,
1.25) MHz, where QY , are the peak Rabi frequencies of the
pump and recycling pulses, and I" and « are the atom and
cavity-field decay rates, respectively.
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change of the dark state, |#{), during the initial stage of the
pump pulses and therefore optimal adiabaticity with mini-
mal lo_sscs to the other eigenstates. The linear slope of the
recycling pulses suppresses higher Fourier components
and. therefore reduces photon emission into the detuned
cavity. Note that the recycling process is finished before the
end of the pulse is reached, so that the final sudden drop in
Rabi frequency does not influence the atom.

‘ Also_ shown in Fig. 2 are two measured arrival-
time distributions of the photons and a simulation of the
photon-emission rate for typical experimental parameters.
The simulation is based on a numerical solution of the
system’s master equation [22] which takes into account the
decay of the relevant states. The simulation [Fig. 2(c)]
reveals that the pump-pulse duration of 2 us is slightly
too short, as the emitted photon pulse is not completely
ﬁplshed. This is also observed in the photon arrival-time
dl'stnbution [Fig. 2(b)]. Here, the measured data agree well
with the simulation if only photons from strongly coupled
atoms are considered (solid line). For these, we assume that
sc\{eral photons are detected within the atom-cavity inter-
action time. If solitary photons, which we attribute to
weakly coupled atoms, are included in the analysis, the
arrival-time distribution is given by the dotted line. Note
that the envelope of the photon pulses is well explained by
the expected shape of the single-photon wave packets, and
1!13ref0re cannot be attributed to an uncertainty in emission
time, which is not present for a unitary process. Assuming
transform-limited Gaussian pulses, we infer a single-
photon linewidth of Av = 340 kHz (FWHM) from the
1.3 ps photon-pulse duration (FWHM). We emphasize
that the pump-pulse duration was adjusted to maximize
the number of photons per atom. Longer pump pulses
wpu]d not truncate the photon pulses and, hence, would
slightly increase the emission probability per pulse, but due
to the limited atom-cavity interaction time, the total num-
ber of photons per atom would be reduced.

Figure 3 displays an example of the photon stream
recorded while single atoms fall through the cavity one
after the other. Obviously, the photon sequence is different
for each atom. In particular, not every pump pulse leads to
a.detccted photon, since the efficiencies of photon genera-
tion and photon detection are limited. The second-order

(s) (2 (s) (5) 2

a
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51 52 5.3 54 Time (ms)

E';IG. 3 (color online). Photon sequence: clip of the photon

bl‘eams arriving at the photodiodes D1 and D2 (traces a and
I,]respe:ct;_vel‘y,). Several sequences of two (2) and five (5)

{Jh oton emissions are obgerved, with durations comparable to

ei:thalom—ca\my interaction time. The solitary events (s) are

; er dark counts, or, more likely, photons coming from
loms that are only weakly coupled to the cavity.
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?ntensiiy correlation function of the emitted photon stream
is shown in Fig. 4. Displayed is the cross correlation of the
photon streams registered by the two photodiodes D1 and
D2. 1t is defined as g@ (A1) = (Pp,(t)Pp,(t — A1)/
(Pp1(1) (Ppa(1))), where Pp,(r) and Ppy() are the
probabilities to detect a photon at time ¢ with photodiode
D1 and D2, respectively. Note that all photon-arrival times
are recorded to calculate the full correlation function
without the otherwise usual restriction of a simple stam"
stop measurement which would consider only neighboring
events. Of course, g@ includes not only correlations be-
Fween_photons emitted from the cavity but also those
involving detector-noise counts. This last contribution
has been determined from an independent measurement
of the detector-noise count rate. The result is indicated by
the time-independent hatched area in Fig. 4. Only the
excess signal, (A1) = g@(Ar) — g | reflects the
true photon statistics of the light emitted from the atom-
cavity system.

The correlation function, §®(At), oscillates with the
same periodicity as the sequence of pump pulses. This
indicates that photons are emitted only during the pump
pulses, and no emissions occur when recycling pulses are
applied. The nearly Gaussian envelope of the comblike
fum.:tion is obviously a consequence of the limited atom-
cavity interaction time. The most remarkable feature in
Fig. 4 is the missing correlation peak at Az = 0. In fact
photon antibunching together with §?(0) = 0is observed.
This clearly demonstrates the nonclassical character of the
emitted light, and proves that (a) the number of emitted
phgtops per pump pulse is limited to one, and (b) no further
emission occurs before the atom is recycled to its initial
state. Note that the relatively large noise contribution is no
intrinsic limitation of our system but reflects only the low
atomic flux through the cavity in the present experiment.

We emphasize that the detection of a first photon signals
the presence of an atom in the cavity and fixes the atom
number to one. The photons emitted from this atom during
subsequent pump pulses dominate the photon statistics and
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FIG. 4 (color online). Second-order intensity correlation of
the emitted photon stream, averaged over 15 000 experimental
cycles (loading and releasing of the atom cloud) with a total
number of 184 868 photon counts. The hatched area repre-
sents correlations between photons and detector-noise counts.
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give rise to antibunching. Such an antibunching would not
be observed for faint laser pulses, since a random photon
statistics applies to each pulse. The areas of the different
peaks of the correlation function in Fig. 4 reflect the
probability for the emission of further photons from one
and the same atom. They are determined from a lengthy but
straightforward calculation which relates the number of
correlations per pulse with the total number of photon;
Using the data displayed in Fig. 4, the n_asu]t for the condi-
tional emission of another photon during the (next, 3rd,
4th, 5th, 6th, 7th) pump pulse is (8.8, 5.1, 2.8, ]4 '0.8,
0.5)%. Note that the probabilities for subsequen_t emissions
decrease, since the photon-emission probab;ll_ty, .Pemi;,
depends on the location of the moving atom. It is highest
for an atom in an antinode and decreases if the atom movefs
away from this point. It is not possible to C(.mtlrol the atom’s
location in the present experiment, but it is possrb_le to
calculate P, (z) from the experimental data. Here, zis the
atom’s vertical position relative to the cavity axis, a_nd
P..ii(2) is averaged over all possible atomic trajectories
in the horizontal xy plane. Assuming a Gaussian z depen-
dence, the deconvolution of g@(Ar) gives Pomu(z) =
0.17exp[—(z/15.7 um)*]. For z =0, the average
photon-emission probability of 17% is smaller _than the
calculated value of 67% for an atom in an aml'node of
the cavity. It follows that a system combining a cavity ‘and a
single atom at rest in a dipole trap [25,26], or a single ion at
rest in a rf trap [27,28], should allow one to generate a
continuous bit stream of single photons with a large. a:nd
time-independent efficiency [21,22]. The p_hoton repetition
rate is limited by the atom-cavity coupling constant, g,
which one could push into the GHz regime b‘y using
smaller cavities of wavelength-limited dimensions in,
e.g., a photonic band gap material.

In conclusion, we have shown that a coupled atom-
cavity system is able to emit single photons on demand.
Moreover, it is possible to generate a sequence of up to
seven photons on demand from one and the same atom in a
time interval of about 30 us. These photons are all gen-
erated in a well-defined radiation mode. They ‘_sh(?uld h_avc
the same frequency and a Fourier-transform limited lll’?&
width, limited from above by the decay rate of the cavity
field [23]. It follows that one can expect the pho_tons to be
indistinguishable and, therefore, ideal for all-optical quan-
tum computation schemes [2]. Moreover,_ the plhoton—
generation process is unitary. This makes it poss@c to
produce arbitrarily shaped single-photon pulses by sunabl.y
tailoring the envelope of the pump pulse. For symmetric
pulses, the emission process can be reversed. This should
allow one to transfer the photon’s quantum state to anothcr
atom located in another cavity. Such a state mapping
between atoms and photons is the key to quantum tele-

067901-4

portation of atoms between distant nodes in a quantum

network of optical cavities [3].
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Comment on “Deterministic Single-Photon Source for
Distributed Quantum Networking”

A recent Letter [1] describes an experiment to generate
single photons within the setting of cavity QED. The
authors claim that “‘a sequence of single photons is emit-
ted on demand” and that their results represent “the
realization of an intrinsically reversible single-photon
source.” Although their work is certainly an advance
towards these goals, unfortunately the observational evi-
dence reported in Ref. [1] does not support the principal
claims of the demonstration of a deterministic source for
single photons, nor of emission that is suitable for the
coherent transfer of quantum states over a network. The
underlying difficulties are that (1) photons are emitted at
random and not “on demand” due to the random arrival of
atoms into the interaction region, (2) the photon stream is
super-Poissonian because of fluctuations in atom number,
and (3) the pulse phase is random and unknown due to the
stochastic character of atomic trajectories.

The data presented in Fig. 4 of Ref. [1] display the
second-order intensity correlation function ggl)_D,(r) for
the cross-correlation of photoelectric counting events
from two detectors (D,, D,) as a function of time sepa-
ration 7. Somewhat surprisingly, 3521).02(7) =1, and, in
particular, ggl)'DQ(O) = 1, so that the inferred photon sta-
tistics are super-Poissonian (An?) > (n) [2]. This is in
marked contrast to the behavior required for an on-
demand single-photon source, for which 2?2(1) =0 at
predetermined times #,, with sub-Poissonian photon sta-
tistics (An?) < (n) [2]. The authors attribute this disparity
to detection events other than those arising from photons
emitted from the cavity. However ggf’ﬂ, (0) would remain
greater than unity even if the background light were
eliminated altogether, making §? in [1] specious.
Furthermore, neither gg]"nz nor g2 incorporate nonsta-
tionarity of the underlying processes, so that conclusions
about nonclassicality are not well supported.

To illustrate these points, consider the well-studied
problem of resonance fluorescence from a two-state
atom, with intensity correlation function gf)(r) [2]. If
observations are made not for a single atom but rather
from a volume with a stochastic variation in atom number
N, the resulting intensity correlation function ggipz{f) is
of a markedly different form from gf)('r), asillustrated in
Fig. 1. Significantly, Fig. 1 for free-space emission repro-
duces the essential characteristics of Fig. 4 in Ref. [1] for
emission within a cavity, including that the light is super-
Poissonian [4]. The commonality of these two figures
arises because of fluctuations in the number of “source”
atoms about which there is no a priori knowledge. For
Independent single-atom emitters, the observation of sub-
Poissonian photon statistics requires sub-Poissonian atom
Statistics, with ggl)r p,(0) <1 in direct correspondence to
the reduction Oy = W—%ﬁ < 0 [3]. Strategies to achieve

Q4 <0 include conditional detection, both for Fig. 1 and
for Fig. 4 in Ref. [1] [2,5].
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FIG. 1 (color online). ggl)_ 0.(7) versus delay 7 for the fluores-
cent light from a beam of atoms with average number N = () |
The line at gg‘l_oz{r) =1 represents the Poisson limit for
coherent light of the same mean counting rates at (Dy, D,), 7
is measured in units of the transit time tp. The generalized Rabi
frequency 'ty = 25, and transverse decay rate Bty = 0.1. The
lower trace is for background to signal ratio = 0.5 (appropriate
to Ref. [1]), while the upper trace has no background [3].

In addition to fluctuations in arrival time and atom
number, the experiment of Ref. [1] suffers from a lack
of atomic localization with respect to the spatially vary-
ing coupling coefficient g(7). As as result, the output pulse
shapes and phases for photon emissions vary in a random
fashion. A typical atom in [1] moves + 4 along the cavity
axis during its transit, leading to an unknown phase ¢ for
the emitted field, which varies from one pulse to the next.
Such randomness in ¢ makes the Jfield unsuitable for the
quantum network protocols cited in Refs. [3,16-19] of
Kuhn et al [1]. Moreover, reversible transmission to a
second atom-cavity system requires knowledge of the
actual time of the initial emission, as well as an “event”
ready atom at the remote location. Neither of these capa-
bilities follows from the experiment reported in Ref. [1].
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Kuhn, Hennrich, and Rempe Reply: A recent
Comment [1] addresses the question of whether a deter-
ministic and intrinsically reversible single-photon source
has been demonstrated in Ref. [2]. The author of [1]
admits that [2] is an advance towards these goals, but he
has four objections.

First, reversibility has not been demonstrated. This is
no objection, since there is no such claim in Ref. [2]. We
point out only that the Raman process used for photon
generation is intrinsically reversible. This has been
shown, in fact, by the author of [1] in [3].

Second, the stochastic trajectories of the atoms lead to
phase fluctuations. These are neglected in [2], since the
velocity of the atoms along the cavity axis is restricted to
-5 mm/s, which leads to a phase jitter below +ar/40 for
a2 us long pulse. This has a negligible influence on the
Raman process. Preserving a fixed phase relation between
several atoms at different locations requires technical
efforts which are beyond the scope of [2].

Third, it is claimed that the fluorescence from an
ensemble of continuously pumped two-state atoms
(Fig. 1 in [1]) reproduces the essential characteristics of
our experiment. This comparison is inadequate, since
¢?(7) = 1 is due to out-of-phase Rabi oscillations of
different atoms. In [2], however, the emission probabil-
ities of all atoms oscillate in phase because the pump laser
operates periodically. This leads to a periodic modulation
of g2(7). In Fig. 4 in [2], this contribution is hidden in the
noise. To illustrate its effect, it is necessary Lo look at a
measurement with increased atom flux [4]: Fig. 1 shows
the oscillatory different-atom contribution as a hatched
area, and a pedestal involving background counts as a
cross-hatched area. Note that the oscillatory contribution
has a time-independent amplitude. It follows that g?(0)
is mainly (> 60%) determined by different atoms that
emit simultaneously. As the oscillatory contribution is not
visible in Fig. 4 of [2], many-atom emissions can be
neglected there. The fact that ¢@(0) does not exceed the
background contribution, together with the large correla-
tion peaks at 7 = *4 us, proves that a single atom emits
at most a single photon per pulse. Note that for a periodi-
cally driven Poissonian emitter, g@(0) would be at least
as large as all other correlation peaks.

Fourth, the author of [1] says that the measured corre-
lation function does not support the deterministic gen-
eration of single photons. Itis argued that, without a priori
knowledge about the presence of an atom in the cavity,
the Poissonian atom statistics is simply mapped to the
photon statistics. This point has already been addressed in
[2], where we “‘emphasize that the detection of a first
photon signals the presence of an atom. .. photons emitted
from this atom during subsequent pump pulses dominate
the photon statistics and give rise to antibunching”
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FIG. 1 (color online). Intensity correlation function, g@(7),
for a flux of 10 atoms/ms. The hatched and cross-hatched areas
indicate, respectively, the different-atom and the background-
noise contributions.

However, a quantitative analysis was not presented in
[2], since no established procedure exists to analyze a
nonstationary nonclassical light source. In our experi-
ment, a possible protocol is to interpret every photon
detected during a pump pulse as a flag indicating the
presence of an atom and then to restrict the statistical
analysis to the light emitted during the adjacent pump
intervals. These constitute a set of N pump intervals
conditioned on the presence of atoms. The events in
this set form a new data stream which is used to calculate
the correlation function, g@(Ai)= SN E\()E(i +
Ai)/(NE,E,), where E\,(i) are the numbers of events
observed by detectors D, during the ith pulse in the
new data stream. Application of this straightforward
analysis to the original data of [2] yields gP(Ai=0)=
0.25(11) and g®@(Ai # 0) = 1.00(22). This demonstrates
that the photon statistics conditioned on the presence of
atoms is sub-Poissonian, as can be expected from the
antibunching effect shown in [2].
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Opi':ical Cavity QED: Fundamentals and Application as
a Single-Photon Light Source

AXEL KUHN and GERHARD REMPE
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D-85748 Garching, Germany

1. — Introduction

Within the last few years, a major effort in the development of quantum crypt
graphy, quantum communication and quantum information processing has been u?c)i Y
taken worldwide. Special attention has been paid to the realization of decoherence—fer_
qye:mtum systems for the storage of individual quantum bits (qubits) and to th o
ditional coupling between these qubits for the processing of quantum informati : C(())n-
the one hand, schemes coupling internal atomic states with external states of theoazo 'D
motlc.m (e.g. in an ion trap) were studied, and on the other hand, the coupling of inte mlti
atomic states to quantized modes of the radiation field has be;n investiga:ecl In I:llla
chapter, we concentrate on the latter. We focus our attention on an adiabatic .co li -
scheme between a single atom and an optical cavity, which allows one to po ulut? m'g
thezf Fjock states on demand, or to emit single photons into a well-defined fno?ﬂe a;)fe t(}:’ll-
radiation field outside the cavity. Such a deterministic single-photon source would n (:
0nl3.z enhance the security of quantum cryptography schemes [1], but would al b(;
optical quantum information processing with linear components ,[2] o

. The atom-cavity coupling scheme combines cavity quantum electrodynamics (CQED
with a technique known as stimulated Raman scattering by adiabatic passage (STI2
RAP) [3-5]. To describe the scheme, we first introduce the relevant features of CQED
and the Jaynes-Cummings model [6, 7], which describes the interaction of a two-level

(© Societa Italiana di Fisica
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atom with a single lossless cavity mode. Next, we discuss the transmission properties of
a dissipative cavity containing an atom and the modification of the spontaneous emission
properties of the atom, like the Purcell effect [8-11]. We then describe the adiabatic pas-
sage technique. It employs a three-level atom with two dipole transitions driven by two
radiation fields. One of them comes from a laser, the other is that of a cavity strongly
coupled to the atom. We show how to treat the atom and the two radiation fields in a
dressed-state basis [12], and how the state vector of the coupled system can be changed
in such a way that exactly one photon is placed into the cavity. This photon can escape
through one of the mirrors, thereby forming a single-photon pulse [13]. We evaluate
the adiabaticity criterion to estimate possible losses, and compare our experimental re-
sults with a numerical simulation of the process. For comparison, we also discuss a
proposal [14] where the emission of a single photon from a coupled atom-cavity system

is investigated in the bad-cavity regime.

9. — A Short Review of Cavity Quantum Electrodynamics

In this section, we briefly review the interaction of a single two-level atom with a
quantized mode of the radiation field in a cavity. First, the basic properties of optical
cavities are introduced and a simple scheme to quantize the field is presented. We then
introduce the interaction of a single two-level atom with a light field in free space, and
extend this discussion to the full quantum-mechanical description of an atom coupled to
a single mode of a cavity, leading to the Jaynes-Cummings picture. Finally, we describe
the normal-mode splitting of a coupled atom-cavity system and the enhancement of the
spontaneous emission rate of an atom coupled to a cavity.

2°'1. Optical High-Finesse Cavities. — We first restrict our discussion to a one-di-
mensional Fabry-Perot cavity with mirror separation [, mirror reflectivity, R, close to
one, mirror transmission, 7, and mirror absorption loss, £. Light of wavelength A and
intensity I;» impinging on one of the cavity mirrors gives rise to a circulating intensity

IinTmaz/T
1+ 4(F/7)?sin(kl)’

(1) jl—a::i-rc =

where k = 27/) is the wavenumber of the light;, Toae = T2/(1 = R)? the maximum
transmission and

/R
@ F=1=®

the cavity finesse. The frequency difference between two neighbouring transmission max-
ima is called the free spectral range, FSR = me/l. Since we are interested in a high mirror
reflectivity, the cavity transmission in the vicinity of a resonance can be described by the
Lorentzian
2
K
(3) Tcavity X m.
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; differ quency and the fre
Oftthefca.l:rlty resonance. The linewidth (FWHM) is 2x = FSR/F. Note that I:h(:1 32:‘337
rate of the cavity field, x, is only determin i flectivi -
rate of the o y ed by the mirror reflectivity and the spacing
sho};; ai,l(lzhfliew; (a: ?ta;lzlel single-mode operation in a real cavity, curved mirrors are used, as
g.1(a). As long as the mirror curvature, R, is | i ,
A ] ‘ , R, is large with respect to the mirror
; e cavity remain small and the i

o ! . ' : system can be treated in
. e para;ﬁal approxlr?atlon. In this case, Hermite-Gaussian or Laguerre-Gaussian cavit

genmodes are obtained. We concentrate on the Gaussian TEMy, mode to simplif::

the further discussion. The smallest (1
; field i i i i
o e (1/e field strength) radius of this mode is called its

@) wg = 5’\; 1R D).

For a cavity length [ short i
gt orter than the Rayleigh length, zg = ww? /), the variation of

the mode diameter alon i i
: g the cavity axis can be 1 ial i i
distribution of the T'E My, mode is given by mesiesiach sul the spetial insenaity

() L) =4larclp@)  with  $(r) = cos(kz) exp (~(z +9?)/ud)

where the modefunction v (r) reflects i
the standing wave in the cavit i i
to one at the antinodes. The mode volume is defined by o

(6) V= / [9(6) P = Fudd.
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2°2. Field Quantization. — In this section, we briefly discuss the quantization of the
electromagnetic field in the cavity. Without loss of generality, we restrict ourselves to
a single mode of the cavity with resonance frequency wc, as in the previous section.
For each photon added to this mode, the energy stored in the cavity increases by fwc,
and for n photons in the mode the total energy is hwe(n + %), where the zero-point
energy of hwe /2 has been associated with the vacuum field. The equidistant energy
spacing imposes an analogue treatment of the cavity’s photon-number states, the so-
called Fock states, |n), to the energy levels of an harmonic oscillator, as shown in fig. 1(b).
Consequently, creation and annihilation operators for a photon in the cavity mode, at
and a, respectively, can be used to express the Hamiltonian of the cavity field,

(7) He = hwe (a“a -+ é) .

Note that this Hamiltonian does not include losses. In a real cavity, all photon number
states decay until the vacuum state, i.e. the state with no photon in the cavity, is reached.

2'3. Two-Level Atom coupled to a Laser. — Prior to the analysis of a two level atom
interacting with the quantized electromagnetic field in a cavity, we restrict our discussion
to an atom being exposed to a monochromatic laser beam of frequency wg, which is
treated classically. The atom is assumed to have two eigenstates, a ground state, lg),
and an electronically excited state, |e), with energies fwgy and fwe, respectively. A dipole
transition between these levels therefore occurs at the frequency weyg = We — Wy- The
Hamiltonian of the undisturbed atom reads

(8) Hp = hwy|g)(g| + hwele) (el.

The atom is exposed to an oscillating electric field E(t) = (Eo /2)(e~*tt + c.c.), where
E is assumed to vary slowly in time. This is expressed by the interaction Hamiltonian

B [ peg2E(t
) Hoa®) = 5 (22572 )l + 1)l
where f¢g is the transition dipole moment between states |g) and |e). In a frame rotating
with frequency wyz, and in the rotating-wave approximation (RWA), the Hamiltonian of
the coupled system, H = Ha + Hint, is given by

(10) H =2 2816) el - el - Aa)e),

where A = weg — wr is the detuning of the laser from the atom’s transition, and
Q = pegEo/h is the Rabi-frequency of the driving field, assumed to be real by, e.g.,
an appropriate choice of the phases of the atomic wavefunctions. This system shows two
non-degenerate eigenfrequencies,

(A +/Q2 + A?) ,

| =

(11) wE =
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e o S0 C = Weg —we. (b) Dr.ewed—level scheme of the combined atom-
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e doublets is only li i
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with the respective eigenstates

(12) la*) = cosp|g) —single) and  |a~) = sin ¢lg) + cosdle),

where the mixing angle ¢ is given by

(13) i Q _ VAT A
V2 FAZ - A Q :

g;le.level splitting })etween the two eigenstates, Qog = vO2 + A2, is called the effective
bi frequency. It is the rate at which the relative phase of the two eigenstates develops

in time, according to Qg x t. If we now start from the assumption that both eigenstat

are populated and ask for the probability to find the atom in either one olfgits l:? e
states, 1.nterference terms oscillating at the frequency Qeq arise, i.e. part of the at al'-e
population oscillates between states |g) and le) at the effective éab; frequency. e

. 24 Tw.o-Levet Atom.coupled to a Cavity. — Now we assume that the two-level atom
interacts with n photons in the relevant field mode of the cavity. In this case, the resonant
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Rabi frequency is

(14) Qc =29(r) = 20V $(r),  With -5y
c = 29(r) = 290 ; 90 = \| 2heoV"

The description of an atom interacting with a quantized field is similar to the description
of an atom interacting with a classical field of a given amplitude, with one important
difference, namely conservation of energy in the absorption and emission processes. It is
evident that any change of the atom’s internal state must be reflected by an according
change of the cavity’s photon number. It follows that the interaction Hamiltonian of
the atom-cavity system now encompasses also the creation and annihilation operators,
o' and a, for the photons in the cavity. On the cavity axis, and in an antinode of the

relevant mode, this Hamiltonian is given by
h t
(15) Hint = —5(290) [le}{gla +a lg){el] -

For any arbitrary excitation number, n, only the pair of product states |g,n) and |e,n—1)
is coupled. Therefore, the situation corresponds to a set of independent two-level systems,
one for each excitation number n. Note that between the pair of states characterized by
n and the neighbouring one with quantum number n + 1 or n — 1, an energy difference
of hwe results from the cavity Hamiltonian Hc.

Apart from this energy difference between neighbouring pairs of states, the analogy
with single two-level systems can be used to write down the eigenfrequencies of the
complete system Hamiltonian, H = He+Ha+Hine. In the rotating wave approximation,

they read

1 1
(16) wE =we (n+ 5) g (&c + /4ngg + A%:) ,

where Ag = weg—wc is the detuning between the atom and the cavity. The eigenstates of
each coupled pair of states correspond to the ones given in (12), provided the replacements
lg) — |g,n) and |e) — |e,n — 1) are made. Therefore, the atom-cavity interaction splits
the photon number states into a doublet of two non-degenerate dressed states. These
doublets are named after Jaynes and Cummings, who pioneered this way of describing a
coupled atom-cavity system [6,7].

It must be emphasized that there is one exception to the rule. Without excitation,
both, the atom and the cavity are in their ground states, |g) and [0), respectively. The
only possible product state, |g,0), is not coupled to any other state. Therefore, its
eigenfrequency, wo = wc /2, is not altered, and no splitting occurs.

Like in the case of a two-level atom coupled to a classical field, Rabi oscillations also
oceur in a cavity. For an atom initially in the ground state and n photons in the cavity,
the probability to find the system in cither one of the bare states, |g,n) or |e,n — 13
oscillates with the effective Rabi frequency Qn eff = 4ngs + AZ. This means that the
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cavity ﬁeld. stimullates the emission of an excited atom into the cavity, thus deexciting the
a?;om lz):\:nd increasing the photon number by one. Subsequently, the atom is reexcited b
absorbing a })hoton from the cavity field, and so forth. Since a single excited atom and !
cavity r:ont:_a.ming initially only a vacuum field, i.e. no photon at all, are sufficient tom; »
Zzih(;s;;la.tlon l!;e;ween le,0) and |g,1) at frequency /4¢3 + AZ, t!his oscillatory ensert;
e is called vacuum-Rabi oscillation. For i i illati
frequency is 2gg, which is therefore called the vacjuﬁgzi?tf;;](:sz?;m, the osetlation

leadi.;ﬁt. Nomgl-‘Mode Sp!ztten?. — For sn.itable parameters, the atom-cavity interaction
o a splitting of the cavity transmission into two peaks, one below and the oth
above the unperturbed resonance frequency, wc, as shown in }ﬁg. 3. This effect is : 11 eé
normal-mode splitting. A detailed analysis goes beyond the simple Jaynes-Cum i
m04.:1el because the decay rates of the excited atomic level, 27, and the cavity field e
be included, as well as the external field driving the at,om—lcavity systemy We ;t:.;';n ;llflt

discussion by considerin i
g the relaxation rates first. These rates | iti
Hamiltonian, which reads ° leacl tora nonHermitian

(17) H' = Hc + Ha — hgo (le){(gla + a'|g)(e|) — ifry|e)(e] — ifrala.

For‘ a (.tathy whi<‘:h is in resonance with the atom, and with n denoting the number of
excitations, the eigenfrequencies of this damped system
1

+
wnzwc(n+%)+t:)$, with
18 ok = 11/ 2 :
(18) @y :|:2 4ngo—('y—.ts)2—§('y+m(2n—1)) for n>1,

3::: :0“; f}ljven. by complex ;mmbe‘rs. The imaginary parts of the eigenfrequencies cause a
y of the e1gerfsf:ates, |aif), while the real part of & describes the splitting. Obviousl
a necessary condition for a level splitting to occur is :

(19) dngd > (v - K)2.
. ~ :l: . .

glt};erwm;_, @n woulfi be purely imaginary, describing an overdamped system. But note
: :h condition (19}~ is ’not sufficient to resolve the level splitting. This is only possible
i e.real part of wy is larger than its imaginary part, which is given by the averaged
damping rate (y + k(2n — 1))/2. ’

In lcase of weak excitation of the atom-cavity system, only the two states with n = 1
are re eva.nF for Fhe transmission properties of the cavity. The difference between the two
corresponding eigenfrequencies amounts to

(20) Qsplit = \/‘m-

'I"his splitting .can be resolved for sufficiently small decay rates, (k,v) < go. This condi-
tion characterizes the strong-coupling regime of cavity QED. Note that the presence of




AxeL Kunn and GERHARD REMPE

2
A T 1/ l(l)+—'A]_J
O ’
g AV & N— 1/ oA
E ‘-' ——— transmission
5 ;: \\
b lrn‘ \\
z ;
'; - P Tl . T T —— ——
P S — 7 ) 20
20 -1 ’ N

laser detuning AL!(Zn) [MHz]

i i i laced
Fig. 3. — The frequency-dependent transmission of a cavity alieson:n:;;il::; ,?;“'11%11:; s:tc;r:l _p::avuy
b1k i two peaks, indicating a normal-mo e g Thes
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lossless atom-cavity system.
To calculate the cavity transmi :
laser beam impinging on one cavity mirror.

ssion quantitatively, we follow [15] and cox}side}' a weak
The corresponding pump Hamiltonian

(21) Hp = —ihn(a —a')

field with a rate 7. As shown below, this leads

i ini . With an atom
to, on average, n?/ k2 photons in the resonant cavity c_ontammg no atorr:j <1. bt iy
prlasent and for sufficiently weak pumping, characterized by 7 <<11ng a(.:r;io 1'.;} s e
the syséem is mainly in its ground state, |g,0), and only the small fra S "
first excited doublet is of interest. In this case, the relevant state vec

atom-cavity system can be written as

describes a coherent pumping of the cavity

(22) [T (t)) = ce(t)le, 0) +cg()lg: 1) + colg, 0)-

describes a population flow into state |g,1)-
ed to be in resonance, whereas the laser
the rotating-wave approximation and
the relevant terms of the Schrodinger

With ¢p = 1, the pump Hamiltonian (21)
As above, the atom and the cavity are assum
can be detuned by an amount AL =wc—wr. In
in a frame rotating with the laser frequency, WL,

equation now read

¢, = —gocg + (AL — iv)ce and
(23) icg = —goCe + (AL —iK)cg + 11
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The transmission of the cavity, Zcavity, can be calculated from the average photon number,

(n), which is given by the population of state |g,1). Using the steady-state solution of
(23) with ¢4 = é. = 0, we get

K(y —iAL) 3

(24) Ty O) o () = o = (1) | 2 a5y

K

The cavity transmission is shown in fig.3. To guide the eye, two Lorentzians centred
around R(&7) = +11/49% — (v — k)2 with a width of —S(&f) = (v + k) (HWHM) are
also shown. Note that the cavity transmission cannot be decomposed into a sum of two
Lorentzians.

‘We emphasize that the single-atom induced normal-mode spectrum as described here
has not been observed yet. All experiments performed so far have either been carried
out with several atoms randomly distributed over the cavity mode in such a way that
their combined effect resembles that of a single atom at an antinode [16-18], or with a

single atom exhibiting a complicated motional behaviour depending on the frequency of
the probe laser [19].

2°6. Enhanced Spontaneous Emission. — It has been proposed by Purcell [8] and
demonstrated by Heinzen et al. [9] and Morin et al. [11] that the spontaneous emis-
sion properties of an atom coupled to a cavity are significantly different from those in
free space. For an analysis of the atom’s behaviour, it suffices to look at the n = 1 dou-
blet. Like in the previous section, we include the decay rates v and s and make use of
the Hamiltonian (17). There is no light coupled into the cavity, i.e. n = 0, and therefore
the Schrodinger equation for the coefficients ¢y . reads

(25) iCe = —goCg — 1YCe and ity = —goCe — 1KCgy.

Figure 4(a) shows the time evolution of the atom-cavity system when k > go. The strong
damping of the cavity’s one-photon state inhibits any vacuum-Rabi oscillation, since the
photon is emitted from the cavity before it can be reabsorbed by the atom. Therefore
the transient population in state |g, 1) is negligible if the atom is initially (at ¢ = 0) in its
excited state |e). In this case, the adiabatic approximation ¢4 =~ 0 can be applied, which
gives

4 . g . B e
(26) dth = —YCs . Ciss i.e. 8:(f) = exp( [7_‘_ ﬁ an

It is obvious that the ratio of the emission probability into the cavity to the spontaneous
emission probability into free space reads gZ/(k7). This equals twice the one-atom coop-
erativity parameter, originally introduced in the context of optical bistability [20]. Note
that the atom radiates mainly into the cavity if g3/x > v. Together with k >> go, this
condition constitutes the bad-cavity regime.
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Fig. 4. — Time evolution of an excited two-level atom placed in a resonant optical cavity at t = 0.
The initial photon number is zero. The upper row of diagrams shows the populations, p.. and
Pgg, Of the product states, |e,0) and |g, 1), respectively. The lower row of diagrams shows the
corresponding integrated emission rate, i.e. the emission probabilities as a function of time,
with Pioss denoting the probability for spontaneous emission not leading to a photon emission
from the cavity, and Pgmit denoting the probability to emit a photon through one of the cavity
mirrors. All traces in this figure result from a numerical evaluation of the master equation
describing the coupled system. The three columns belong to three different coupling strengths
and loss rates: (a) (go,7, k) = 27 x (4.5,3,12.5) MHz. (b) (go0,7, ) = 27 x (4.5,3, 1.25) MHz.
(¢) (go,7, k) = 2m x (45,3,1.25) MHz.

In the strong-coupling regime, go > (k,7), however, the atom-cavity system is subject
to a vacuum-Rabi oscillation between states |e,0) and |g, 1), both decaying at the respec-
tive rates v and k. Figure 4(c) shows a situation where the atom-cavity coupling, go,
saturates the |e,0) < [g,1) transition. On average, the probabilities to find the system
in either one of these two states are equal, and the average ratio of the photon-emission
probability out of the cavity, Pemit, to the spontaneous photon-emission probability,
Pioss, is given by x/y. The fast Rabi oscillation leads only to a small ripple on the
photon emission and loss probabilities in the beginning of the interaction.

In the intermediate regime, the enhancement of the atom’s spontaneous emission
into the cavity cannot be written in terms of simple analytic expressions. As the bad-
cavity regime and the strong-coupling regime display a dramatically different dynamical
behaviour, not even an interpolation is allowed. To illustrate this statement, we assume,
e.g., atom-cavity parameters (go, 7, ) = 27 x (4.5,3,1.25) MHz, which lead to the time
evolution shown in fig. 4(b). It is obvious that here the decay is neither exponential, as
would be the case in the bad-cavity regime, nor displays ripples indicating the fast Rabi
oscillation in the strong-coupling regime. Hence, if go is too small to strongly saturate
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the atomic transition, a simulation is mandatory to determine the system’s dynamics.
It reveals (see fig. 4(b)) a Rabi oscillation starting so slowly from state |e, 0), that the

initial spontaneous emission loss from |e,0) dominates the photon emission probability
from the cavity.

3. — Three-Level Atoms

Now, we consider an atom with a A—type three-level scheme, providing transition
lfrequencies Wey = We — Wy and Wey = we — Wy, as depicted in fig. 5. This atom is either
interacting with two classical light fields of frequencies wp and wg, or, alternatively
with one classical field and a cavity mode, respectively. Assuming a Raman—resonam;

}nteractio.n, i.e. setting wey —wp = weyg —wg = A, the behaviour of the atom is described
in a rotating frame by the Hamiltonian

i
(27) H = Z[2Ale){e] = Qs(le)gl + lg)(el) — Qp(le}(u] + [u)(e])],

where Q2p and Qg are the Rabi frequencies of the two fields, respectively. Note that we
have used an extended version of the rotating-wave approximation to obtain this Hamil-
tonian — not only contributions rotating at twice the optical frequency were eliminated,
but also all other off-resonant terms of the order of wy — w, have been neglected, i.e.
we assume that the pump laser (frequency wp) only couples to the |u) « |e) transition,

and the Stokes laser (frequency wg) only to the |g) < |e) transition. This is justified
whenever the condition max(Qp, Qg, |A]) < |wy — wy| is met.

It is convenient to express the state vector of the atom coupled to the two radiation
fields in the basis of the Hamiltonian’s eigenstates, which read

(28) |a®) = cos ©|u) — sin O)g),
la™) = cos ® sin O|u) — sin Be) + cos P cos O|g),
la™) = sin ®sin ©|u) + cos ®le) + sin ® cos O|g),

where the mixing angles © and @ are given by

(29) ta.nE-):g—le and tan® = ySts + G
Qs VOZE+QE +AZ-A]

with 2p and €25 assumed to be real. The corresponding eigenfrequencies are

(30) w’ =0 and wi=%(Ai\!Q§+QQP+AQ).

We note that the interaction with the light lifts the degeneracy of the three eigenstates
as soon as the Rabi-frequencies are non-zero. Furthermore, it must be emphasized that
one of these states, namely |a®), is neither subject to an energy shift, nor does the




AxEL KunN and GERHARD REMPE
12

(b) (c)

_*_
bl &
3
=
N
>

atomic bare state energy
¥
£ 5
I
(3]
S
3
dressed state energy
1
L)
1
1

Fig. 5. — (a) A A-type three-level atom with two long-lived ground states [u) land lg) and s;axmtecdi
stai;e le). The transition |u) « |e) is driven by a classical la:leli ﬁeldﬁw;:ih l;{;blbf.n;:[;e::;ycy 5 ,S 31:) !
; ition is ei i d classical laser field of Rabi s
the |g) « |e) transition is either driven by a secon : ‘
cou]l»sl;gd tol a_)cavity containing n photons, with Rabi frequency 2go ﬁz— The common ‘c_letung\i of
the cavity and the classical field(s) from their respective resonances is A = weu ;wlf t- w;g i ::1 .
(b) Dressed-level scheme of the combined system for vanishing COUPllng strengi.; s betwee o ,
fields and cavity. Note that the degeneracy of the state triplet is only partially hfted. yThe
detuning A. (c) Same as (b), but for an atom interacting with laser field(s) and/or cav:ty.f e
; ; 2
state triplet is now split by Qsprie = /Qp + Q% + A2 = \/ Q% +4gin + A% 1.\1;(‘)&:[ ‘ii)at._,oj;)l
detuning A which is large compared to all Rabi frequencies, the Ramgn trsa;;s; 1:A e
is driven at the effective Rabi frequency Qe = 3 (Qspiic — iA|] 2 "(Q b + ”S)tf | ll.v e
not the usual Raman Rabi-frequency, QRraman (j plls /2'[), in an effective go— o rESSim;
because the differential light shift, Ajjgne = (9% —Q%)/4A, is taken into account. ur 5) S
corresponds t0 Qe = /QRaman + Dhight- Ve emphasize that the Ja.ynes-Cummmgsa ou '
for a two-level atom-cavity system are now replaced by triplets. The dark state |a,), which
belongs to the triplet, is not shifted in energy.

[

excited atomic state contribute to it. In the literature, |a°) is t‘he'refore called a “d.i.rg
state”, since its population cannot be lost by sponta:lleons e‘mlssmn from t.hl;a ext;:;iz
state |e), and because an atomic system prepared in !a ) remains dark even :rv eln Thi
exposed to pump and Stokes light of Rabi frequencu?s Qp’and Qg, rfspeﬁ ively. o
lack of spontaneous emission from atoms in |a®) manifests 1tself as a “dar ;esopa ol
in Raman spectra, when the two-photon Raman-resonance COIlldltlon, Ap = lg, is rnf E;

The previously discussed three-level atom is now plat:fed 1:1'1 the rfxode_: volumeo? >
cavity, with the Stokes transition driven by the atom-cavity 1nterac‘t10r1 11;:ed p ag;e i
externally applied field. Analogous to the case of a t.'“{o-ievel atom dlsculss edab ve,
Rabi frequency and the detuning of the Stokes transition need to be replaced by

(32} AS — Ac.

In addition, the photon creation and annihilation operators, o and a, _respecti_v.'e:h;r,I muit
be introduced in the interaction Hamiltonian. In a rotating frame, the interaction Hamil-
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tonian now reads

(93)  Hie = 1| Aplu)ul + Acl)o] ~ oe)sla + a'lo)el) ~ ap(e)u + (e

Note that the cavity-induced Stokes Rabi frequency is proportional to \/n, since
(nlafin—1) = /n = (n— 1la|n). Given an arbitrary excitation number n, this Hamilto-
nian couples only the three states |u,n — 1), |e,n — 1), |g,n). For this state triplet and

a Raman-resonant interaction with Ap = Ac = A, the eigenfrequencies of the coupled
system read

(34) wd = we (n - ?12-) and

1 1
+
wy :wc(n+§)+§(A:t\/4ngz+92p+A2),

with eigenvectors according to (28). Of course, the replacement lu) = |u,n—1), |e) —
le,n—1) and |g) — |g,n) has to be made. Asa consequence, the former Jaynes-Cummings
doublet is now replaced by the state triplet { lag), |a;t), la; )} with the above mentioned
eigenfrequencies. In the limit of vanishing Qp, the states la) correspond exactly to
the Jaynes-Cummings doublet which has been discussed in the previous section, and the
third eigenstate, |al), coincides with |u,n — 1). Note that w? is not affected by Qp or
g- Therefore transitions between dark states of different n, |al), are always in resonance
with the cavity frequency we. This holds, in particular, for the transition from [a9) to

l9,0), since the n = 0 state does not split (the corresponding states |u, —1) and |e, —1)
do not exist).

4. — Adiabatic Passage

Adiabatic passage techniques have been used for coherent population transfer in atoms
or molecules for many years now. In two-level systems, usually a frequency chirp across
the relevant resonance line is applied to a single driving field. In three-level systems, either
a variation of the amplitudes of the two driving fields is used, or a frequency chirp across
the relevant two-photon (Raman) resonance drives the passage. First realizations were
in the rf-regime, with the aim to flip nuclear spins in NMR [21]. In the optical domain,
frequency-chirped interactions have been realized for atomic or molecular samples, using
either a Stark shift or the dynamical Stark effect to chirp the resonance across the fixed
laser frequency [22-24]. This kind of frequency chirp has been extended to three-level
systems. For example, it has been shown that population transfer can be achieved
by a Stark-chirped rapid adiabatic passage (SCRAP) across the Raman resonance [25].
Moreover, driving the Raman transition with frequency-chirped laser pulses allowed a
velocity-selective excitation and Raman cooling of atoms [26,27]. Without frequency
chirp, but with the Raman transition driven by two distinct pulses of variable amplitudes,
effects like electromagnetically induced transparency (EIT) [28,29], slow light [30-33], and
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stimulated Raman scattering by adiabatic passage (STIRAP) [3-5] can be observed. We
emphasize that these effects have all been demonstrated with classical light fields.

The common feature of these techniques is that the time evolution of the system’s
state vector,

(35) ¥(t) = - axexp (—z’ 1 w,;(t')dtf) lai(t)),

is only determined by the behaviour of the eigenstates, |a;(t)), of the interaction Hamil-
tonian, and their respective eigenfrequencies, w;(t). The eigenstates as well as the eigen-
frequencies may change in time, whereas the linear coefficients, a;, are assumed to be
non-varying in time throughout the whole interaction. In this context, the non-decaying
dark state, |a®), introduced above, is of enormous significance to the adiabatic passage
phenomenon.

In principle, any three-level quantum system initially prepared in |a°) stays in this
state forever, thus allowing to control the relative population of the contributing atomic
states, [u) and |g), by adjusting the values of the pump and Stokes Rabi frequencies, {2p
and Qg, respectively. To show this, let us start with a system initially prepared in the
state |u). As can be easily seen from (28), this state coincides with the dark state |a®) if
the condition Qg > 2p is met in the beginning of the interaction:

Q% Qs>Qp
e

= 1.
Q%+ 0%

(36) |(ula®)[?
Similarly, for an atom interacting with a cavity in place of the stimulating Stokes field,
the initial condition for the dark state preparation reads 2,/ng > Qp. Once the system
has been successfully prepared in the dark state, and if the state vector |¥) follows

|a®) during the interaction, the ratio between the populations of the contributing states
always reads

[(@))? _ Q% _ 4ng®> _ |[(u,n—1T)]?
gz~ 9% — 9% Hgnl¥)P

(37)

Therefore the final state of the system is determined by the relative amplitudes of the
two fields when the interaction ends. In principle, this allows to establish arbitrary state
superpositions of |u) and |g), or |u,n — 1) and |g,n) if the atom is coupled to a cavity.
In the latter case, the photon number in the cavity is affected in the same manner as the
atomic states.

Up to this point, we have argued that the state vector of the system, |¥) is not only
expressed in the basis of the eigenstates, but also that it adiabatically follows any change
in the eigenstates with respect to the atom’s and the cavity’s bare state basis. Such a
behaviour is not evident, and it holds only when the eigenstates are changing slowly. In
order to analyse the criteria that must be met for “adiabatic following” in detail, we
follow Messiah [34], and consider the state vector expressed by a superposition of the
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triplet of eigenstates,

(38) [¥) = a(a®) + at|at) +a|a)

¥

with the phase evolution included in the base vectors, |a%) = exp(—i [/ WOt")dt')|a(t))

Sy it o+
and |a*) = exp( i [, wE(t)dt')|a*(2)). For a system prepared in the dark state |a®) at

time ¢y, the probability to find it in ei .
time ¢; is 3 in either one of the other two eigenstates at a later

(39) Pi(t1) = [(@* (1) ¥ (t1)) [ = [o*(t1)[%.

An‘ adiabatic errolution of the interaction requires Py to be close to zero at all tim
Using the Schrédinger equation, (a*|L4|0) = (at] - +H|¥), we get .
i L] o

j=0,+

(40)  @* y [(ai — iwlad)[a?) +ajexp(—z' I wjdtf)%w)J = —iwtat,

As long as the non-adiabatic losses cause onl
o’ ~ 1and aF (a*| 4 |a¥)
eigenstates reads

5 ca y a small perturbation, the approximations
~ 0 are justified, and the transition probability to the non-dark

2

(41) Py(t) = ‘ ftu . !:exp (—z’ j;‘ (wt — wO)dgf) (ai'%mﬂ dt

Th{’eumt.,egrand on the rigft—hand side is the product of (a*|£]a®) and an exponential
3,31:1 a;:mg at freql'lency w —LJ:)O. In a sufficiently short time interval [to .. .t1], we consider
Se two expressions to be time-independent. Hence (41) is easily integrated to give

L=}

2
(a*|4]a”)

WE — 0

(42) Pi(t1) =

2 (1 - cos[(w* — w)(t; — to)]) -

Now we allow (a*|£[a®) and the difference frequency w*
Therefore the probability, Py, to loose
the maximum value attained by (42),

_ —w% to vary smoothly in time.
population from the dark state will be limited by

2
(a*|2]a%)

(43) <
P:b = max P

From (43) we see that the condition for adiabatic following, Py < 1, is satisfied if

(a4) 6 = 0] > [(a] 21a0))
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(2) STIRAP  (b) EIT

Rabi frequencies
Rabi frequencies

state populations

state populations

Fig. 6. — (a) Counter-intuitive interaction sequence for STIRA‘P-;ZZJ}EE:U:;? a;i{;)l;e;nt:i;i;:
layed Gaussian laser pulses, or by an atom travelling across two shi (ii; it
If adiabatic following is assured, the |u)-state population, puu, ar; ‘t e‘qginverted P
pgg, behave as shown in the lower half of the diagram. :I‘he popu ?tlon 1.u158 : en;bedded -
stg;;e populations are equal when Qp equals Qg. (b) The pu@p lase: ;:n ek e
the stimulating Stokes laser pulse, which corresponds t<_) the EIT (e Zﬁo TO tioﬁ i
transparency) configuration. In case of adiabatlf: followng, no ne;_I al rp; o
takes place, since the initial condition is reestablished in the enc.i. owevmlea;;ion kg
state populations, shown in the lower half, reveals that a transient popu

whenever Qp > (5.

is met throughout the interaction. We emphasize that it is usually sumclent ;04;11)1?2
this condition for the “most critical” moment in time, i.e. when the maximum of (

reached.

4'1. Population Transfer and Fock-State Preparation. — In Antype.: three—le\frel sgr:szr;lesr;
adiabatic passage has been successfully used for coherent population r;;lans eritation 3
two long-lived ground states, |u) and |g), of atorr_ls' and mo‘lecules. es;?RA von
performed by means of a stimulated Raman transition and is known a8 G S,t -
pioneered by Bergmann et al. [3,4]. In this scheme, the atom ﬁ.rs‘t ‘experlencl e i
field coupling states |g) and le), i.e. Qs> Qp. Theref?re the 1f11t1§.lly pop;:d a e
|u) coincides with the dark state |a®). Provided adiabatic 'followmg is asm:;r ‘ ; ]m)ly i
condition leading to §2p > §lg causes a complit};a Eiﬁul?‘tg?azi?;ff:i:}? :;1 Z. :t -1 ri l;lating

0y coincides with |g) in the end. This means that the 1n
|{;lel?:l (;I)aI: ::)d:tsart ﬁrsjf:)whereas the interaction with the pump field r'nust be (:elaygi“:;;i
a sequence is often called to be counter-intuitive. It c‘an be realized by hwother i
laser pulses of duration 7 which are delayeq !ay '65 with respect ;}0 e:.g oar " d;layed
Qps(t) = Q% gexp(—(t 0 /2)? /7%). Adiabaticity .1s best ful!illed \: end ;;:%r p—
by ,a time interval 5, = —. If the two peak Rabi frequencies, (p and {1g,

?‘F—ﬁ
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equal, the condition for adiabatic following reads
(45) Q= 0% > 1/7.

As proposed in [12], we now assume that the stimulating field, Qg, is replaced by the
interaction of the atom with a cavity mode, populated with n — 1 photons. If the atom is
travelling through the cavity at velocity v, it experiences a Gaussian “stimulating pulse”
on the |g) < |e) transition of duration 7 = we /v, where, again, we is the waist of the
cavity mode. When the pump-laser beam, coupling the |u) « |e) transition, is shifted
slightly downstream, the atom is exposed to a counter-intuitive interaction sequence and
is therefore subject to a STIRAP-like population transfer. However, we have to take the
change of the cavity’s photon number into account: The coupled system evolves from
|u,n — 1) to |g,n), and therefore the photon number in the field mode increases by one
for each atom travelling across the cavity. Once the photon is added, the atom leaves the
cavity while it is still exposed to a strong pump field, with Qp > 2g\/n, and therefore
the atom cannot reabsorb the photon again. If we furthermore neglect a possible decay
of the photons from the cavity, i.e. for x = 0, this method would allow one to prepare
arbitrary Fock states [35]. Starting from an empty cavity, |0), and repeating the sequence
with V atoms moving through the cavity one after the other, the Fock state |N) can be
prepared.

It should be mentioned that adiabatic population transfer in a three-level atom is also
possible via |a*) or |a~), provided the common detuning A = (Ap + Ag)/2 is either
positive or negative, respectively. In such a case, the contribution of |e) to |at) (or
la™)) becomes negligible, and the corresponding eigenstate is a pseudo-dark state. The
adiabatic passage can be driven by a chirp of the Raman detuning, Ap — Ag, across

zero. This method has been used for velocity-selective excitation of atoms and sideband
cooling of neutral atoms [26,27].

4°2. Electromagnetically Induced Transparency. — Closely related to the technique of
adiabatic population transfer is the effect of electromagnetically induced transparency
(EIT) [28,29]. In this case, the pump-laser pulse is shorter than the stimulating Stokes-
laser pulse, and it is “embedded” in the Stokes pulse in a way that both the initial and
the final conditions read Qg > Qp. Therefore the population is transferred from state
|u) to the dark state |[a®) with the rising edge of the Stokes-laser pulse, and back to the
initial state |u) with the trailing edge of the pulse. Despite a possible transient energy
exchange between atom and fields during the interaction, no net energy is exchanged
in the end, i.e. the photon numbers in the two laser pulses remain unchanged, and the
system is subject to a coherent population return.

In this configuration, the stimulating Stokes laser pulse could also be replaced by
the interaction of the atom with a field mode of a cavity. Provided the same timing is
realized, i.e. the atom experiences a strong coupling to the cavity mode before and after
it interacts with the pump beam, no change in the cavity’s photon number takes place.
It must be emphasized that a transient photon is placed in the cavity mode while the
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atom sees a strong pump laser pulse. Only if this photon is not emitted through one of
the cavity mirrors, it is reabsorbed by the atom when the atom leaves the pump beam.

4'3. Emission of Photons. — We now consider the special case where the cavity is
empty in the beginning of the interaction with the atom, i.e. the initial state of the
relevant field mode is |0). As we have seen, both the STIRAP and the EIT techniques
are able to increase the photon number by one. It follows that a single photon is placed
into the cavity, where it is either stored in case of STIRAP, or from where it is reabsorbed
by the atom in the EIT configuration. However, a real optical cavity is always subject to
photon losses because the cavity mirrors have a non-negligible transmission. Therefore
a single photon will be emitted through one of the mirrors if the cavity-field decay time,
%1, is much shorter than the so-called “critical time”, t., which is either the time needed
to place a second photon into the cavity (for STIRAP), or the time to loose the photon by
another mechanism, e.g. by photon reabsorption in the EIT configuration or by photon
absorption in the mirror coatings.

5. — Single-Photon Sources

In paragraph 4'3, we have already pointed out that a coupled atom-cavity system
could be employed as a single photon source. The availability of such a source, which
emits single photons into a well-defined mode of the radiation field, is the basis for
many attempts to realize elementary quantum-logic gates, as well as feasible schemes for
quantum cryptography and quantum teleportation. Moreover, all-optical quantum in-
formation processing based only on linear optics seems possible, provided highly efficient
single-photon sources and single-photon detectors are available [2].

5'1. State-of-the-Art. — So far, most schemes used for photon generation rely on
spontaneous emission or parametric down-conversion and produce photons at more or
less random times. Only during the last few years, different photon generation schemes
have been demonstrated, like a single-photon turnstile device based on the Coulomb
blockade mechanism in a quantum dot [36], the fluorescence of a single molecule [37,38],
or a single colour centre (Nitrogen vacancy) in diamond [39,40], or the photon emission
of a single quantum dot [41]. All these new schemes emit photons upon an external
trigger event. However, the photons are spontaneously emitted into many modes of
the radiation field and usually show a broad energy distribution. Only recently, cavity-
enhanced spontaneous emission techniques for single-photon generation from a quantum
dot have been proposed [42] and demonstrated [43,44].

5°2. Cavity Enhanced Spontaneous Emission. — Before we describe a single-photon
source based on the adiabatic passage scheme introduced in section 4, we discuss a
situation where a three-level atom is excited by a pump pulse, thereby emitting a photon
into a cavity by enhanced spontaneous emission. This situation has been analysed in
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detail by Law et al. [45, 14]. They consider the bad-cavity regime,

(46) K> g% /K>,

whflare fah(:1 loss cff excitation into unwanted modes of the radiation field is small. In this
reg‘lm.e, the cz?.wty-ﬁeld decay rate k sets the fastest time scale, while the spontaneous
ernlss:or‘l rate into the ca\.rity, 9?/k, dominates the usual incoherent decay rate, 27, of the
population from the excited atomic level. It is assumed that any decay leads t(; a loss

from the three-level s i
ystem. Therefore the evolution of th i
the non-Hermitian Hamiltonian i e

(47) H' = H —ihra'a — ihyle){e|,

mzhtf given in (33). To simplify the analysis, we consider only the vacuum state, |0)
an e one-photon state, |1), of the cavity. Hence the state vector can be written :a,s 1

(48) [2(8)) = cu(t)|u, 0) + ce(t)]e, 0) + cq4(t)]g, 1),

v\fhere Cy, Ce and cg are complex amplitudes. The time evolution of the amplitudes is
given by the Schrédinger equation, ih% |¥) = H'|W), which yields

_ 9p(t)

g
.. Qp(t
(49) 0= _E(_)Cu + gcg — iye,
iCg = gce — iKcy,
:lih the in.itia;] condition ¢y (0) = 1, c¢(0) = ¢4(0) = 0 and 2p(0) = 0. A so-called “adia-
atic solution” of (49) can be derived if the exciting pump pulse satisfies Qp(t) < g%/x

ITJ:Fier these conditions, the decay is so fast that ¢e and ¢4 are nearly time independent
is allows one to make the approximations ¢e = 0 and ¢, = 0, with the result ’

cu(t) ~ exp (—% /Ot Q?,(t!)dtr)
(50) ‘ ce(t) = ~iZQp(t)eu(t)

co(t) = —i%ce(t),

== 2 . .
where a = 2/(2v + 2¢? /). Since photons are emitted out of the cavity from state |g, 1)

only, the photon emissi te i = 2 i
o lon rate is Rp(t) = 2&|cy(t)|?, and the photon emission probability

51 e 2, _ 9 2 2
(51)  Pg(7) 2**/0 leg(t) ?dt = =— {1 — exp (~%f0 Qﬂp(t)dc)] Drrsa g o

K
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Fig. 7. — (a) Scheme of the relevant energy levels, transitions, and detunings of a %Rb atom
coupled to a pump laser and a cavity. Ap and Ac denote the pump and cavity detunings &0)?1
the respective atomic transitions. (b) Sketch of the experimental setup. The pump beam is

displaced with respect to the cavity mode.

Note that the exponential in (51) vanishes in case of a sufficiently large area, Jy Qp(t)dt,
of the exciting pump pulse. In this limit, the photon emission probability does not depend
on the shape and amplitude of the pump pulse. As the other parameters, g, , and &,
are in principle under the control of the experimentalist, arbitrary high photon emission
probabilities could be reached. In [14], a realistic scheme using a Cs atom was proposed
with (g, k,7)/2m = (45,45, 2.25) MHz. For an excitation of this system with a 3y~! long
sine-squared pump pulse of peak Rabi-frequency Q} = 2m x 45 MHz, a photon emission
probability of 96.7 % is found numerically.

5'3. Vacuum-Stimulated Raman Scattering. — We now report on an experimental
scheme [12,13] which employs a mixture of the STIRAP and EIT techniques discussed in
section 4, and where the strong coupling of a single atom to a single cavity mode induces
the Stokes transition of the Raman process.

Figure 7(a) depicts the excitation scheme for the 85Rb atoms used in the experiment.
A A-type three-level scheme is realized by the two 55/, hyperfine ground states F' =
3 and F = 2, which we label |u) and |g), respectively. The F = 3 hyperfine level
of the electronically excited state 5P/, forms the intermediate state, |e}. The atom
interacts with a single-mode of an optical cavity, whose frequency wc is close to the
atomic transition frequency between states |e) and |g), but far-off resonance from the
le) to |u) transition. Hence, only the product states |e,0) and |g,1) are coupled by the

i
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cavity. For this transition, the vacuum Rabi frequency,

2
(52) 29(t) = 2goexp (— (%) ) .

is time dependent since the atom moves with velocity v across the waist, we, of the
Gaussian cavity mode, as indicated in fig, 7(b).

The pump laser beam crosses the cavity axis at right angle. This beam is placed
slightly downstream in the path of the atoms (by an amount —dy with respect to the
cavity axis) and has a waist wp, therefore causing a time-dependent Rabi frequency

(53) Dp () =08 axp (— (M)z) .

wp

The pump frequency is near resonant with the transition between |u,0) and |e, 0), thereby
coupling these states.

Due to the pump-beam displacement, the atom experiences the desired counter-
intuitive interaction sequence while travelling through the cavity. Since the cavity photon
number is initially zero, and the atom is initially in state |u), the system’s state vector
[¥) should follow the dark state

29(t)]u, 0) — Qp(t)]g, 1
(54) o = ST,

of the n = 1 triplet, provided the condition for adiabatic following,
(55) min(2gowe /v, Qpwp [v) > 1

is met. Furthermore, the detunings of the cavity, Ac, and of the pump pulse, Ap, from
the corresponding atomic transition frequencies must be equal or, more precisely, the
condition

(56) |Ac — Ap| < 2k

must be fulfilled. Note that the cavity decay rate determines the linewidth of the Raman
transition,

As stated in section 4, adiabaticity does not assure photon emission. Hence, either
the interaction time must be significantly longer than (2x)~! to allow the emission, or
the interaction with the pump beam must be strong when the atom leaves the cavity to
avoid photon reabsorption. Once the photon is emitted, the empty cavity state, |g,0), is
reached and no further excitation is possible.




AxeL KunN and GERHARD REMPE

22

5'4. Loss Mechanisms. — For each atom falling through the cavity, there are four
possible scenarios, which either lead to no excitation at all, a loss of the excitation by
spontaneous emission, or the desired emission of the photon from the cavity:

1. The atom is not excited and leaves the cavity in its initial state. Therefore no
photon is emitted from the cavity. In such a case, the system either stays in
state |u,0), or this state is repopulated by spontaneous emission from |e, 0), or is
reestablished by coherent population return in the EIT configuration.

2. The atom is excited to state |e,0) and emits a photon into free space outside the
cavity. In this case the excitation is lost. If the atom reaches lg,0), it decouples
from any further interaction and leaves the cavity. Note that the atom can be

“recycled” if it decays back to state |u,0).

3. The atom is excited to |e,0), and cavity-enhanced spontaneous decay leads to the
emission of a photon into the cavity. Subsequently, the desired photon emission
from the cavity takes place. In this way, the system reaches |g,0) and decouples
from any further interaction.

4. The population of state |e,0) is always zero, and |g,1) is reached by adiabatic
passage via the dark state. The photon is emitted from the cavity as desired, and
the system reaches |g,0), thereby decoupling from any further interaction.

In the following section, some possible loss mechanisms are discussed in detail.

54.1. Non-Adiabatic Evolution. A partially non-adiabatic evolution of the system’s
state vector, |¥), to the non-dark eigenstates [a*) is a possible loss channel for the
photon generation process. An upper bound for these losses is given in (43), which
can be evaluated further if some basic assumptions are made: First, the timing can be
adjusted in such a way that the photon is most probably generated at t = 0, i.e. when
the atom is on the axis of the cavity. Hence, we can assume §(0) = 0 and g(0) = go.
Second, when A > max(go, 2%), we have

(57) lat) =~ —le,0) and  |a~) =~ sinOlu,0) + cosOlg, 1).

It can be seen from (28), (29) and (34) that the denominator of (43) is given by

; 2
29@9}3 (0)
0%(0) + 493

?

(58) a1 a0 = (6P ~

where Qp(0) is the pump-laser Rabi frequency on the cavity axis. From (53), we obtain

for a nearly optimal situation with 2go = QY% and 6x = —wp:
. 4v
(59) QP(O) = 29{}/3 and QP(O) = ——J(gn,
ewp
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where, again, wp is the waist of the pump beam. Under these conditions, the denominator

of (43) is
(60) a1 Loy <[22 (14 1)
dt e e2 ?
whereas the nominator is
5 2
(61) . TR 1 9_2 1
lw* —W?|? = X 1+§ ;

Therefore, in case of a detuning A much larger than go, the non-adiabatic population
losses to the non-dark eigenstates are limited by

20A

(62) Py <4x 5
ewpgy

2 1\ 4
(1 4 55) ~ 1.2 x (v/wp)?*(A/g3)>.

If the detuning A is zero, an analogous estimation yields

2v
EW pgo

(63) Py <4x

2 1 —3
(1+2 ) w12 /).

For our. experimental parameters, v = 2m/s, wp ~ we = 35 um, and go = 2w x 4.5 MHz
n‘on-adlabatic losses according to (63) are below 2 x 10~ and, hence. nesli i.ble A1
similarly small result holds for a detuning of A =~ 27 x 10 MHz. It Eollows {:,hatcthi Ra;nan
transition could be driven much faster than assumed here. For example, the atom could
be_ excited by a pump pulse which matches the photon decay rate of tl;e cavity, 2x. In
this case, one has to substitute v/wp by 2k in (63). For 2k = 27 x 2.5 MHz 0;113 ﬁ.nds
that the resulting losses, Py =~ 1.2 x (2%/90)?, may reach 50 % in this case. ’

. 5 42 S}:.'ontaneous Emission. Even when the state vector of the system [¥), follows
la”) adiabatically, the excitation can possibly be lost by spontaneous em,issio,n if th
excited state, |e,0), makes a small contribution to state |a®). In such a case, the otherwisz
dark state turns grey, and the time-dependent contributions of states le d) and |g,1) to
state [a’) determine the lost fraction. The ratio of the loss rate from ti‘le excitecgl‘ state
to the total emission rate of the system gives the maximum spontaneous emission loss

(64) Ploss < miax (__ﬁﬂ__)
2Tpee + 2-‘5,099 ’

where the Populations. of le,0) and |g,1) are denoted by p,. and Pgg» respectively. They
are determined exclusively by the decomposition of |a®) in case of an adiabatic evolution
since the other eigenstates do not contribute. ’

It is evident that |a®) turns grey if the Raman-resonance condition, Ap = Ag, is
not fulfilled. Moreover, it can bee seen from (47) that the cavity-field decay rate, &
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Fig. 8. — Simulation of a resonant atom-cavity interaction sequence for }z; cavn(;ly (iztl:i,)s( ::;,Ss]?;;

2k = 27 x 2.5 MHz, an atomic population decay ralfe of 2y = 21r.x 6M z,danai:ts o s

at v = 2m/s. (a) Qp(t) and 2g(t) shown for experimental amplitudes and w Til =
d wp = 50 um. (b) photon emission rate for a delay of Sx /v = —45pus. e ;n c—:;;gir(m o

:;e ra.tz yields a total photon emission probability, ‘PEmig, of 90%. (c) 25:.“3 asoaf tlll::,catomic

the delay, 8x /v, between cavity and pump interaction. (d) Pemit as a function

position on the cavity axis for a delay of dx /v = —3bus.

is equivalent to an imaginary “detuning” of the cavity from reso.l‘la.nce, Ai} x: anr;l‘gz
complex pseudo-detuning cannot be compentf,at.ed' by an appropna.i‘:z (;‘iomp % ;;he e
tuning, since the latter should not have an 1mag1.na.ry.part to avc_n ’e(;';).lyt T 2
from the initial state |u,0). A consequence of the imaginary detuning is ! al he excited
state, |e,0), contributes to state |a®), even in case of a Rarpa.?—resonan exc :
follows that part of the excitation is lost by spontaneous emission. . —

An analytical treatment of this effect is far beyond ifhe sc.ope of -thlS 'clilaplt]er. ne()::owri
the size of the effect can be estimated from a numerical mmulatl(?n .h e f: e c; b
in fig. 8(a) and 8(b). In this case, we estimate that t'he photon emIS:ODR g;nfr il
oceurs around ¢ = 0. At this moment, the atom is exposed to the Ra . e?esonant
2g ~ 2go from the cavity, and Qp = go /2 from the pump laser. In casetotha. csonan:
excitation with Ap = A¢ = 0, and for the relevant set of parameter; a . e noment
of the photon emission, (Qp,g,7,k) = 27 X (2.25,4.5,3,1.25) MHz, the eigens
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the non-Hermitian Hamiltonian (47) can be calculated numerically. The eigenstate |a’),
which is a dark state in the absence of dissipation, now reads

(65) a®) = 0.976/u, 0) + i 0.055]e, 0) — 0.208|g, 1),

and the relevant populations are p., = |c.|? = 0.003 and Pag = |€g|? = 0.043. According
to (64), the spontaneous emission losses are Poss < 14%. Since we have neglected that
the atom may also decay back to its initial state from where it can be recycled, the actual
losses do never reach such a high value. This is evident from the numerical simulation
which is discussed in the next section. It shows that only 10% of the excitation is really

lost by spontaneous emission from state le, 0) to state |g,
possible.

0), from where recycling is not

9°5. Numerical Simulation. — A numerical simulation for a single atom crossing the
cavity is shown in Fig.8. To include the cavity-field decay rate, x, and the spontaneous
emission rate of the atom, 2, we have employed the density-matrix formalism described
in [12]. For the resonant situation, Ap = Ac = 0 shown here, the total emission
probability, Pgm;, is expected to reach 90%. For the considered waists and amplitudes,
Fig. 8(c) shows that Pgy;, reaches its maximum for dx/v = —45us. Note also that
Pgmit is vanishingly small if the interaction with the pump beam coincides or precedes
the interaction with the cavity mode. Fig.8(d) shows Pgmit as a function of the atom’s
position on the cavity axis for the delay realized in the experiment. Due to the standing
wave mode structure, the emission probability is zero at the nodes, and shows maxima
at the antinodes. Since the dependence of Pgmic on the position-dependent coupling
constant, g, is highly nonlinear and saturates for large g, the gaps around the nodes are
much narrower than the plateaus surrounding the antinodes.

5°6. Ezperimental Realization. — To realize the proposed scheme, we have chosen the
setup sketched in Fig.7(b). A cloud of 8Rb atoms is prepared in the 55,5, F = 3
state and released from a magneto-optical trap (MOT) at a temperature of ~ 10 uK. A
small fraction (up to 100 atoms) falls through a stack of apertures and enters the mode
volume of an optical cavity at a speed of 2 m/s. The cavity is composed of two mirrors
with a radius of curvature of 50 mm and a distance of 1 mm. The waist of the TE My,
mode is we = 35 um, and in the antinodes the coupling coefficient is gg = 27 x 4.5 MHz.
The finesse of 61000 corresponds to a linewidth 2k = 27 x 2.5 MHz (FWHM), which is
significantly smaller than the natural linewidth of the 5°Rb atoms, 2y = 27 x 6 MHz.
While one cavity mirror is highly reflective (1 — R = 4 x 10°), the transmission of the
other is 25-times higher, so that photons are emitted preferably in one direction. An
avalanche photodiode (APD) with a quantum efficiency of 50% is used to detect them.

A reference laser is used to stabilize the cavity close to resonance with the 55, 5, F =
2+— 5P /2, F = 3 transition with a lock-in technique. However, since an empty cavity
is needed for the experiment, this laser is blocked 3.7 ms before the atoms enter the cavity.
The pump beam is close to resonance with the 5812, F = 3 «— 5Py5, F = 3 transition
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Fig. 9. — Number of photons emitted from the cavity in 5.24ms as a functif)n of th<? dlspli(:'emerj:
éxg‘of. the pump beam (shift along the atom’s trajectories) for three .diﬂ'erent intensities.
counter-intuitive interaction sequence for STIRAP is realized for negative dx.

and crosses the cavity transverse to its axis. This laser is f.ocussed to a vgalst,zof 503;:,}11[11 a;rllzd
has a power of 5.5 uW, which corresponds to a peak Rabi frequency €2 P; T X - hm;
To adjust the delay between the atom-cavity and the atom-pump coup 1t1:g, w;e 1hs§t0ns
the pump beam along the vertical direction. Figure 9 shows the num lt:r {1)\,1 gT o
emitted from the cavity for a single cloud of Rb atoms re‘leased from t ef ‘
function of the pump-beam displacement, dx, for three dlf.ferer‘lt. values of the pl;mips)
amplitude. It is obvious that a negative dx, i.e. a c_o.unter—mtmtwe pulse s_(j:zluenut:f ;he
needed to reach a maximum photon emission probability. Moreover, the.: position o "
peak of the emission shifts to more negative values when the peak Rabi frequ‘ency, * P(i
is increased. This is because the pulse amplitude needed to .gen«‘erate a photon is rez..ct.en
earlier. The highest efficiency is obtained for Q% = 2go, which is also the best conditio
i ic following. .
o ';c}i;atl)::tmhi)nd sidf of fig. 10 depicts the case for arbitraxy‘Ap.» an.d Ac. From thli
numerical simulation, it is evident that Pg,,; is largest if the ex.(ntation is Rfamaxl reso:;ailit
(Ap = Ac). However, for the delay dx /v = —35 us 'chosen in the experu?leil ,a St fan
reduction is expected for Ap = A¢ = 0, since the waist of the pumlp, wp, 18 .a.rger .
the waist of the cavity, wc, and resonant excitation of the atom'prlor to the m;:le:rac o
with the cavity mode cannot be neglected. The right hanc‘l side of fig. 10 s lovu.:.*r e
corresponding experimental results. The detunings of the cawt.y and thedp:mpthzs e
both adjusted by means of acousto-optic modulato%"s. To register the : a, e O
has been loaded and dropped across the cavity 50 times. The atom cloud needs 6.
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(FWHM) to cross the cavity mode, and within this interval, the photons emerging from
the cavity are measured by the APD and recorded by a transient digitizer during 2.6 ms
with a time resolution of 25 MHz. Therefore, the signal is observed for a total time of
130ms. Due to the dark-count rate of 390Hz of the APD, the total number of dark
counts in the interval is limited to 51 + 7.

Figure 10(a) shows the number of counted photons emerging from the cavity resonant
with the atomic transition, Ac = 0, as a function of the pump pulse detuning, Ap.
In this case, a small probability for atomic excitation is expected, which could lead
to a small but cavity-enhanced spontaneous emission into the cavity mode, as has been
shown previously [9-11]. The numerical simulation shows that an excited atom, suddenly
placed at an antinode, would emit into the resonant cavity with a probability of 26% (see
section 2°6), which indicates that most of the spontaneously emitted photons are lost in
a random direction. This loss explains the smaller peak emission rate with respect to the
off-resonant cases discussed below. Note that the cavity mode covers only a small solid
angle of ~ 47 x 2.6 x 1075 srad, which means that the calculated spontaneous emission
rate into the cavity is enhanced by a factor 104, However, as can be seen in fig. 10(a), the
measured linewidth is sub-natural, and therefore the observed signal cannot be attributed
to an excitation by the pump beam followed by enhanced spontaneous emission.

This is even more evident if the cavity is detuned (Fig. 10(b,c)). The emission peak
is pulled away from the atomic resonance, following the Raman resonance condition,
Ap = Ac. Such a displacement proofs that the light emission is not the result of a
pump transition followed by enhanced spontaneous emission into the cavity. Moreover,
Ap is too large for an electronic excitation of the atoms. Therefore, the exponentially
decreasing wing of the pump beam cannot excite the atoms prior to their interaction
with the cavity mode as in fig. 10(a). Hence, the losses vanish, and the peak photon
emission probability is higher than for the resonant case. Note also that the observed
linewidth is much smaller than the natural linewidth, 2y = 27 x 6 MHz, of the atom. For
Ac¢ = —2m x 15MHz, the line is only 3 MHz wide and its width approaches the cavity
linewidth 2k = 27 x 2.5 MHz, which limits the width of the Raman transition, since 2k
is the decay rate of the final state, |g, 1).

In our discussion, we have assumed that the atoms interact with the cavity one-by-
one. This is justified according to the following estimation: A mechanical slit restricts
the atom’s maximum distance from the cavity axis to +£50 um. The spatial variation of g
along (Fig. 8(d)) and perpendicular to the cavity axis reduces the average emission prob-
ability to 37% per atom crossing the slit and the pump beam. Due to the low quantum
efficiency of the APD and unavoidable cavity losses, only about 40% of the generated
photons are detected. Therefore the maximum measured rate of 230 events/130ms cor-
responds to a generation rate of 4.4 photons/ms, and 12 atoms/ms are needed to explain
this signal. Since the photon generation takes 12 ps (FWHM, Fig.8(b)), the probabil-
ity that two atoms interact with the cavity is at most 14%. This is small and, hence,
negligible.

All observed features are in excellent agreement with our simulation, and we therefore
conclude that the photon emission is caused by a vacuum-stimulated Raman transition,
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Fig. 10. — left: Photon emission probability as a function of cavity a{ld pump detuning, cal-
culated for a pulse delay of dx/v = —35pus and the parameters of Fig.8. The chosen delay
gives the best fit with the experimental data shown on the right: Observed numl?er of photo‘ns
emitted from the cavity as a function of the pump laser detuning, Ap, for tglree different cavity
detunings. The solid lines are Lorentzian fits to the data. The magneto-optical trap was loaded
and dropped through the cavity 50 times to record the data shown here. A small background
level was subtracted from the data displayed in the figure.

i.e. the coupling to the cavity, g(t), and the Rabi frequency of the pump laser, Qp(t),
are both high enough to assure an adiabatic evolution of the system, thus forcing the
state vector |¥) to follow the dark state |a®) throughout the interaction. Loss due to
spontaneous emission is suppressed, and the photons are emitted into a single mode of
the radiation field with well determined frequency and direction.

6. — Summary and Outlook

Vacuum-stimulated Raman scattering driven by an adiabatic passage can be used to
generate single, well characterized photons on demand, provided the Raman excitation
is performed in a controlled, triggered way. In contrast to most other singleup.h({ton
sources [36-41], these photons will have a narrow bandwidth and a directec‘l emission.
With a single atom trapped inside the cavity, a suitable repumping mechanism shoul_d
allow to re-establish the initial condition after each photon emission. Repeated adiabatic
passage and repumping cycles should therefore lead to a bit-stream of single photons.
Finally, we state that the photon generation process depends on the initial state of the

T
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atom interacting with the cavity. If the atom is prepared in a superposition of states |g, 0)
and |u,0) prior to the interaction, this state will be mapped onto the emitted photon. A
second atom placed in another cavity could act as a receiver, and with the suitable pump
pulse sequence applied to the emitting and the receiving atom, a quantum teleportation
of the atom’s internal state could be realized [46].
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15.1 Introduction
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15.2 Atoms, Cavities and Light

i i ith
The atom-cavity coupling scheme combines cavity quantum elec’lfpfiynamlc; (iQE[i)gewtnhe
stimulated Raman scattering by adiabatic passag;e c((SJEI;APJ Eh‘v 1}25:;5]‘(311 :; mﬁf;; = Lt
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J63, SK three-level atoms with two dipole transi
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iati laser, the other is that of a cavity
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led to the atom. We show how to contro : : : ’
ghcoton is emitted through one of the cavity mirrors, thereby forming a single-photon pulse
[HLKROO, KHRO2].
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15.2.1 Field Quantization in a Fabry-Perot Cavity

A Fabry-Perot cavity with mirror separation [ and reflectivity R has a free spectral range
FSR = mc/l, and its finesse is defined as F = mvR/(1 - R). In the vicinity of a reso-
nance, the transmission is a Lorentzian with a linewidth (FWHM) of 2x = FSR/F, which
is twice the decay rate of the cavity field, x. Stable single-mode operation is achieved us-
ing curved mirrors, so that Hermite-Gaussian or Laguerre-Gaussian cavity eigenmodes are
obtained. Within this chapter, we consider a single T'E My mode with mode function P(r)
and resonance frequency we. The electromagnetic field of the mode is quantized, so that its
state vector is, in general, a superposition of photon-number states, the so-called Fock states,
[n). Each contributing photon carries an energy of fuwc, and for n photons in the mode the
total energy is hwe(n + %) where hwce /2 is the zero-point energy. The equidistant energy
spacing imposes an analogue treatment of the cavity to an harmonic oscillator. Consequently,

creation and annihilation operators for a photon, af and a, respectively, are used to express
the Hamiltonian of the cavity,

1
He = hwe (a*a+§). (15.1)

Note that this Hamiltonian does not include losses. In a real cavity,
decay until thermal equilibrium with the environment is reached. I
corresponds to the vacuum state, |0), with no photon in the cavity.

all photon number states
n the optical domain, this

15.2.2 Two-Level Atom

We now analyze how the quantized field interacts with a two-level at,

om with ground state, |g),
and excited state, [e), with energies hw, and hw,, respectively, and transition dipole moment
Heg- The Hamiltonian of the atom reads

Hy= hwglg)(g| + Awele) (). (15.2)

The coupling to the field mode of the cavity is expressed by the atom-cavity coupling constant,

9O)=g0¥(x),  with  go = /(2 wc)/(2heV), (15.3)

where V' is the mode volume of the cavity. In a closed system, any change of the atom’s
internal state must be reflected by an acco

rding change of the cavity’s photon number, n. It
follows that the interaction Hamiltonian of the atom-cavity system,

Hiny = —hg [!e) (gla + aflg)(e[] ; (15.4)

includes the creation and annihilation operators, a! and a. For a given excitation number, n,
only the pair of product states |g, n) and |e,n — 1) is coupled, and for a cavity resonant with

the atomic transition, the population oscillates with the Rabi frequency Q¢ = 2¢,/n between
these states.
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Figure 15.1: (a) A two-level atom with ground state |g) and excited state |€) coupled to a cavity
containing n photons. In the dressed-level scheme of the combined atom-cavity system with
the atom outside (b) or inside (c) the cavity, the state doublets are either split by Ac or by the

effective Rabi frequency, O effs respectively.

The eigenfrequencies of the total Hamiltonian, H = He + Hp + Hine, can be found

easily. In the rotating wave approximation, they read

wfj:wc (’ﬂ‘i‘%) +% (Acﬂ:\{4ﬂgz+A%), {155)

where Ag = we—Wy—We is the detuning between the atom and the cavity. The level splitting

between the two corresponding eigenstates, Qe = Ving®+ AZ, is the effective Rabi
frequency of the population oscillation between states |g,n) and |€, n— 1). This means that the

cavity field stimulates the emission of an excited atom into the cavity, thus deexciting the atom
and increasing the photon number by one. Subsequently, the atom is reexcited by absorbing
a photon from the cavity field, and so forth. Since an excited atom and a cavity containing
no photon initially are sufficient to start the oscillation between le,0) and |g, 1) at frequency
/4g? + AZ, this phenomenon is called vacuum-Rabi oscillation. For a resonant interaction,
the oscillation frequency is 2g, which s therefore called the vacuum-Rabi frequency.

So far, we have shown that the atom-cavity interaction splits the photon number states
into doublets of non-degenerate dressed states, which are named after Jaynes and Cummings
[JCA3, SK93]. However, there is one exception to the rule; Without excitation, the atom and
the cavity are in their ground states, lg) and |0), respectively. The only possible product state,
|g,0), is not coupled to any other state and therefore no splitting occurs.

15.2.3 Three-Level Atom

Now we consider an atom with a A—type three-level scheme prov iding transition frequencies
as depicted in fig. 15.2. The |u) « |e) transition is driven

Wey = We — Wy aNd Weg = We — Wy
called pump field,

by a classical light field of frequency wp with Rabi frequency Qp, the so-
and a cavity mode with frequency wc couples t
respective detunings as Ap = Wey —wp and Ac
laser and the cavity only couple to their respective tra

o the |g) « |e) transition. If we define the
= Weg — WEC» and assume that the pump
nsitions, the behaviour of the atom-cavity
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coﬁple(’ > {a‘) A lhreja !E:vel atom driven by a classical laser field of Rabi frequency §2

TS cav‘uy containing n photons. (b) Dressed-level scheme of the combined system fz;‘
g coupling strengths and for an atom interacting with laser and cavity (¢). The triplet

is split ji =
o a[])I R:l))!i ?;,:zenc.\/4:‘:lg2R+ Q2 + A2, Note that for a detuning A which is large compared
ies, the Raman transition |u,n — 1) < | is dri
! 3 g, ) is driven at th i i
frequency Qe = 3 (Qspie — |A]) = (4ng® + Q3) /|44 ) e el b

system is described by the interaction Hamiltonian

Hi = h {Aplu)(ul + Aclo)ol = g(e)ola-+ a'lg)el) = 32 (1) ul + (e
(15.6)

Given an i itati i -
arbltrary excitation number n, this Hamiltonian couples on]y the three states |'L", n
¥

1), le,n—1), |g,n). For these tri
1& 19 7)- iplets and a Raman-reso i i i
the eigenfrequencies of the coupled system read S

0 1
W, = W, N * . !
8 c(n+2) and wn—wg(n+§)+§(A:E\/4?192+Q‘%,—|—A2)‘

(15.7)

0
|¢:) = cosOlu,n — 1) —sin O|g, n), (15.8)
|¢E) = cF)s¢I>sin8|u,n— 1) —sin®|e,n — 1) 4+ cos & cos O|g, n) .
|¢,) = sin®sinOlu,n — 1) + cosPle,n — 1) + sin P cos O|g, n)

where the mixing angles © and ® are given by

tan© = Qp dng? + Q%

and ta-n@ —
29v/n v e

(15.9)

with Qp an i
P l dtg assu;‘ned tto[be real. We note that the interaction with the light lifts the degen
eracy of the three eigenstates as soon as the Rabi-frequenci F ¢
‘ f ‘ th eq les are non-zero. Furthermore, i
must be emphasized that one of these states, namely |¢nc') , is neither subject to an energy sl'liftl
i




6 15 Strongly Coupled Atom-Cavity Systems
18

nor does the excited atomic state contribute to it. In the litcrature‘, |<§:g) is therefore called a
“dark state” since its population cannot be lost by spontaneous emission. .
In the limit of vanishin% Qp, the states ]ﬁ,{;) comi[;onNd t?e{:;,eagfél?zfoﬁgézisd ;}; o
ird eigenstate, , coincides with |u,n — 1). No o ‘
z’:dg.t h';ht:rl;?oregtransiliorllffi))etween the dark states |qa5,'3l +1) and |¢[§’1) are gl)wiyls n;} )rz?sgzr:jc]z
with the cavity. This holds, in particular, for the transition from |¢7) to |¢g) = 9, ,
n = 0 state does not split (the corresponding states |u, —1) and |e, —1) do not exist).

15.2.4 Adiabatic Passage

Adiabatic passage in the optical domain is used for (foherent pqpulaﬂon ;ransfercmcz:iomso ;};
molecules for many years now. In two-level systems, it can be dl’lVE‘,‘I.l by a relt)]uen y i Srspmuy
light field across the relevant resonance [Loy74, ;ng?a]. This techmque? has Icenl suc )
extended to three-level systems [YSHB99], and it is a!so used _for VCIOCl.l)’—Se I;:ctwe fixa o
and Raman cooling of atoms [KPHS96, PKBS‘Q% W;uflfou:sc?:'p,el]):ét:ngilaagn;n;;:ﬁyri:duwd
driven by two distinct pulses of variable argplllu es, effects li f:___ eoe h monced
Har93, Har97], slow light [HHDB99, PFM (1], and stlmu ated Ra
tsl;:z!lfgr?;lng :Egilz'};))agic passage (STIRAP) [VESBO1] are observed. All these effects have been

demonstrated with classical light fields.
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Figure 15.3: Relative Rabi frequency, 0 p /(2g), and comes!:vonding m‘ea‘n‘ photon numcl])?r, (‘:l){;
as a function of the dimensionless time, gt. and an atom-cawt)‘( sy_slem initially prepa.re u; s‘ ¢
|, 0). (a) For a lossless cavity, the mean photon number (n) is given b‘y the. popula:onho ts :‘s
lg, 1), which obeys Eq. (15.10). When the pump pulse is turned off ad:abaucally‘, the p oho ln
reabsorbed and the system returns to the initial state. (b) In case of a lossy cavity, the p ?t;:;
escapes during the rising edge of the pump pulse. For the chos:en‘ parameters, the area of the
(n)-pulse indicates a probability of 74 % for a single-photon emission.

These techniques have in common that the system’s state vector, |lIf): aleays cmnczlde.s
with a single eigenstate, e.g. |¢%), of the time-dependent interaction HarTulFoman. l!'l princi-
ple, the time evolution of the system is completely controlled by the variation of this eigen
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state. However, a more detailed analysis [Mes58, KR02] reveals that the eigenstates must
change slowly with respect to the eigenfrequency differences. Adiabaticity is assured if the
condition |wF — | > [(@E|L]62)| is met throughout the interaction, and as long as the
system does not decay via some other channel. In this context, the non-decaying dark state,
|$9), is of enormous significance.

It follows that an atom-cavity system, once prepared in |#2), should stay there, thus al-
lowing one to control the relative population of the contributing product states, |u,n — 1) and
lg,n), simply by adjusting the pump Rabi frequency, Qp. To show this, let us start with a
system initially prepared in state |u,n — 1). As can be seen from (15.8), this state coincides
with |¢2) if the condition 2g9y/n > Qp is met in the beginning of the interaction. Once the

system has been successfully prepared in the dark state, the ratio between the populations of
the contributing states reads

l(‘h‘.,ﬂ-— 1]@)12 47192
- : 15.10
GalT)P  ~ (15.10)

As proposed in [KHBR99], we now assume that an atom in state |u) is placed in a cavity mode
populated with n.— 1 photons driving the |g, n) < |e,n — 1) transition with the effective Rabi
frequency 2g+/n, so that the initial state coincides with |#2). The atom is then exposed to a
pump laser pulse coupling the |u) « |e) transition with a slowly rising amplitude that finally
leads to 2p > 2g/n. The system evolves from [u,n — 1) to |g, n), and therefore the photon
number increases by one. If decay is ‘neglected, the successive application of this method
would allow one to prepare arbitrary photon-number states [PMZK93]. To do so, the pump
pulse must be turned off suddenly. Otherwise the system would adiabatically return to its
initial state, as shown in Fig. 15.3(a).

The situation changes if the cavity-field decay time, x~!, is finite and comparable or
shorter than the exciting laser pulse. Starting from the atom-cavity system prepared in state
|u, 0), a single photon is generated and emitted from the cavity during the excitation process
(see Fig. 15.3(b)). Once the photon escapes, the system reaches state |g, 0) and stays there,
since it decouples from the cavity and the pump field.

15.3 Single-Photon Sources

So far, one of the most popular schemes used for the generation of single photons relies
on parametric down-conversion. This scheme produces photons at more or less random
times and, hence, requires post selection. Only during the last few years, different photon
generation schemes have been demonstrated, like a single-photon turnstile device based on
the Coulomb blockade mechanism in a quantum dot [KBKYY9], the fluorescence of a sin-
gle molecule [BLT0OY9, LMO0], or a single colour centre (Nitrogen vacancy) in diamond
[KMZW00, BBPGOO], or the photon emission of a single quantum dot [MIM 00, YKS*02].
All these new schemes emit photons upon an external trigger event. However, the photons are
spontaneously emitted into many modes of the radiation field and usually show a broad en-
ergy distribution. Only recently, cavity-enhanced spontaneous emission techniques for single-
photon generation from a quantum dot have been proposed [BSPY0OU] and demonstrated
[SPS*01, MKB*00, MRG*01]. However, all these single-photon emitters cannot transfer
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otons in a coherent manner and, thereforg, do not
networking. The reason is that the emission pro-
m followed by spontaneous emission, cannot

quantum information between atoms and ph
meet the essential requirement for quantum
cess, namely an electronic excitation (}f the syste lio i
be described by a Hamiltonian evolution and, hence, is irreversible.

15.3.1 Vacuum-Stimulated Raman Scattering

tal scheme [KHBR99, HLKR(0] which employs thc.e adiabatic
15.2.4, and where the strong coupling of a single atom
branch of a Raman transition.

‘We now report on an experimen :
passage technique discussed in section
to a single cavity mode stimulates one
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Figure 15.4(a) shows the basic scheme of the
which is the F' = 3 hyperfine state of the 551/2 €
in a high-finesse optical cavity‘which is near resonan
hyperfine state of the electronic groun
state, |g) and le}, respectively. Here,
into account that neither the pos

number of the atom is well defined in the experimen

pump-laser pulses close to resonance with the |u) <

Qp(t) are applied. As describ
which leaves the cavity throug
pulse rises slowly so lh.at .lhe e
of the simultaneous excitation an

mission ends before Qp > 2

process. A $°Rb-atom is prepared in state |u)
lectronic ground state. The atom is located
t with the transition between the F' = 2
d state and the electronically excited 5P3/2(F = 3)
the average atom-cavity coupling constant, g, takes
ition of the atom in the cavity nor the magnetic quantum
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ed in the preceding section, each pulse generates a single photon

i ichi i ler. The pump
r which is designed as an output coup ‘
il g is reached. The dynamics

d emission process determines the duration and, hence, the
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linewidth of the photon. When the photon is emitted, the final state of the coupled system,
|, 0), is reached. This state is not coupled to the one-photon manifold and the atom cannot be
reexcited. This limits the number of photons per pump pulse and atom to one.

To emit a sequence of photons from one-and-the-same atom, the system must be trans-
ferred back to |u,0) once an emission has taken place. To do so, we apply recycling laser
pulses that hit the atom between consecutive pump pulses. The recycling pulses are resonant
with the |g) < [e) transition and pump the atom to state |e). From there, it decays sponta-
neously to the initial state, |u). If an atom that resides in the cavity is exposed to a sequence of
laser pulses, which alternate between triggering single-photon emissions and re-establishing
the initial condition by optical pumping, a sequence of single-photon pulses is produced.

Figure 15.4(b) shows the apparatus. Atoms are released from a magneto-optical trap and
pass through the TEMgo mode of the optical cavity. The flux of atoms' is freely adjusted
between 0 and 1000 atoms/ms. In the cavity, they are exposed to the sequence of laser pulses.
The cavity is 1 mm long and has a finesse of 60 000. One mirror has a larger transmission
coefficient than the other so that photons leave the cavity through this output coupler with a
probability of 90%. For each experimental cycle, all photon arrival times are recorded using
two avalanche photodiodes which are placed at the output ports of a beam splitter.

15.3.2 Deterministic single-photon sequences

Figure 15.5(a) displays an example of the photon stream recorded while single atoms fall
through the cavity one after the other. Obviously, the photon sequence is different for each
atom. In particular, not every pump pulse leads to a detected photon, since the efficiencies of
photon generation and photon detection are limited.

In the experiment, the applied Rabi frequencies of the pump and recycling pulses have
the shape of a saw-tooth and increase linearly, as displayed in Fig. 15.5(b). This leads to a
constant rate of change of the dark state, !qﬁ?), during the initial stage of the pump pulses and
therefore optimal adiabaticity with minimal losses to the other eigenstates. The linear slope
of the recycling pulses suppresses higher Fourier components and therefore reduces photon
emission into the detuned cavity. Note that the recycling process is finished before the end of
the pulse is reached, so that the final sudden drop in Rabi frequency has no effect.

Also shown in Fig. 15.5(c) are two measured arrival-time distributions of the photons. It is
obvious that the pump-pulse duration of 2 us is slightly too short, as the emitted photon pulse
is not completely finished. The measured data agree well with the simulation (see Fig. 15.3(b))
if only photons from strongly coupled atoms are considered (solid line). For these we assume
that several photons are detected within the atom-cavity interaction time. If solitary photons
which we attribute to weakly coupled atoms are included in the analysis, the arrival-time
distribution is given by the dotted line. Note that the envelope of the photon pulses is well
explained by the expected shape of the single-photon wavepackets, and therefore cannot be
attributed to an uncertainty in emission time which is not present for a unitary process. We
emphasize that the pump-pulse duration was adjusted to maximize the number of photons per
atom. Longer pump pulses would not truncate the photon pulses and, hence, would slightly

!The flux is determined by a statistical analysis of the emitted light, with continuous pump- and recycling lasers
exciting the atoms. As the cavity acts as an atom detector, atoms not interacting with the cavity mode are ignored, so
that its spatial mode structure is automatically taken into account.
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| ‘ Figure 15.5: Photon emission. (a) Clip of the photon streams arriving at the photodiodes.
Several sequences of two (2) and five (5) photon emissions are observed, with durations com-
| parable to the atom-cavity interaction time. The solitary events (s) are either dark counts,
| or, more likely, photons coming from atoms that are only weakly coupled to the cavity. (b)
|| Laser pulse shape: The atoms are periodically illuminated with 2 ps-long pulses from the
| pump (solid line) and the recycling laser (dotted line). (c) Arrival-time distribution of all pho-
' I‘ tons emitted from the cavity (dotted line). The solid line shows the arrival-time distribution
|‘ of photons emitted from strongly coupled atoms (see text), with (g, Q(}:‘ re B Ty 8) =
2 x (2.5, 8.0, —20.0, 6.0, 1.25) MHz, where Q% j are the peak Rabi frequencies of the
pump- and recycling pulses, and I' and « are the atom and cavity-field decay rates, respectively.

| increase the emission probability per pulse, but due to the limited atom-cavity interaction time
| the total number of photons per atom would be reduced.
:, The second-order intensity correlation of the photon stream is shown in Fig. 15.6. Dis-
played is the cross-correlation of the photon streams registered by the two photodiodes. It
| is defined as ¢@ (At) = (Ppi(t)Ppa(t — At)) / ((Pp1(t)) (Ppa(t))), where Pp1(t) and
Pps(t) are the probabilities to detect a photon at time ¢ with photodiode D1 and D2, respec-
| tively. Note that all photon-arrival times are recorded to calculate the full correlation function,
without the otherwise usual restriction of a simple start/stop measurement which would con-
| sider only neighbouring events.
:, All measured correlation functions oscillate with the same periodicity as the sequence
of pump pulses, which indicates that photons are only emitted during the pump pulses, and
no emissions occur when recycling pulses are applied. The nearly Gaussian envelope of the
comb-like function is obviously a consequence of the limited atom-cavity interaction time.
The most remarkable feature, however, is the (nearly) missing correlation peak at At =0.To
discuss this, note that for an atomic flux of 10 atoms/ms the probability to meet an atom in the
cavity is 15 %, while the probability to have more than one atom is 1.4 %, which is not negli-
gible. It is therefore clear that additional atoms also coupled to the cavity give rise to excess
photons. In this case, the central correlation peak does not vanish completely (Fig. 15.6a). For
a smaller atomic flux of 3.4 atoms/ms, the probability to find a single atom inside the cavity
is 5.7 %, while the probability of having more than one atom is only 0.18 %. This is negligi-
ble, and indeed, the correlation peak at At = 0 vanishes (Fig. 15.6b). Even in case of a high
atom flux, a straightforward approach allows one to isolate the single-atom contribution to the
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flux, average(‘i over 4997 experimental cycles (loading and releasing of the atom ;:]oud) wg thamm
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Is;%ir;?jl.ﬁfl’l?;ﬁ:s :(})::;1 i ,f:::(; Sdi‘iji?l'c}; ato(rjnshgive rise to a periodic contribution to the corre-
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- It follow: nly the correlations between photons emitted fi -

and-the-same atom remain (Fig. 15.6¢). In fact, the central correlagon i ) Nt
::zsr(()’tl;it(:: cas;e of the smaller atom flux (Fig. 15.6b), the minimum ofﬁi(lg:;sgngzfi r?afi;ts
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Tt e eoeton :;.1 Is ;gam lo_lhe single-atom contribution to g(® (At) (Fig. 15.6d).
ol gp a:lib ,_::chl‘g. 15.6(c and d.) demons.lra_le the nonclassical character of the
P '1"}1-' ing together with a vanishing correlation around At = 0 is
1s proves that the number of photons per pump pulse and atom is limited to one,
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and no second emission occurs before the atom is recycled to its initial state.

We emphasize that the detection of a first photon signals the presence of an atom in the
cavity and fixes the atom number to one. The photons emitted from this atom during sub-
sequent pump pulses dominate the photon statistics and give rise to antibunching. Such an
antibunching would not be observed for faint laser pulses, since a random photon statistics
applies to each pulse.

The areas of the different peaks of the correlation function in Fig. 15.6 reflect the proba-
bility for the emission of further photons from one-and-the-same atom. They are determined
from a lengthy but straightforward calculation, which relates the number of correlations per
pulse with the total number of photons. Using the data displayed in Fig. 15.6(c and d), the
result for the conditional emission of another photon during the (next, 3rd_4th sth gth 7th)
pump pulse is (8.8, 5.1,2.8, 1.4, 0.8, 0.5) %. Note that the probabilities for subsequent emis-
sions decrease, since the photon emission probability, Pemit, depends on the location of the
moving atom. It is highest for an atom in an antinode, and decreases if the atom moves away
from this point. It is not possible to control the atom’s location in the present experiment, but
it is possible to calculate P,pnit(z) from the experimental data. Here, z is the atom’s vertical
position relative to the cavity axis, and P,mii(2) is averaged over all possible atomic trajec-
tories in the horizontal zy-plane. Assuming a Gaussian z-dependence, the deconvolution of
'Y (At) gives Pemir(z) = 0.17exp [— (z/15.7pm)2]. For z = 0, the average photon-

emission probability of 17% is smaller than the calculated value of 67% for an atom in an
antinode of the cavity. It follows that a system combining a cavity and a single atom at rest
in a dipole trap [SRPGO1, KAS “01], or a single ion at rest in a rf-trap [GKHT01, MKB™],
should allow one to generate a continuous bit-stream of single photons with a large and time-
independent efficiency [LK97, KH BRY9]. The photon repetition rate is limited by the atom-
cavity coupling constant, g, which one could push into the GHz regime by using smaller
cavities of wavelength-limited dimensions in, e.g., a photonic bandgap material.

15.4 Summary and Outlook

Vacuum-stimulated Raman scattering driven by an adiabatic passage in a strongly coupled
atom-cavity system can be used to generate single photons on demand. It is possible to gener-
ate a sequence of several photons on demand from one-and-the-same atom while it interacts
with the cavity. These photons are generated in a well-defined radiation mode. They should
have the same frequency, defined by the Raman-resonance condition, and a Fourier-transform
limited linewidth. It follows that one can expect the photons to be indistinguishable and, there-
fore, ideal for all-optical quantum computation schemes [KI.MO1]. Finally, we state that the
photon generation process depends on the initial state of the atom interacting with the cavity.
If the atom is prepared in a superposition of states |g, 0) and |u, 0) prior to the interaction, this
state will be mapped onto the emitted photon. The photon-generation process is unitary, so
that it can be reversed in time and a second atom, placed in another cavity, could act as a pho-
ton receiver. This should allow one to transfer quantum states between different atoms, which
is the key to quantum communication in a distributed network of optical cavities [CZKM97].

This work was partially supported by the focused research program *“Quantum Information
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Vacuum-stimulated Raman scattering in strongly coupled atom—
cavity systems allows one to generate free-running single photon pulses on
demand. Most properties of the emitted photons are well defined, provided
spontaneous emission processes do not contribute. Therefore, electronic ex-
citation of the atom must not occur, which is assured for a system adiabatically
following a dark state during the photon-generation process. We experimentally
investigate the conditions that must be met for adiabatic following in a time-of-
flight driven system, with atoms passing through a cavity and a pump beam
oriented transverse to the cavity axis. From our results, we infer the optimal
intensity and relative pump-beam position with respect to the cavity axis.

During the last years, many different types of single-photon sources have been
proposed and successfully demonstrated [1-15]. These activities were motivated
by current quantum-cryptography schemes [16], which rely on the transmission of
single photons between two parties to be secure, and by recent proposals [17] on
all-optical quantum information processing [18] and distributed quantum net-
working [19]. For quantum networking, indistinguishable photons must be
generated by a unitary, reversible process in order to transport single quantum
bits from node to node. This last requirement is not met by most of the single-
photon sources available so far. Only photon-generation schemes that are based on
a deterministic and unitary energy exchange between a single emitter, e.g. an atom,
and a single mode of the quantized radiation field [19-23] might, in principle, meet
the above requirements. Such a deterministic energy exchange has been success-
fully demonstrated in the microwave regime [24, 25], but these experiments do not
provide free-running photons.

In this paper, we concentrate on a strongly coupled atom—cavity system in the
optical domain, where the photons are transmitted through one of the cavity
mirrors. The photons are generated by a vacuum-stimulated Raman transition
[12-15] which is adiabatically driven by a pump laser beam, interacting with the
atoms while they are coupled to the cavity mode. The excitation scheme imple-
ments stimulated Raman scattering by adiabatic passage [26] (STIRAP), with the
vacuum field of the cavity instead of a stimulating laser. Figure 1 illustrates this
scheme: a cloud of rubidium atoms in state [u), i.e. the 5S;,,(F = 3) hyperfine state
of the electronic ground state, is released from a magneto-optical trap (MOT). The
atoms fall through a 1 mm long cavity of finesse F = 60000 which is placed 20 cm
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below the MOT, so that the atoms passin

trafasverse (vertical) velocity of » = 2ms~!. One TEMyy mode of the cavity with
|\:;11if E:}Ct:ajssl::::] z?n}alulates the‘ Raman.process, since it is resonant with the
i the atom, with |e) being an electronically excited state and lg)
: coft- eot (;r hyperfine grom_jd state, 5S; /,(F = 2). The transition is pumped by
WhiChmuous 3?6!‘ beam of waist wp ~ wc, resonant with the |u) < |e) transition
perpen 1cu‘larly crosses the cavity axis and the trajectory of the falli ;
E?::: .aWLth ox belr'lg t]he distance between the crossing points of the cavity and :Ei
x1s, respectively, with the atomic trajectory, t i
pump beam driving the [u) « |e) transition, {;p, anﬁ th:evzz}:xt:nfi?al:;nfzqfer::::

ind i i
; uceddby the cavity coupling the |e) « lg) transition, Q¢, become time depen-
ent and delayed due to the motion of the atoms, according to

Qp(t) = Qp exp [_ (M) 2},

wp

g through the cavity have acquired a

Qc(t) = 2g(t) = 2go exp [~ (5—2) ZJ 5 (1)
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i ak atom—
where Qg is the peak Rabi frequency of the pump beam and g is the peed ol
cavity coupling constant. In case of positive 0x, the atoms a;elﬁrsiie;poﬁsx/w o

i i i 1 i de is delayed by i
the interaction with the cavity mo .
i i ive éx. If we consider a Raman-
i i ion i t in the case of negative 0x.

opposite situation is me ‘ _ ¢ Raman-
resonant excitation with the detunings, 4, of the cavity and'the })l.urmf)tI}:)1 P from
their respective transitions being equal, the interaction Hamiltonian of the coup

laser—atom—cavity system reads (in a rotating frame)

Hi = g[ZAO‘ee - Zg(aega + aTUge) - QP(Jeu + Ul-‘t‘)]' (2)

Without coupling and for zero detuning, the three pm(;uct stlz;t)ezforming thiz?:l;
i degenerate (|0) and enote the p
hoton manifold {|u, 0),le,0), g, 1)} are :
Eumber states of the cavity). In the case of a coupled system, the degeneracy is
lifted and the eigenfrequencies read

W=0 and =14+ 4g"+0Q5+4%"). (3)
The corresponding eigenstates are
|¢°) = cos Olu, 0) —sin Olg, 1),
|¢*) = cos @ sin Olu, 0) — sin Ple, 0) + cos P cos Olg, 1),
|¢~) = sin @ sin Olu, 0) + cos Ple, 0) + sin @ cos Olg, 1), (4)

where the mixing angles & and & are given by

(5)

Qp d » (4g* + Q})'?
=— and tan @ = = .
w0 = (4g2 + Q2+ 4%)'? — 4
0
Recently, we have proposed [12] and demonstrated [1 3-1.5]. th.at the dr?‘rk;tate |?h,)3
: i ity in a deterministic way. T'o do so,
can be used to generate photons in the cavi ‘ .
interaction of a single atom with the cavity must be strong when the interaction
starts, so that

[(u,0[¢") =1 for 2g>> Qp. (6)

0
Provided the system’s state vector, |¥), adiabatically follows the _d}alrkv state, | )F,.
e : um
i i tribution of |g,1) increases with rising p
throughout the interaction, the con : inc s
Rabi frequency Qp, so that the transient photon-emission rate from the cavity
reads
2

S R
462 + Qf

where & is the field decay rate of the cavity and p = |¥)(¥P| the den.snty matru;)::;:'
the considered three-level system, which is not closed. Hence, tr (p) is not one, :
denotes the population remaining in the coupled system at any given moment.

1 i’ ntaneous
With the other eigenstates, |¢*), not being populated, transxherse sp:;l pegus
emission losses from the excited state |¢) do not occur, and the overall p

emission probability is

T ‘le’ "
Pemit = J} di Remir — 1 for 2ET<?+:—P> = 1, ( )

(

Remic = 25(g, 1)6%)]” tr (p) = 25 r(p), (7)

*

938 M. Hennrich et al,

35

Beam displacement &,/ w

—
optimum
displacement

Time 7= y/w

Figure 2.  Regimes of high and low adiabaticity: the grey map shows [(® —wi)/G'] as a
function of time and beam displacement for 4 =0, we =wp = w and ) = 2g;. In
the areas marked with C and/or P, the atom is interacting with the cavity and/or the
pump laser beam, respectively. In the dark regions, adiabaticity is not assured. The
dashed line indicates the position of the maxima of |®|, where the probability for
non-adiabatic losses is highest. All atom trajectories, regardless of 8y, cross this line.
The dotted horizontal line indicates the optimal atom trajectory which leads to the
maximal photon emission probability in our experiment.

where (...} denotes the average of its argument in the
[0...7]. Obviously, the process can reach a photon-gener
unity, provided adiabatic following is assured. Therefor

{Q0, g0, wc, wp, 4, 8%} must be chosen in suc
[27]

relevant time interval,
ation efficiency close to
e, the set of parameters
h a way that the adiabaticity criterion

/)

is met throughout the whole process. This requires a careful adjustment of the
displacement, §x, between pump laser beam and cavity axis,

Figure 2 shows |(w” — w*)/@)| as a function of ¢ and éx. The smaller this ratio,
the higher the probability to have a non-adiabatic evolution, Obviously, for any
choice of éx, such situations are encountered. The evolution is alwa
adiabatic long before and long after the atom interacts with the laser be
or the cavity. However, since the coupling constant and the Rabi frequ
both weak in these regimes and @ changes only slowly,

=16 (9)

[wu_wi]»K(ﬁi%

ys non-
am and/
ency are
the population in the
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atomic bare states is not affected. A very crucial Situatic:n is met wherzl i@]h{'eﬁci;z:
its maximum, i.e. when the atom crosses the dashed line in figure 2, w hlc Lo
between the cavity axis and the pump beam. FO}‘ [5‘{ > max (w(l;,wP), Eoeosher
splitting |(w’ — w*)| is too small to assure adiabaticity and ols;szsm ey
eigenstates occur. Only in the intermediate regime, where the pul;nf .: " passured
overlaps the cavity mode, i.e. for |6x/2| < min (wc,wp), adxa; atici ?( ks assured
even for large |@|, and the behaviour of th'.n: system is pre eterm}r adi:batic
projection of the initial state |u, 0) onto .the eigens’tates as soond.as.t iished- %
regime is entered. In this case, three major scenarios ml..lS.t lbe istingui he ';mo
dx > 0. The atom first interacts with the pump beam, the 1n_1t1?l state pl‘Oji S
|#*), and the photon is lost by transverse spontaneous t?rfnss;?n. (:())ti;; :mission
dark state |¢°) is partially populated, so that the probability o ap on emission
from the cavity might reach 50%. (¢) éx < 0. The atong first mtemcI s the
cavity, the initial state |u, 0) projects onto the dar!{ state [6%), S(:)tl:‘ilt'no ossrt;sazhing
except the desired photon emission from the cavity with a probability app
’ .

1(){};:’i‘gure 3 shows the number of photons emitted frorn the.c?thr z;;s a f}';ln,:;::sna:
pump beam displacement éx for five different pump mtensltles}; ehpt};)e el
counted during 5.24 ms while a single cloud of atoms passes t l'ougd he e m.c
Pump beam and cavity are Raman resonant, with a common d‘e t;:celiem
A =10MHz from the direct atomic transitions. The pump b.eailm 135)‘%‘ist e
is adjusted using a piezoelectric mirror ass?mbly, and beam pomtlo;ll‘a; s
monitored by a CCD (charge-coupled de\n‘ce} camera. The. trace which thatg A
the smallest pump intensity is used to calibrate the éx-origin, assuming
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Figure 3 Number of photons emitted from the cavity in _5‘24m:s a? T functt;lin ;Om’s
is from the cavity axis (along
displacement &x of the pump bear_n_ vity axis ] s
traj};ctories] for different pump intensities. A caunterqntum\lf-le mt;:raf:tldcr.n .:,egu;{r:l:) ;
i i i cate
i lized for negative éx. Note that the indi
(cavity first, pump later) is rea : ox e s ool
i d beam intensities and an assumed p _

frequencies result from the measure | ‘ : 5
wa?st of wp = 44 pum, which gives the best agreement with numerical simulation

(see figure 4).

|
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small Rabi frequency gives rise to an adiabatic evolution only for 8x = 0, so that
the peak photon number is found there. From this position, the peak emission
shifts towards negative bx with increasing Rabi frequency, since the level splitting
|w® — w*| and therefore the adiabatic regime both increase with Q. This allows one
to pull the pump beam and the cavity further apart without losing adiabaticity, so
that the fraction of the initial state which projects onto the dark state |#°) when the
adiabatic regime is entered increases as well. The data also reveal that a significant
overlap between pump beam and cavity mode is mandatory, otherwise adiabaticity
is not assured when the atom reaches the point of maximum |@|, which is located
between the cavity mode and the pump beam axis, so that the number of emitted
photons decreases again for dx— — 00. In our experiment, the optimum is found
for Qp ~ gy and ox ~ —(we + wp) /2.

A comparison of the experimental results with a numerical simulation of the
process must take into account that the atomic trajectories are not controlled.
Therefore the effective atom-—cavity coupling depends on the random ‘point of

impact’, r = (y, z), of every single atom with respect to the cavity’s mode function,
so that

(¥, 2) = g0"™ cos (2m2/)) exp (—(v/wc)?). (10)

The variation of wc along = is neglected here, since the Rayleigh length of the
cavity mode exceeds the cavity length. The dependence of the photon emission
probability P, on &o 1s highly nonlinear, so that gy cannot be replaced by its
mean value prior to a numerical calculation of Pemir. Instead, we have to average
Pemic over all possible points of impact, according to

A S,/2
P,,m,-tzj dzJ ! dy Lemie(80(r, %)) (11)
0 -S5,/2 ASy

Note that S, = 100 um is the width of a slit aperture which is installed above the
cavity. This aperture constrains the atomic trajectories perpendicular to the cavity
axis to the interval [-S,/2... + S, /2]. To calculate Pemic(go(v, 2)), we numerically
solve the master equation of the coupled system [12] and integrate (11). This
calculation takes the cavity—field decay rate, x, and the decay rate of the excited
atomic level, 4, into account.

Figure 4 shows a simulation of the average P, as a function of 0x for the
range of pump intensities investigated in the experiment (see figure 3). For the
smallest Rabi frequency the maximum photon emission probability is found at
dx = 0, which justifies our 8x calibration. Moreover, the simulation shows the
same trend which is observed in the experiment, with the peak emission prob-
ability shifting towards negative dx with increasing Rabi frequency. However,
simulation and experiment do not agree perfectly, and also the experimentally
observed photon-number reduction at high pump intensities is not reproduced.
These discrepancies lead to the conclusion that either the pump beam deviates
from an ideal Gaussian beam in its wings, or that weak stray light of the pump
beam (e.g. from the vacuum viewports) also hits the atoms. Both effects give rise to
an electronic excitation of the atoms if the pump beam is very intense, which
results in an early loss of photons by spontaneous emission into transverse modes.

From the theoretical considerations, the experimental results and the numer-
ical calculations, we draw the conclusion that vacuum-stimulated Raman transi-
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Figure 4.  Simulation of the photon emission probability averaged over all possible
points of impact as a function of the displacement §x of the pump beam from the
cavity axis for different pump intensities, with {g™ 4,k,7} =27
{2.5,10,1.25,6} MHz, cavity waist w¢ = 35um and pump waist wp = 44 pm.

tions are most effectively driven by an adiabatic passage which results from a
counter-intuitive interaction sequence, where the atoms are first coupled to the
vacuum field of an empty cavity, stimulating the transition, and then exposed to a
pump laser beam. To assure adiabaticity and to avoid losses to other states, a
significant overlap of cavity mode and pump beam is required. Optimum con-
ditions are found experimentally for a pump Rabi frequency which equals the
maximum atom—cavity coupling constant, gi'*, and for a beam displacement

which equals the average waist of the cavity and the pump beam.
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ABSTRACT The interference of two independent single-photon
pulses impinging on a beam splitter is analysed in a generalised
time-resolved manner. Different aspects of the phenomenon are
elaborated using different representations of the single-photon
wave packets, like the decomposition into single-frequency
field modes or spatio-temporal modes matching the photonic
wave packets. Both representations lead to equivalent results,
and a photon-by-photon analysis reveals that the quantum-
mechanical two-photon interference can be interpreted as a clas-
sical one-photon interference once a first photon is detected.
A novel time-dependent quantum-beat effect is predicted if
the interfering photons have different frequencies. The calcu-
lation also reveals that full two-photon fringe visibility can be
achieved under almost any circumstances by applying a tempo-
ral filter to the signal.

PACS 42.50.Dv; 42.50.Ct

1 Introduction

Single-photon light pulses are a central ingredient
of quantum-teleportation and quantum-communication pro-
tocols, as well as of quantum computation with linear op-
tics [1-4]. Many of these schemes are based on the quan-
tum interference of two indistinguishable photons that im-
pinge simultaneously on different entrance ports of a 50 : 50
beam splitter. In this case, both photons leave the beam split-
ter at the same output port. This quantum interference effect
was first observed by Hong, Ou, and Mandel with photons
from a parametric down-conversion source [5—7]. When the
two photons had different frequencies, a spatial quantum-
beat phenomenon was observed [8]. The two-photon quan-
tum interference effect has also been observed with pho-
tons from independent down-conversion sources [9, 10], and
the phenomenon has been used by Santori et al. [I1] to
demonstrate the indistinguishability of photons emitted from
a quantum dot embedded in a microcavity. Theoretical de-
scriptions that apply to the interference of independent single
photons have been worked out by Zukowski et al. [12] and
Bylander et al. [13].
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So far, all these experiments use photons that are short
compared with the time resolution of the employed photode-
tectors, and temporal effects are therefore neglected, How-
ever, we have recently developed a novel type of single-
photon emitter that employs a strongly coupled atom—cavity
system [14-16] to emit single-photon wave packets of 2 s
duration. This duration exceeds the typical response time of
solid-state photodetectors by more than three orders of mag-
nitude and allows two-photon quantum interference effects to
be studied in a time-resolved manner. This paper therefore
presents a detailed analytical treatment of the two-photon in-
terference process. It takes into account the time evolution
of the amplitudes and phases of the interfering single-photon
wave packets. The analysis is valid for independent photons,
and therefore extends the model for frequency-entangled pho-
ton pairs of Steinberg et al. [17].

While preparing this paper, we realised that there is ap-
parently no commonly adopted approach to deal with free-
running single-photon wave packets [18]. One possibility is to
express the quantum state of a single-photon wave packet as
a superposition state of an infinite number of single-frequency
modes, and another is to use a superposition state of spatio-
temporal modes. To demonstrate that these approaches lead to
the same result, we now analyse the two-photon interference
effect along both routes.

2 Two-photon interference

As a starting point for the following discussion, we
first review the two-photon interference phenomenon in the
Fock-state picture; i.e. we consider two single photons that
impinge on the entrance ports labelled ‘1’ and “2’ of the beam
splitter shown in Fig. 1. This initial situation corresponds o
the quantum state |1;1;) = aTaélO), which is obtained by ap-
plying the appropriate photon-creation operators af on the
vacuum state |0). The effect of the 50 : 50 beam splitter on the
field is usually described by the unitary transformations

=(al+a})/v2 (1)

oty
a, = (ay+ay) /2 amd 2
= (@] —a)/V2 "

a) = (al—al)/V2 a

Bl

If we use these relations to express the initial state in terms Qf
photons created in the two output ports labelled ‘3’ and 4 1
we immediately see that this leads to an entangled state wit
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which is solely defined by the ampli

plitude envelope of the ho-
lon: £i(1). To analyse the effect of the beam splitter, we Il)w?v
attribute field operators, Efz_“, to each of the four input/ont.

FIGURE 1 1:wlo single-photon wave packets impinge with a relative delay
of zhj on ports I and ‘2’ of a beam splitter. The pulse duration is longer than
the' time resolution of the detectors monitoring ports ‘3 and *4” of the bear

splitter. Therefore, the time difference, T, between two photon dn:lecliuﬂle1
must be taken into account in the analysis of the photon statistics h

either both photons in one or the other output port:
= 1
112) = aa3/0) = > (a} +a})(a} — a})l0)
1
=5 (@}’ - [a}1%)[0)
= (12304) — 10524)) /2. )

This simple picture qualitatively explains the observed inter-
ference phenomena, but since the photonic modes that belong
to the creatio_n operators are neither specified in space, fre-
quency, nor time (albeit they are assumed to be identica;] for
both photons), quantitative results for photon wave packets
cannot be obtained from this approach.

21 Space-time domain

o To obtain more insight, we now consider a de-
scnptmp of the arriving single-photon wave packets in the
Space-time domain. The free-running photons are not sub-
Ject to boundary conditions that restrict the photon creation
and annihilation operators, al and a, to specific frequency
modes. Therefore we are free to define these operators in such
a way that they create or annihilate photons in arbi trarily cho-
sen modes (labelled by the index k) in space and time, which

Iv_ve define by the one-dimensional spatio-temporal mode func-
ions

Sk(z, 1) = et — z/c) e~ rl=2/c) (3)

Bes;de an arbitrary phase evolution, @i (1), the mode functions
incorporat.:.e amplitude envelopes, & (1), which are assumed to
be normalised so that [ dr|e,(r)|? = 1. By placing the beam
splitter at z = 0, we can omit the spatial coordinate, z, in
Fhe following. Now we assume that the whole Hi]ben, sp,ace
18 spanned by an orthonormal set of spatio-temporal modes

$k(7), so that the electric field operators read ’

Eo=3 a0a ad  E0=Ygod. @
k k

PrOVide_d that a photon is present in mode i, the probability of
Measuring it at a given time ¢ is then

PO = (LIE-WE* 011) = ¢ 02i(t) = e (2. (5)

put ports. For the two input ports we only conside

pied modes that are described by the modﬁ functionrsl?::(gc:;:;
_;'z(t). respectively. This restricts the Hilbert subspaces of the
Input ports to single modes. Therefore the field operators that
belong to the two input ports can be written as Ef =t(0a
and E5 = {3(1)ay, respectively. Using these operators, the efl-
fect of the beam splitter is now described as a lransfm:matio
between input and output modes: !

EX () =[E} )+ EF(01/v>2
=[&i(Ma; + H(Hal/V2,

Ef ) =[E}0) - Ef (01/v2
=[ti(0a) — L(Daz] /2. (6)

Note that this is a more general form than the simple operator

11 I
( } ]

2.{' ! Joint photon-detection probability: To obtain the prob-
EEblllty for photon detections in the output ports ‘3" and ‘4’ at
times 7y and #y + 7, respectively, we have to apply the field op-
erators E5 (to) and £ (ty + 7). With two photons impinging
on the two input EonS in modes ¢,(¢) and ¢2(2), the incoming

state is |¥;,) = a,aQTiO}, and the joint probability for photon

detections reads

Pioint (fo, T) = g34 (to, to + 7) =
OlaiarE5 (10) EF (to+7) £} (t0+ 1) EF () alalloy.  (7)

With the.ﬁeldﬂperator relations defined in (6) and the restric-
tion to _smgle-photon states, i.e. using (I|aal = ¢ all)=0
one casily verifies that (7) leads to

3

1
Pioin (f0, T) = ZFC: (tlo+7) & (t)) = L2 (o +7) &1 (t0) 2. (8)

The most striking feature of this joint probability function is
that it vanishes for T = 0, no matter how different the mode
functions qf the two incoming photons are. Moreover, if the
phase relation between ¢; and £, is lost for t > 1., where 1

is the mutual coherence time of the incoming photons, the inE
terference term in (8), averaged over an ensemble of different
photon pairs, is zero, and Pioint reduces to

19=>5 I
Pioint (20, T) — 1 (P1 (o) P2 (to+17)+ Py (1) Py (to+1)) .

9)

2. !‘2‘ Photon-by-photon analysis. Despite the fact that the
full mtf.:rference phenomenon is described by (8), it is hard
Lo acquire an intuitive understanding of the interference pro-
cess from the two-photon approach. This is not the case if one
anal_yses the effect step-by-step. We therefore use the same
spatio-temporal mode functions as before and ask now for the
probability of detecting a photon in output port ‘4’ at time 5 +
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7 conditioned on a photon detection in output port ‘3 at time
1o. The probability of finding a photon in port ‘3’ reads

P (t0) = (Wil E5 (t0) E5 (t0) |¥n) =
- A l 7 A
(ol (B7 @)+ E5 @) 5 (EF to)+EF @) 11112) =

1
5 (le1 (t0) P + 2 (10) I?) - (10)

Note that this expression includes no interference term, since
the initial product state is composed of single-photon Fock
states that have no relative phase. The state |Wonq), condi-
tioned on the detection of a photon in port ‘3’ at time f, is
obtained by applying the field operator £ (#) to the incom-
ing state, |11 1,). After re-normalisation, this leads to

EF (10) |1112) norm 2 (o) 11102) + &1 (%) [0112) _ Woona) .

Ve (o) 12+ |2 (r0) 2
(11)

The conditioned state, |Weona), describes a single photon that
either impinges on port ‘1 or port ‘2 of the beam splitter, with
the amplitude and phase relations between these two modes
given by & (#o) and ¢; (19). This photon now gives rise to clas-
sical interference fringes that start in phase at time fp; i.e. the
second photon is found in the same port as the first photon if
it is detected at the same instant. However, the phase evolves
in time according to ¢; () and (7). Therefore the probabilities
of detecting the second photon in output ports ‘3’ or ‘4’ attime
to + 1 read

Pi4(to+1) = (lpcandléi4 (fo+7) EA‘;;; (to+ 7) |Weond)
_ 16t +0) & () £ 0 (o +7) & (0) I
2(l&1 (t0) 12+ 12 (10) 1) )

12)

Together with (10), the joint photon-detection probability
for a first detection in output port ‘3’ at time # and a subse-
quent photon detection in output port ‘4’ at time fo + 7 is

Pigine (t0, T) = P3 (o) Pa (to+7)

1
= 7161 (o +7) 82 (t0) = 2 (fo +7) &1 (t0) .
(13)

Result (13) is identical to (8). However, the step-by-step an-
alysis reveals the equivalence of classical one-photon inter-
ference and two-photon interference conditioned on the de-
tection of a first photon. Note that the field operators at the
output ports commute, i.e. [;‘3"-;r (rg),EI (to+1)] = 0. There-
fore the sequence of operators is irrelevant, and for a negative
detection-time delay, , which corresponds to a reverse order
of photon detections, the same results are obtained.

22 Single-frequency field modes

A standard way to attack the problem of two inter-
fering photons is based on the decomposition of single-photon
wave packets into an infinite number of single-frequency field
modes. To do so, a single photon in one of the two spatio-
temporal input modes (i = 1, 2) is expressed as one quantum

of excitation occupying a superposition of all possible fre-
quency modes,

1) = f dd;(@)al @)0). (14)

where the spectral amplitude of the single-photon pulse,
@; (w), is assumed to be normalised so that [dw®} (w) P;(w) =
1. The continuum of spectral fields allows one to express the
time-dependent electric field operators as

1

E:cn:E dwe ™ a;(w) and
P 1 .
Ef_(r)=_q/2=:rr dwe™al (w) . (15)

To evaluate the effect of the field operator, E;7(#), acting on
the single-photon state | 1;) defined in (14), we make use of the
fact that the Fourier transformation of the spectrum, @;(w),
equals the spatio-temporal mode-function,

1 .
60 == f dwd; (@) e, (16)
which leads to

EX L) = J% f f doddea,(w)P,(@)a! (@)]0)
1

= o dw®;(w)e™™0) = &;(1]0) . amn

Therefore, one easily verifies that the probability of finding
the photon at time ¢ reads

Pty = (LIETEF®IL)
= (012X (OLDI0) = F O (18)

which is equivalent to (5), since the two approaches were
mapped onto one another (see (16)).

In the field-mode picture, the effect of the beam splitter is
described by the transformation relations in (1), and the quan-
tum state of the two incoming photons, |1;15), is expressed
as a product state of field-mode superposition states, as de-
fined in (14). Therefore we make use of the relations in (1) and
replace a} (ew;) and af; (w2) by the respective sums and differ-
ences of ag (w) and g, (w), which leads to

I1;12) =ffdw1dwz¢’: (@1) P2 (@) al (1) @} (@) 10)
=ffdw1dw2¢1 (1) P; (w2)

1
x 5 [} @) +a} @n)] [a} @ —a @] 10)- 9)
(1

We now use (7) to calculate the joint detection probability,

Pioint (f0, T) =
(11121 E5 (t0) E5 (to+7) EF (to+7) ET (00) 11112), (20)

800 Applied Physics B — Lasers and Optics

for two photons detected in out : i
> putports ‘3" and ‘4 at times fp maximum), while the fre i
?;lflei;)n-l- r;ispectw.e]y. We use (Igf) toexpress thestate [1;15)  units of 1/5¢. L M
i Sifj :of [l[.‘; gr:aélon op!:zrators a3 and a:{ to obtain the right- With the spatio-temporal modes defined in
perator-bracket in (20), forward evaluation of (8) leads to the joint p

€ expressed in

h(24), astraight-
R A oton-detecti
EY (to+7) EF (10) [1115) = :

!

ar / dw1..4®y (@1) @y (@p) €703t gioutt+

X [8 (03— w2) 8 (s — 1) — 8 (3 — 1) 8 (w4 — 2)] [0) .
(21)

We now make use of the Fourier-transformation relation be-

tween @; (w) and &; (¢) from (16) to eval :
which leads to ) aluate the above integral,

Ef (to+7) EF (19) [1)15) =
1
> [§1(to+ )52 (t0) — &1 (10) 2 (to + 1)1 |0) (22)

so that the joint photon-detection probability finally reads

1
Pioint (t0, T) = 2 11 (to+7) &2 (10) — 81 (f0) L2 (B0 +T) )2,
(23)

whlcl? 1s again equivalent to (8). Therefore we conclude that
the different approaches for modelling single-photon wave
packets all lead to the same expression for the joint two-
photon detection probability, Pjein(to, 7). But note that the
standard way of using single-frequency field modes is not
well adapted to the problem and requires a len gthy and cum-
bersor_ne calculation. This is not the case in the space—time
doma_m, where the joint detection probability can be calcu-
!att?d ina fastand elegant way (Sect. 2.1.1). However physical
II:ISlgh[ is only obtained from the photcmby-pholc;n analy-
sis (Sect. 2.1.2), which reveals that the two-photon quantum
interference is in fact equivalent to a classical interference
phenomenon once a first photon detection has taken place

In the collapsed state, the relative phases and amplitudes col'c
the two interfering modes are fixed. Therefore an oscillating

Quantum-beat signal is expected if the two spatio-temporal

mode functions, ¢;(7) and £,(7), evolve at different rates.

3 Quantum beat

To illustrate the quantum-beat signal in the inter-
ference of. two photons with slightly different frequencies, we
now c_onsnder the case of two equally long Fourier—lim}ted
Ga!.lssmn single-photon pulses that impinge on a 50 : 50 beam
Sglmer with arelative delay time of §7 and a carrier- frequency
difference of A = w, — w,. These pulses are described by the
Iwo spatio-temporal mode functions

G = /2/mexp (—(t—81/2)* —i(w— A/2)t)

and

— 4 i
(1) = J/2/m exp (—(t +87/2)2 — i(w+ A/2)) , (24)
. FIGURE 2 Joint probabili i i
i B . N : p ility, Py, for the detection of phot
th{:h }? = (@) + w,) /2. For the sake of simplicity, the time, 7, function of the relative delay between the two impinging phgl;nowna\?:lgcﬁ
phioton de lay, 37. and the detectiontine delay, ¥ RO AN ets, 41, and the delay between photon detections, 7, for the three frequency

re i 3 % i differe -0 £ 3 o .
Pressed in units of the pulse duration, 8 (half width at 1/e pho{unlj::js{? du,g;{;ﬁz;sf I;]dm:;’:;:s ::'cd d{:g‘;';f;;f;im normalised by the
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probability
B cosh(21ét) — cos(tA)

T
x exp(—4to (fo+ 1) — st — 21:2) . (25)

PjDirll (Iﬂv T, 5‘[9 A}

which depends on the photon detection times, fo and fo+ 7.
To obtain the probability of detecting two photons in the ports
‘3> and ‘4’ with a time difference of t, we integrate over all
possible values of #y, which leads to

Pono(T, 87, A) = g5 (Dsea = f dto Pigint (10, 7, 8T, A)
cosh(2187) — cos(TA)

_ gl oD
= W x exp (—8t° —1°) .
(26)

This joint two-photon detection probability is displayed
in Fig.2 as a function of the photon-delay, dt, and the
detection-time delay, t, for three different values of the fre-
quency difference, A.

The case with A = 0 is depicted in Fig. 2a. As expected,
no coincidences are found if the photons arrive simultan-
eously, i.e. for 87 = 0. This situation is well explained by the
Fock-state model of two interfering indistinguishable pho-
tons. Moreover, even if the two photons are delayed with
respect to each other, we see that simultaneous photon detec-
tions (with T = 0) never occur. This is well-explained by (8),
which yields Pioin(fo, T = 0) = 0, no matter how different the
mode functions are. In particular, the second photon leaves
the beam splitter through the same port as the first one, pro-
vided no dephasing takes place, i.e. for |§)(fo+ T)¢a(t0) —
Lty + D K 1.

Figure 2b and c show situations in which the two imping-
ing photon wave packets have a frequency difference of A =
/2 or A = 3, respectively. Most remarkable is that simul-
taneous detections (with T = 0) still do not occur, although
the two photons are now distinguishable. Moreover, for sim-
ultaneously arriving photon wave packets (with § = 0), the
coincidence probability now oscillates as a function of t with
the frequency difference A. We emphasise that this beat note
always starts at zero for T = 0, due to the in-phase starting
condition imposed by the detection of the first photon.

It follows that the coincidence probability remains zero
even in the case of an inhomogeneous broadening of the fre-
quency differences, A. To illustrate this, we assume a Gaus-
sian frequency distribution,

|
Sw./T
where dw defines the bandwidth of the spectrum (half width at
1/ maximum). The integral of this frequency distribution is
normalised to one, so that we can use it to calculate the photon

detection probability for simultaneously arriving photon wave
packets (with 8t = 0) by evaluating

fro(A) = exp (—(A/sw)?) | 27

Pini (7, dw) =fdﬂfam(A)chu(T, 61 =0,4A)

- %ﬁ (1 ~ (_ (2;%)2)) “ B

Figure 3 shows that the inhomogeneous broadening of the
photonic spectrum leads to a dip in the two-photon detection
probability with width 2/8w (half width at 1/e dip depth).
We emphasise that this dip in Py reaches zero. Therefore
it is possible to achieve perfect two-photon coalescence if
atemporal filter is applied that restricts the detection-time dif-
ference to | 7| <« 2/éw.

To connect our results to previous experiments with ultra-
short photons, we now calculate the total two-photon coinci-
dence probability by integrating over the detection-time de-
lay, 7. In the case of inhomogeneous broadening, as discussed
above, this leads to

Piotal (87, dw) = f fdf dA fsu(A) Popy (T, 87, A)

b_ M (29)

2 Jatie?

envelope (80 — )
————— Sw=3n 3t

——— do=mr [3t]
......... '\

0.25¢

—
b

e
=

."

:

|
1
1
\
!

0.05

X
................................. N eenrmeccncar e eesense T

-2 -1 0 1 2
Detection-time difference T [8t]

FIGURE 3 Time-resolved two-photon detection probability, Py, as
a function of the detection-time difference, 7, in the case of simultaneously
arriving equally long single-photon wave packets (67 = 0) for different in-
homogeneous spectral widths, Sw. The solid line represents non-interfering
photons and therefore reflects the amplitude envelope of the photonic wave
packets

!
!
!

Coincidence probability P;,, [5t™]
o
&

=]

FIGURE 4 Total probability of detecting photon pairs as a function of th°
relative delay between the two impinging photon wave packets, 87. and
inhomogeneous spectral width, dw, of the interfering photons
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j[’he_ total two-photon coincidence probability is shown
in Fig. 4 as a function of the arrival-time delay, &z, and the in-
homogeneous spectral width, dw. In this case, it is zavidem that
fhe two-photon coincidence dip reaches zero only if §w =0
i.e. only lf‘the two photons are mutually coherent. Increasin ’
the bandw_ldm has no effect on the width of the dip, but onlg
decreases its depth. Therefore spectral filtering is n;andalori

ow h =

4 Conclusion

A r‘wh substructure is expected in two-photon inter-
f_erencc experiments if the photons can be detected with good
time resolution. For example, distinguishable photons of dif-
fere:m f.requencies are expected to give rise to a pronounced
oscillation of the joint photon-detection probability behind
the beam splitter. The ability to generate long single-photon
pulses by means of a strongly coupled atom—cavity system
opens up the possibility to ‘zoom’ into the quantum state of
a single-photon pulse by measuring two-photon quantum in-
terference fringes as a function of time.
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Abstract. We investigate the photon statistics of a single-photon source that
operates under non-stationary conditions. The photons are emitted by shining a
periodic sequence of laser pulses on single atoms falling randomly through a high-
finesse optical cavity. Strong antibunching is found in the intensity correlation of
the emitted light, demonstrating that a single atom emits photons one at a time.
However, the number of atoms interacting with the cavity follows a Poissonian
statistics so that, on average, no sub-Poissonian photon statistics is obtained,
unless the measurement is conditioned on the presence of single atoms.
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1. Introduction

Worldwide, major efforts have been made to realize systems for the storage of individual
quantum bits (qubits) and to conditionally couple different qubits for the processing of quantum
information [1]. Ultra-cold trapped neutral atoms or ions are ideal quantum memories that

New Journal of Physics 6 (2004) 86 Pll: S1367-2630(04)76366-1
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2. Single photons from a cavity;QED system

g:gl.tlre 1 i]lLEtrates the basic scheme of the process. A dilute cloud of Rb atoms, prepared
: V&; Iz:)t(f::itl;us) f=21581 /_QI(F = 3)), is released from a magneto-optical trap (MOT) and ’lefllspwith
e y (zi ms~" through a I-mm-long optical cavity of finesse ¥ = 60000. The densit
ke n(])gdé ar;dhtherefpre _the averagel number of atoms simultaneously interacting with th.:
o ggn ' S?g the cavity, is freely adjustable. The cavity is near-resonant with the transition
e ; | : }!‘ 2 (}; ; 2[))t irlyll:nabri?]nf(:;l State of the electronic ground state and the electronically
32(F = state, labelled |g) and |e) respectively. Initiall ity i
k ; ’ 4 Yy, the cavit
;;oa;hna;dthl: s:;:te of the coupled atom-—cavity system can only move within the Hi}l{biesrte;?)ggé
r;evam gt € product states [u, 0), le,0), |g, 1) and lg, 0), with |0) and [1) denoting the
i };: 0 g;}/;umbt}rz sstatle; 5()f3the cavity. The dynamics of this system is determined by
maxy, K, Y1, T = (2.3, 1.25, .0, ——200) MHz where is th ity-i i
At | Ohond 1z, 8max 1S the cavity-induced coupling
P g 1) for an atom optimally coupled to th '
are the field and polarization deca i ¢ R ot
: y rates of the cavity and the at i i
the detuning of the cavit i iti i e s
y from the atomic transition One mirror has a | iSSi
: , $ arger tra
;o;g‘l;;i?ltit:]ax} tghgqotl::{;} _?0 that photons leave the cavity through this outpgut cour;:uslrgsijict)::
0 b. 1€ an atom interacts with the cavity. i
laser pulses that alternate between tri i i erlstiont S eOF
ggering single-photon emissions and li
to state |u): the 2-ps-long pump pul o] I
‘ . pulses are detuned by A from the [u) <> |e) transit;
|t2atl }the);hadrlgb?)t}?ally drive a stimulated Raman transition (STIRAP)I [)8 I;T)fr;?rr:sfl:jogs ig
» 1) With a Rabi frequency that increases linearl ( ’
)\ ! y fromOto Q,,,./27 = 8.0 MH Thi
transition goes hand-in-hand with a 1SSI e 1 - 3 th s
photon emission. Once the hoton i itted
reaches |g, 0), which is not cou i itati 4 o s
, 0), pled to the single-excitation manifold
and therefore cannot be re-ex ited is limits s S L
ol cited. This limits the number of photons per pump pulse and
. 'uTg)en;:t a sequenc:(? of photons from one-and-the-same atom, the system is transferred back
» V) alter each emission. To do so, we apply 2-us-long recycling laser pulses that hit the
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Figure 1. Scheme of the experiment. Left: relevant levels and transitions in *Rb.
The atomic states labelled |u), |e) and |g) are involved in the Raman process,
and the states |0) and |1) denote the photon number in the cavity. Right: the
experimental setup. A cloud of atoms is released from a magneto-optical trap and
falls through a cavity 20 cm below in about 8 ms with a velocity of 2ms~". The
interaction time of each atom in the cloud with the TEMgy, mode of the cavity
amounts to about 20 us. The pump and recycling lasers are collinear and overlap
with the cavity mode. The light emitted from the cavity is registered by a pair of
photodiodes in Hanbury-Brown and Twiss configuration in order to analyse the
photon statistics. (See the animation.)

atom between consecutive pump pulses. The recycling pulses are resonant with the |g) < |e)
transition and excite the atom to state |¢). From there, it decays spontaneously to the initial state
|u). This way, an atom that resides in the cavity can emit a sequence of single-photon pulses.
For each experimental cycle, these photons are recorded using two avalanche photodiodes with
50% quantum efficiency, which are placed at the output ports of a beam splitter.

3. Photon statistics

The two photodiodes constitute a Hanbury-Brown and Twiss setup [20] used to measure the
normalized intensity correlation of the photon stream emitted from the cavity,

@b +D) m

(2) -
870 = S oNL®)

where () is the count rate recorded by detector n = 1, 2. If T denotes the mean count rate
recorded by each detector and Iy is the mean noise-count rate, the mean rate of photon counts
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reads Ip = I — T This allows u

; S to estim : i
correlation function: ate two of the following three contributions to the

ility proportional to 2 + I, + Iyly =
onstant background contribution,

o_I'-T; I3
N = = :l-*——_-—,
7 72 @

to the normalized correlation function.

b) C i
(b) _orrelauons between photons that stem from different atoms lead to a modulation of g (¢)

aser leads to a modulation of the photon emission

th_e same ciuration as the recycling intervals, and

_ uring recycling is close to zero. This i ’

the : : g . This inc

o vrvaécf::l rats ;f pho}tons emitted durin g pumping to 2/, so that photon—photon corriz?zfictg:

pmbabi]itg tOp i)u hses are foum;l with a probability proportional to (27,)%, while the

get photon correlations between pump and recycling intervals is ,vanishing]

y

bution of photon—photon correlations to g therefore

gf.i)'nfn = O and ggf)nax = : (2£P)2 _TZ_P
' 2 2 2 3

ey _ same atom are, of course
ng. They cannot be estimated from the average count rates, 7 and Iy Howc\.rerrrcll(:ls:f:t

ints “int s t i i i i i

I] > 7, belong either to Category (a) or (b). The

of ¢ s regime stems from phot i i
» Whereas the time-independent pedestal is mainly caufedo gns o et

e count . and cross-hatche
pe y- They were obtained from the autocorrelation of the pulse-averaged count rat(:i ;(I:;ai

/N3 , i
/N) LB, I(t +nt,,,4), where N is the total number of recorded pump and recycle intervals

01 dlﬂ ation T : == 4 JLS I hi i 0 1
period " S glVCS an SClHatI.() .lllens.] i
n Of the 1 y O i
?(2_3"5 l (2) 1 C rm]atlon functlon between

C.max*
These two values of ¢ can also be e

~Th . stimated from I and Iy. Thi
estimation predicts an oscillation of g® iy s Tt . Thls

with the periodicity of the applied sequence between
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Figure 2. Unconditional photon statistics of the emltt(?d light: ;ln;;rll]sg;);
correlation, g (z), with different-atom (hatched) and nv::u‘lse_(crosst-i(m -
contributions. For correlation times larger thap the atom—cavity mtvz:r;nct o ofthé
only these contributions persist. They a}‘t(e ;)btalllpcg ggr:ht;li :?:lc;cl:](;rtri g g
i -averaged count rates, I(z), whic : :
Efgg‘::;;p;ﬁ zveraged over 4997 experimental cycles (loading z:)ndLre\l;:z;stlonIﬁ
of the atom cloud) with a total number of 151 089.ph0t0n counts.b( ) f01 i
flux, averaged over 15000 experimental cycles with a total number o

photon counts.

the two extrema g2 . = 1 — I3/T* and g%, = 1+ I'}/I*. For the data underlying figure 2
E.min — JMax

we obtain the following result:

High atom flux (figure 2(a)) Low atom flux (figure 2(b))
I 19765 7835~
o |
Iy 4465~ 446 ™
Ip=I—-1y 15305~ 337s
g el 0.40, 1.60 0.81, 1.19
@ o 0.46, 1.82 091, 1.13

i i i the
As mentioned above, the estimated values deviate slightly fromdth(_e values ol:.tlz;:zgnfggrl;lased
i t rate. This was expected since our est1
autocorrelation of the pulse-averaged countr S —————
impli t contributions (a) and (b) persist also 1n g
on the simplified model. Note tha utio : B
i i i istribution. Obviously, the excess sig

the atoms have a Poissonian distri sly, | | obs | 1

Sbml‘(:; s to category (¢), i.e. it reflects the single-atom conmbut:on‘ to the c_orrelatlon §1gna1 1\:;);

r:mar%(ably no excess signal is found around 7 = 0, i.e. all correlahoqs rf:gls.te:reddur1(r_:1§rcr)2;;l -

the-same p:lmp pulse either involve noise counts or photons from different gtct;mts. omelaton:
between photons that stem from one-and-the-same atom (c) are only found betwe
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Figure 3. Conditioning on the presence of atoms (schematic): all events (red
bullets) are first recorded as a function of time. If photons are detected in a time
interval where the pump laser is active (blue intervals), we assume that an atom is
present and take the following pump-laser interval into account. Events recorded
during recycling (green intervals) are ignored. The pump-laser intervals selected

this way form a new set of data, which is then used to calculate the intensity
correlation function.

pump pulses. Moreover, antibunching with g®(0) < g@ (7 = NTperiod)s N =+1,42, ..., is
observed. This effect cannot be observed for a classical light source, where the Cauchy—Schwartz
inequality predicts that g¢® (0) > ¢®(z) [21]. Therefore the observation of antibunching indicates
that a single atom emits photons one at a time.
For a stationary single-photon source, the non-classicality of the emitted radiation would
lead to a sub-Poissonian photon statistics with 2?(0) < 1. In the present case, however, atoms
arrive randomly in the cavity, and the Poissonian atom statistics leads to g®(0) > 1. Anapriori
knowledge of the presence of an atom is therefore needed to operate the apparatus as a single-
photon emitter. Indeed, if the statistical analysis of the emitted photon stream is restricted to time
intervals where the presence of an atom in the cavity is assured with very high probability, a sub-
Poissonian photon statistics is found. Figure 3 illustrates the conditioning scheme. To detect an
atom, we depend on the fact that photons are only emitted while an atom resides in the cavity. Thus
a photon that is detected during a pump pulse signals the presence of an atom with probability
Patom = np/(np + ny), where niy = 2Iy7p is the mean number of noise counts per pump pulse
counted by both detectors and 7ip = 2 Joo ((®) — Iy)dt is the mean number of detected photons
per pulse, with 7p = 2 uus being the pulse duration. For the data underlying figure 2, we obtain
(tp, iy, Patom) = (11.6 x 1073, 1.8 x 103, 87%) and (2.3 x 1073, 1.8 x 1073, 56%) for high
and low atom flux, respectively. The small value of np is due to the fact that the cavity contains
no atom most of the time. But once an atom is detected, it moves only 51 of the cavity waist until
the next pump pulse arrives. We can therefore safely assume that the atom still resides in the
cavity at that moment. In the statistical analysis of the light emitted from the system, we now
include only the time interval corresponding to this next pump pulse. This is accomplished by first
denoting the numbers, ki, . . ., ky,, of the M pump intervals with n(k;) > 0, where n(k;) denotes
the number of photons detected in the k;th interval. The time intervals of the adjacent pump
pulses then form the new stream of selected data, where the number of photons counted with

the detector 1 and 2, respectively, is given by my (i) = ny 5 (k; + 1). From this, the conditioned
correlation function

I o my ()ma(i + Ad)
QAN — -
= g mim; )

=1
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Figure 4. Conditional photon statistics: a sub-Poissonian photon statistics is
found in the pulse-to-pulse photon correlation, g®(Ai), conditioned on the
presence of atoms in the cavity. Data are shown for high atom flux (a) and low
atom flux (b) as shown in figure 2.

shown in figure 4, is calculated. For a small average atom number, see figure 4(b), conditioning
yields g®(Ai = 0) = 0.25(11), which is well below unity. If the atom flux is increased
(figure 4(a)), one obtains g”(Ai = 0) = 0.41(6). Obviously, the larger value is due to the fact
that the probability of having more than one atom interacting with the cavity is not negligible.
Nevertheless, the photon statistics conditioned on the presence of atoms is sub-Poissonian in both
cases, which is demonstrating a noise reduction below the shot-noise level. Note that the errors
in g@®(Ai) are derived from the standard deviations, oa; = +/n.(Af), where n,(Ai) denotes the
number of events that constitute g® (Ai) prior to normalization. We count n,(Ai = 0) = 5+ 2.2
and 53 + 7.3 events, whereas for Ai # 0, we count, on average, n, = 21 and 130 events with
opizo = 4.6 and 11.4, which yields g®(Ai # 0) = 1.00(20) and 1.00(9), for low and high
atom flux, respectively. The fluctuations of g (Ai # 0) in figure 4 are well explained by this
shot noise.

From the recorded stream of events, we can also characterize the efficiency of the photon
source by evaluating the probability for the conditional emission of photons during the pump
pulses that follow the detection of an atom by a first photodetection (figure 5). The evaluation must
encompass a correction for detector effects like noise counts and reduced quantum efficiencies.
Hence, we take into account that a single photodetection actually signals the presence of an
atom only with probability pu.n, and we also consider that the following photons are detected
with an overall quantum efficiency of n = 0.36 (photodiodes and spatial filtering). We then use
the M pump intervals with n(k;) > 0 as starting points to calculate the average photo-emission
probabilities during the neighbouring pulses,

1 M
— Y " [n(ki + Ak) — fiy — iip — 8akol- 5)

p(Ak) =
NPatom M 4=

Here, n(k) = n, (k) + n,(k) is the total number of events counted by both detectors during the kth
pump pulse. The mean number of noise counts per pulse, ny, and the mean number of photons per
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Zlglfeos:r Photon en_nission probability, conditioned on a photon detection at
barS_Wh.'] htt;:] theoretfcal expectation values are represented by the green dashed
» Whtle the experimentally found probabilities are indicated b i
: the solid bl
gzrs. Data are shown _for high (a) and low (b) atom flux as shown iyn figure 2 Tlljz
c?gase of the experm‘len.tally observed probabilities in (b) compared with ia) is
altributed to a small misalignment of the setup for low atom flux.,

pu(]ise, np, are subtracted from each count number to ensure
and-the same atom are considered. We also correct for false triggers, i

oms travelling through the
tally determined emission
discrepancy to the random
g, Which reduces the overall

cavity. 'T.‘h'is leads to the same qualitative results, but the experimen
g‘rob.abll_ltles are smaller than the expected ones. We attribute this
| 1f‘fsiu“lbutlon fof the atom among its magnetic sublevels after recyclin
e ;;({:S;:); :a] )}:Eotpnbgencgatilon. In our numerical simulation, this has been neglected. A more
18 1S beyond the scope of this paper. Another signifi :
el e g > Significant feature of the numerical
_ gle-photon generation efficiency of 6 ich i
: . y of 61.6% for an atom wh
ptimally coupled to the cavity. Therefore we expect that the present scheme is able to prc:gll:clz

single photons in a highly efficient wa i i
i T y provided the atom is held at rest by, e.g., a dipole-force

4. Summary

We have statistically analysed the

_ photon stream emitted fro i
System in response to laser pulses t A tasitons b

hat adiabatically drive Raman transitions between two atomic
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n, while the vacuum field of the cavity

states. The laser pulses excite one branch of the transitio
jonary single-photon source, since

stimulates the other branch. The system operates as a non-stat
the atoms enter and leave the mode volume randomly, with a maximum number of about seven
successive photon emissions per atom. Without any a priori knowledge of the state of the
system, antibunching is observed, which indicates that a single atom emits photons one at a
time. Furthermore, a preselection has been applied to restrict the analysis to time intervals where
the presence of an atomis assured. This gives a sub-Poissonian photon statistics with g®(0) < 1.
Our setup therefore operates as a deterministic single-photon emitter, although the atom statistics

is Poissonian.
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The interfi : R
manner. Usi:grelr;f"lcgorl:(:gnsmgfl?i'pf].!mons impinging on a beam splitter is measured in a time-resolved
B o ViSEbilil}?Closest010(])‘;;61'.8“‘ frcqucn{:res emitted from an atom-cavity system, a quantum
s st e ey & (I)'tt 2 is o!_:served in the correlation between the photodetections at the
properties of the photons MIJ ll S5 Thedoe fiependence of the beat amplitude reflects the coherence
temporal filter allo . Mos rer_narkably, simultaneous photodetections are never observed, so that

ws one to obtain perfect two-photon coalescence even for nonperfect ph()'tons_ :

DOI: 10.1103/PhysRevLett.93.070503

. Thc_: quantum nature of light impressively manifests
itself in the fourth-order interference of two identical and
mutually coherent single photons that impinge simulta-
neously on a beam splitter (BS). The photons coalesce and
both leave the beam splitter in the same direction. Hon
et 'aL first demonstrated this phenomenon with i)hotoﬁ
pairs from parametric down-conversion [1], and Santori
et gL used the same effect to show the indistinguishabilit
of 1_ndependently generated photons that are successive]y
emitted from a quantum dot embedded in a microczwity
[2]. In all experiments performed so far, the photons werﬁ
short compared to the time resolution of the employed
iitlectors, :0 that interference phenomena were observed
y as a function of t i i
S g o he spatial delay between the inter-
To investigate the temporal dynamics behind this in-
ter.ference phenomenon, we now use an adiabaticall
driven, slr(_)ngly coupled atom-cavity system as a single{
photon emitter [4—7]. Photons are generated by a unitar
process, so_that their temporal and spectral properties caz
be arl?ttrarlly adjusted. In fact, the duration of the photons
used in our experiment exceeds the time resolution of the
employed single-photon counters by 3 orders of magni-
tude‘. Tl}is allows for the first time an experimental in-
vestigation of fourth-order interference phenomena in a
time-resolved manner with photons arriving simulta-
Zeously at t‘he beam splitter [8). We find perfect interfer-
Illce even if the frequency difference between the two
i\?ei:)ns egceeds Eheir ban_dwidlhs. This surprising result
L yoro_bu_? against all klpds of fluctuation and opens up
cessiﬁgsfé].] ities in all-optical quantum information pro-
E The prmc;pa! scheme of the experiment is sketched in
;‘g. 1. W.e consider an initial situation where two single
[ésot;)nsfm modes A and B irr_:pinge simultaneously on a
3 g )n ::mt of the BS.’ we distinguish states |14 z) and
hi?;:e’d“{) ere a phqlm? is either present or has been anni-
detcctionybtracrllsmlssmn through the BS a_md subsequent
- y letector C or D. Mode A is an extended
b mpora Phot_or_u_c field mode, traveling along an
cal fiber, which initially carries a photon. The photon

07
0503-1 0031-9007/04/93(7)/070503(4)$22.50

PACS numbers: 03.67.Hk, 03.67.Mn, 42.50.Dv, 42.65.Dr

in mode B emerges from a strongly coupled atom-cavit

system, \.Jvh_ich is driven in a way that the photon i)s:
dctermlnlstlcglly generated by a vacuum-stimulated
Raman transition between two long-lived atomic states
[4,5]. In particular, the photon emitted from B matches
the phot‘on lfrorn A. The initial state of the total system, A
and B, is given by the product state |¥;) = |1,415) T,he
effe'cl of a'ﬁrsl photodetection in the outi}ut mogeﬂc’or D
at time 1o is evaluated by applying the respective photon
Zgz}hélalllzorégperator ac or ap to |'¥;). The two operators

ind the are linked to
A GSlstioh the two operators before the

dcp=(ap * ax)/ V2, (1)

;vhere a, and ag are operators that remove one photon
\:EmhA and_B, respe_ctwc]y. As the detection reveals no

ich-way mformal}on, the system is projected into one
of the two superposition states,

| (19)) = dcpllalp) = (114, 05) = |04 15)/V2, (2)

depending on which detector clicks.

A

ShE phon

Detector C

Beam splitter

—/ Detector D
Trigger pulse

FIG. 1 (color online). Fourth-order interference. Single pho-
tons emerge from A and B and impinge simultaneously on a
bc_:at_‘n splitter. The photons are so long that they give rise to
filstl nct photodetections. The first detection projects the system
into a.superposition, which then determines the probability of
detecting the second photon with either one or the oth

detector. o
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The initial purity of the superposition, i.e., the balance
between its two parts and their phase coherence, and,
hence, also the mutual coherence time of the interfering
photons, can now be measured by monitoring the time
evolution of |W.). Moreover, the superposition can be
systematically varied by controlling the relative phase
between its two parts. The latter is achieved by introduc-
ing a small frequency difference between the photons
from A and B. Assume that the photon in the fiber has a
frequency difference A with respect to the photon from
the cavity. In this case, the two components of |¥.)
evolve with different frequencies, so that after a time 7,
the two states have acquired a phase difference A7. The

new state then reads
|W.(t + 7)) = (114, 05) = €87|0,, 15))/¥2.  (3)

This state can be monitored by photodetections. The
probability to count a second photon with either detector
C or D, as a function of the relative phase A7, reads

(‘I’«_vlﬁ}ﬁcl‘l’i = 3(1 = cosAT)
4)
and (¥.lahapl¥s) =41 F cosAr).

In a photon correlation experiment, a frequency differ-
ence between the interfering photons therefore resultsin a
guantum-beat signal in the correlation function that os-
cillates with frequency A. Moreover, Eq. (4) implies that
the first and second photon hit the same detector for
A = 0. This corresponds to the well-known behavior of
two indistinguishable photons that impinge simulta-
neously on a BS [1,2]. However, in the present case, the
two photodetections can have a time delay that can be
as large as the duration of the interfering photons.
Nevertheless, perfect two-photon coalescence is ex-
pected. Another remarkable consequence from Egq. (3)
is that the initial phase difference between its two parts,
induced by the first photodetection, is either 0 or 7.
Therefore, the beat starts to oscillate at zero with the
detection of a first photon, so that the cross-correlation
function between the two BS output ports shows fringes
with a visibility of 100%. This distinguishes the present
situation dramatically from the situation of two interfer-
ing coherent fields with frequency difference A that are
superposed on a BS. In the latter case, the cross-
correlation function would oscillate with a fringe visibil-
ity not exceeding 50%, since photodetections do not
influence the relative phase of the coherent fields. The
present scheme is also different from other experiments,
where quantum state reduction has been observed in
optical cavity QED [10,11]. In these experiments, the
detection of a photon changes the state of a single system,
whereas in the present case, the relative phase of two
distinct modes, A and B, is determined.
We emphasize that the above way of calculating joint
photodetection probabilities is strongly simplified. A
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more detailed analysis that comes to the same conclusions
can be found in Ref. [8].

The experimental setup is sketched in Fig. 2(a). ¥ Rb
atoms released from a magneto-optical trap fall with
2 m/s through a cavity of finesse F = 60,000 with
(gmax K ¥)/27 = (3.1, 1.25, 3.0) MHz, where gy, is the

optimal atom-cavity coupling constant, and « and y are

the field decay rates of cavity and atom, respectively. The
atoms enter one at a time with a probability that is
66 times higher than the probability of having more
atoms. Each atom is prepared in |e) = [5S,/,, F = 3),
while the cavity is resonant with the transition between
lg) =155,/ F = 2) and |x) = |5P3,, F = 3). The atom
experiences a sequence of laser pulses that alternate
between triggering single-photon emissions and repump-
ing the atom to state |e): The 2 us long trigger pulses
are resonant with the |e) <« |x) transition and their Rabi

W
4 (@m} !
Magreto G | DERv 31
optical trap 1 (1085 m fiber)
| 5
y «
o 4 #
Cavity [
L 2
Trigger Photo
pulses p diodes
{ — Single path
pe- ---- L Polarization
o 150+
Q
=
=
. , .é
£ 1004 : !
) ! i
o
= 1 i
t |
8 50- 3 i
= il
5
2 i
0 , T

| AL T F L TR A S
-31.8 -21.2 -106 00 106 212 318
Detection-time delay T/ ps

FIG. 2 (color online). Atoms and photons. (a) Triggered by
laser pulses, an atom-cavity system emits unpolarized single
photons. They are randomly directed by a polarizing beam
splitter along two paths towards a nonpolarizing beam splitter
(BS). A photon traveling along path A gets delayed so that it
impinges on the BS simultaneously with a subsequent photon
that travels along path B. (b) Number of coinciding photo-
detections in the two output ports as a function of the time
difference between the detections: If only a single path is open,
a Hanbury-Brown-Twiss measurement of the intensity corre-
lation is performed, showing antibunching (solid line). If both
paths are open but have perpendicular polarization, no inter-
ference takes place and the BS randomly directs the photons L0
C and D. This leads to coincidences at 7 = 0 (dashed line). All
traces result from a convolution with a 48 ns wide square time-
bin function.
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frequency increases linearly to 0, /27 = 17.8 MHz.
In connection with the vacuum field of the cavity stimu-
Iat_mg the_lx) « |g) transition, these pulses adiabatically
d.rwe a stimulated Raman transition to lg). This transi-
tion goes I:nand in hand with a photon emission. Between
two emissions, another laser pumps the atom from lg) to
|x), from where it decays back to [e). This is comple-
mented by a s-polarized laser driving the transition
ISSI;?, F=3)|5P;,, F=2)to produce a high degree
of spin polarization in mp = +3, with a large coupling to
the cavity. To discard the photons emerging during this
process, the detectors are electronically gated. This leads
to a modulation of the dark-count rate and, hence, to a
triangular modulation of the background contrib,ution
to all correlation functions measured with detectors C
and D, with maxima showing an average number of
3.2 correlations /48 ns. All data shown here have been
corrected for this periodic background.

We now consider the case where the atom-cavity sys-
tem emits two photons, one after the other, with a time
separation of 5.3 us, deliberately introduced by the peri-
odicity of our trigger pulse sequence. We suppose that the
ﬁ‘rst photon travels along an optical fiber (mode A) and
hits a 50:50 BS at the fiber output at the same time as the
second _pholon, provided the latter comes directly from
the cavity (mode B). To characterize the system, we first
close {hc fiber, so that photons impinge only in mode B.
l*?or this situation, Fig. 2(b) shows the intensity correla-
tion function, measured with detectors C and D, as a
function of the time difference 7 between photodetections
as a solid line. The central peak is missing; i.e., the light
shows strong antibunching and photons are emitted one
by one [4]. Next, both paths to the BS are opened, so that
photons can impinge simultaneously on the BS.
I_ntcrfercnce is suppressed by adjusting the A/2 retarda-
tion P]ate at input port B so that the two light fields are
po_larizcd perpendicular to each other (dashed line). In
this case, each photon is randomly directed onto one of
the detectors, C or D. This leads to a nonvanishing
correlation signal at 7 = 0, which is a factor of 2 smaller
than the neighboring peaks at 7 = +5.3 ms. The central
peak has a duration of 640 ns (half width at 1/e maxi-
mum)t which comes from the convolution of two 450 ns
!ong single photons (half width at 1/e maximum of the
mtcnlSity). In the following, the signal obtained for per-
Pendicularly polarized photons is used as a reference
Since any interference leads to a significant deviation.,
Note that all the experimental traces presented here are
Not sensitive to photon losses, since only measured coin-
C!_dcnces contribute. Moreover, they can be compared
Wl{hout normalization, since data was always recorded
until 980 coincidences were obtained in the correlation
?Eaks at 7 = *5.3 us. This required loading and releas-
ng atom_s from the magneto-optical trap about 10° times.

A Expenmcntgl re_sults obtained for parallel polarization
re displayed in Fig. 3(a). The photons interfere and the
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first photodetection reveals no which-way informat;
Therefore, the system is projected into the super ma}xf)n,
state [\W). In contrast to the expectations from [hPOStI]tlon
discussion, the correlation signal does not vanisﬁa i
pletely, in particular, for nonzero detection-time ;(;m"
Instead, a pronounced minimum is observed are o
7=0. We interpret the depth of this minimum (;l;nd
measure of the initial purity of the Superposition stat ;
and we attribute its limited width to the average mutuef
dephasing of the interfering photons (see belowa)
Mog"eO\ier, as shown in Fig. 3(b), we resolve a pronounce(j
OSF)I!IEUOD of the correlation function, starting with a
minimum at 7=0, when a frequency difference of
A/27 =3 MHz is introduced between the interferin
photons. The first maxima of the oscillation are found a%
|7l = /A, where the two parts of |W..) have acquired a
ph_ase_ difference of *ar. If the photon s are detected with
this time difference, they are registered by different de-
tectors and give rise to a coincidence count. Therefore, the
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FIG. 3. Quamum beat. Number of coinciding photodetections
as a function of the time difference 7 between the detections
[only the central peak is shown: see Fig. 2(b)]. Both paths are
open and have parallel polarization (circles). The solid lines
represent a numerical fit to the data [8]. A Gaussian fit to the
reference signal (perpendicular polarization, dashed line) is
al§0 shown. (a) Photons of identical frequencies lead to a 460 ns
wide Cf%l'lll‘a] minimum. This lack of coincidences is caused by
coalescing photons that leave the BS through the same port.
Depth and width of the minimum indicate the initial purity of
the superposition and the mutual coherence time of the pho-
tons, respectively. (b) The atom-cavity system is driven by a
sequence of laser pulses with a frequency difference A =
l@; = w,] =27 X 3 MHz between consecutive pulses (see
level scheme). This givesrise to a frequency difference between
consecutive photon emissions, which leads to a quantum beat in
the correlation function starting at 7 = (.
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number of coincidences in these maxima exceeds the
reference level, measured with perpendicular polariza-
tion, by a factor of 2. This underpins the phase coherence
of the whole process and shows that it is possible to
arbitrarily adjust the relative phase between the two parts
of |¥.). The initial purity of the superposition and the
balance between its two parts is characterized by the
visibility of the beat signal at 7 = 0. This visibility ex-
ceeds 90%, indicating that the superposition is nearly
perfect.

The mutual coherence time of the interfering photons
is obtained from the damping of the quantum beat or,
alternatively, from the width of the two-photon interfer-
ence dip. In both cases, a coherence time of 460 ns (half
width at 1/e dip depth) is observed, which exceeds the
64 ns decay time of the cavity, as well as the 27 ns
lifetime of the atom’s excited state. Hence, the intrinsic
lifetimes do not limit the coherence. However, for per-
fectly transform limited photons, one would expect to see
no decrease of the quantum-beat visibility for A # 0, and
no correlation at all for A = 0. This is obviously not the
case—a numerical fit to the measured data based on an
analytical model [8] (solid lines in Fig. 3) shows that the
observed coherence time can be explained by an inhomo-
geneous broadening of Sw/27 = 690 kHz, which ex-
ceeds the 350 kHz bandwidth of transform limited
photons. No specific broadening mechanism could be
identified, and therefore we attribute this to several tech-
nical reasons: static and fluctuating magnetic fields affect
the energies of the magnetic substates and spread the
photon frequencies over a range of 160 kHz, and the
trigger laser has a linewidth of 50 kHz, which is mapped
to the photons. Moreover, diabatically generated photons
lead to an additional broadening.

To summarize, we have observed the fourth-order in-
terference of two individual photons impinging on a beam
splitter in a time-resolved manner. With photons of differ-
ent frequencies, a quantum beat is found in the correlation
between the photodetections at the output ports of the
beam splitter. This beat oscillates with the frequency
difference of the interfering photons. The interference
fringes are visible only for photons that are detected
within their mutual coherence time. Moreover, our mea-
surements reveal that identical photons coalesce; i.e., they
leave the beam splitter as a pair, provided they do not
dephase with respect to each other. Any deviation from
perfect coalescence, observed for nonzero detection-time
delay, can be attributed to a random dephasing due to an
inhomogeneous broadening of the photon spectrum. We
therefore conclude that a temporal filter, which accepts
only time intervals between photodetections shorter than
the mutual coherence time, is a way to obtain nearly
perfect two-photon interference, even if the coherence

properties of the photons are not ideal. This makes linear
optical quantum computing [9] much more feasible with
today’s technology.

070503-4

Moreover, we point out that the present experiment is
formally equivalent to a setup composed of two indepen-
dent atom-cavity systems, since the photon traveling
along the optical fiber could as well be released directly
from an independent (second) atom-cavity system.
Provided the time the photons need to travel from the
cavities to the detectors is much shorter than their mutual
coherence time (as is in fact the case for mode B in our
experiment), the first photodetection would establish an
entanglement between the distant atom-cavity systems
[12-15], since the states |1, ) and |04 ) refer in this
case to these systems. This entanglement would live until
it is destructively probed by a second photodetection. Our
results therefore pave the way towards distributed quan-
tum computing and teleportation of atomic quantum
states [16,17].

This work was supported by the focused research pro-
gram “Quantum Information Processing” and the SFB
631 of the Deutsche Forschungsgemeinschaft and by the
European Union through the IST (QUBITS, QGATES)
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The isti i i i
s i[;hioton s.taustlcs of the [:g_ht emitted from an atomic ensemble into a single field mode of an optical
Yy 1s investigated as a function of the number of atoms. The light is produced in a Raman transition

dr:w;n by a pump laser and the cavity vacuum,
f:ontmuc_)usly. For weak driving, a smooth transiti
intracavity atom. Remarkably, the bunching pe
behavior is well explained by a model describi

DOI: 10.1103/PhysRevLett.94.053604

The photon statistics of light reveals whether it origi-
nates from a classical or a quantum source like a single
atom. Thcse sources can be distinguished by their intensity
correlation function, g (7) [1]. Classical light fulfills the
Cauchy-Schwarz  inequality, ¢@(0) = g®(7), whereas
light that violates this inequality must be described by
the laws of quantum physics. In this case, a local minimum
atr = 0 ig found, i.e. g@(0) < g@(7), which is defined as
antxbupchmg [2]. First experiments demonstrating anti-
bunchlmg were performed with a weak beam of atoms
[3]. L1rr_1it§tions imposed by number fluctuations [4] were
later e!lr‘mr_aated by using a single emitter [5—11). The
dct_erm:mstl‘c control of the nonclassical light radiated by
a single emitter [12—-18] has interesting applications, e.g.
mzquamum information processing. Classical bunching,
8?(0) > g@(7), has been observed in the fluorescence of,'
a large number of independently radiating atoms as early as
1956 [19], and has regained new interest in the context of
cold-atom physics [20,21].
_ Assmooth transition between antibunching and bunching
Is expected if the number of atoms gradually increases.
Such a transition has not been observed so far, since a good
photor_l—co]lection efficiency, and thus a large solid angle, is
egsen_na‘] to obtain a photon count rate large enough,to
dis_cnmmate the antibunching signal from background
noise, while spatial coherence of the detected light is
required to observe bunching. For a distributed ensemble
of atoms, this calls for a small solid angle. Obviously, these
two requirements contradict each other, making the e,xperi-
ment difficult in the interesting regime of just a few radiat-
Ing particles.
" In the wor!c pres.emed here, all emitters are coupled to a
'lnglfa mode in a high-finesse optical cavity. Only the light
n this mode is investigated, so that spatial coherence is
Efa‘nt&:d. At the same time, the enhanced spontaneous
mlssu?n into the cavity mode gives a good photon-
COII_ecnon efficiency. The experiment is performed in a
Leg_lme where an emitted photon leaves the cavity before
ing reabsorbed and before affecting other atoms.
acuum-Rabi oscillations and collective effects are there-

0031-9007/05 /94(5)/053604(4)$23.00
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and a recycling laser is employed to repeat this process
on from antibunching to bunching is found for about one
ak develops within the antibunching dip. The observed
ng an ensemble of independent emitters.

PACS numbers: 42,50.Dv, 42.50.Fx, 42.55.Ye. 42.65.Dr

Fore largely suppressed. Moreover, the laser beams excit-
ing the atoms are running perpendicular to the cavity axis
SO tlhat‘ the photon statistics of the light emitted from thé
cavity is not the result of a driving field interfering with the
atomic emission, as for an axially excited cavity [22-24]
It follows that all requirements to observe the transitior;
betwcen‘ antibunching and bunching for independently
fluorescing atoms with one-and-the-same experimental
setup are fulfilled. In fact, we find that, with an increasing
number of atoms, a strong bunching peak (demonstrating
Lhe \Tla_we ch.aractcr of the light) develops inside the anti-
unching minimum at 7 = izl i
punch 0% e Lt 0 (characterizing the particle
Figure 1 illustrates the setup. A cloud of 35Rb atoms
released from a magneto-optical trap (MOT) falls through
a 1 mm long optical cavity of finesse F = 60000. The
average number of atoms simultaneously interacting with
the cavity, N, is freely adjustable by the loading time of the
trap between N = 0 and N = 140. In the cavity, the atoms
are exposed to two laser beams. The pump laser continu-

.. magaeto-optical trap 85
Rb
s len) }
"""""""" tA

gl |z 5
HREE g
ol |85 548 47 ot
El|fg |2
al g5 =
o -
T :

3 Wi
lg.n+1) photon  lg.n)

emission

FIG. 1 (color online). Scheme of the experiment. Left: The
setup shows that atoms are released from a magneio-optica-] trap
and fall through a cavity 20 cm below with a velocity of 2 m/s

Each atom i_nteracts with the TEMy, mode of the cavity for aboui
2_0 #s and is exposed to pump and recycling laser beams. The
llght emitted from the cavity is registered by a pair of photo-
diodes. Right: Relevant levels and transitions in SRb. The
atomic states |u}, |e), and |g) are involved in the Raman process

and the states [n) and |n + 1) denote the cavity’s photon numberr

© 2005 The American Physical Society
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ously drives the transition between the state |u)=
158, /2(F = 3)) and the excited state le)=|5P;,(F=3))
with Rabi frequency (), while the cavity couples |e) to the
other hyperfine ground state, |g) = |55, /,(F = 2)). Both
fields are detuned by an amount A from the respective
atomic transition so that they resonantly drive a Raman
transition between |u) and |g) which also changes the
intracavity photon number by one. At the same time, a
recycling laser of Rabi frequency () resonantly drives the
transition from |g) to |e), from where the atoms decay back
to state |u). This closes the excitation loop and enables
each atom to emit several photons on its way through the
cavity. Because of the continuous driving, the Raman
transitions are stochastic in contrast to the adiabatically
driven Raman transition process reported in [15,25-27].
The dynamics of the system is determined by
(Zmaxr K V> Qp, Qp, A) = 27 X (2.5, 1.25, 3.0, 7.6, 3.3,
—20) MHz, where g is the cavity-induced coupling
between states |e,0) and |g, 1) for an atom optimally
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FIG. 2 (color online). Intensity correlation, g (), as a func-
tion of the detection time delay, 7, for different values of the
average atom number, N. A transition from antibunching to
bunching is observed for N = 1. To adjust N, we load the trap
between 20 ms and 2.5 s. For each trace, we load and release
atoms from the MOT 500 times and register photons during 8t =
8 ms while the atom cloud traverses the cavity.

coupled to the cavity, and x and y are the field and
polarization decay rates of the cavity and the atom, re-
spectively. The maximum recycling rate is achieved when
the transition between |g) and |e) is strongly saturated. In
this case, both levels are equally populated leading to a
recycling rate of R,x = %'}f = 241 X 1.7 MHz, where g is
the average branching ratio for a decay from |e) to |u).
Therefore the recycling is always slower than the decay of
the cavity excitation, 2x. For the above value of (g, the
recycling is about 4 times slower than the cavity decay, so
that the cavity returns to the vacuum state before the next
photon is placed into its mode from the same atom.
Therefore nonclassical antibunching can be observed.
The maximum effective Rabi frequency of the Raman
process, Qerr = Zmax(p/A = 27 X 0.95 MHz, is also
smaller than the cavity decay rate. Therefore the system
is overdamped and shows no Rabi oscillations; i.e., both
the reabsorption of emitted photons and the cavity-
mediated interaction between different atoms are negli-
gible. The cavity decay is mainly caused by the 100 ppm
transmittance of one of the mirrors. Photons leave the
cavity through this output coupler with a probability of
90%, and are detected by two photodiodes with 50%
quantum efficiency that are placed at the output ports of
a beam splitter. They form a Hanbury Brown and Twiss
setup to measure the g (7) intensity correlation function
of the light. To avoid a limitation to a waiting-time distri-
bution between successive photons, all photodetection
times are registered and taken into account in the
evaluation.

Figure 2 shows g (7) for different settings of the atom
flux. For an average atom number below one, N =0.15,it
shows nonclassical antibunching, i.e., a local minimum at
7 =0 in Fig. 2(a). Note that sub-Poissonian light with
g@(0) < 1 is not observed because the Poissonian statis-
tics of the atomic cloud is mapped to the photon statistics.
When the atom flux is increased to N > 1, a transition to
bunching, i.c., a local maximum at 7 = 0, is observed; see
Figs. 2(b) and 2(c).

This transition from nonclassical light for N <1 to
classical light for N > 1 can be explained with a model
[4] that describes an ensemble of independent emitters
where the electric field of all atoms,

N(r)
E(r) =) E@), (1
=]
is the sum of the fields radiated by the individual atoms,
E:(1). Obviously, the individual fields interfere with the
fields radiated by the other atoms. For independent emit-
ters, correlations between the fields of different atoms can
be neglected. Following [4] and provided the atom distri-
bution is Poissonian with an average atom number N [28],
the intensity correlation function reads

g2(1) =1+ If(DgL (DI + [DgPn)/N. @
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It consists of three different contributions: (i) The constant
term I stems from photons that are independently emitted
F)y dfffﬁﬁ:ﬂt atoms, i.e., it reflects the atom statistics which
is directly mapped to the light. (i) The bunching term,
If(*r)gfq”(r)lz, with gfq”(r) the autocorrelation function of
the electric field emitted by one atom and £(7) given below
[29], results from the beating of the light emitted by differ-
ent atoms:. Constructive or destructive interference leads to
2 ﬁu(_:tuatmg intensity [1]. If a photon is detected, construc-
tive interference is likely and the probability for a second
photodetection is increased. The opposite holds for de-
structive interference. The interference and the correlated
behavior vanish if the two photodetections are separated by
more than the coherence time. Therefore the bunching

contribution decreases with the square of gf,‘”('r), whose 1
df.:cay defines the coherence time, 7. Note that this corlf
tribution does not depend on the number of atoms and
therefore persists for very high atom flux. (iii) The anti-
punching term, f(*r)gff’ (7)/N, with gf) (7) the single-atom
intensity correlation function, is attributed to the photons
emitted from an individual atom. After a photon emission

the atom must be recycled to state |u) before it can emii‘
ano_ther photon. This leads to antibunching. Because of the
statistical nature of the recycling, photons are uncorrelated
for large |7], and gff)('r — *o0) reaches 1. However, only
Qhotons emitted from one-and-the-same atom during its
limited interaction time with the cavity contribute. The
f:nvelope function, f(7), with f(7 — *o0) = 0, takes this

into account. Note that the antibunching term scales with

the inverse average atom number, 1/N, and therefore

vanishes for large N.

The three contributions explain the observed transition
from antibunching to bunching shown in Fig. 2(c):
the antibunching contribution for N <1 vanishes with
increasing atom number while the bunching contribution
dc_)cs not change. For a detailed comparison of this model
with the experiment, we write the correlation function as
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Inear-regression fit as a function of 1/N for 7 =0 and 7 =

tl_r;us. For each 7, the offset A(7) and the slope B(7) are obtained

AOm such fits. (b) Bunching and antibunching contributions,
(1) and B(r), respectively. Modeling B(7) for |7] > 1.0 us
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For every value of 7, we can now obtain

from a _linear fit to the experimemﬁ](; ) zrtl,d i)
g?(r, 1/N) as a function of 1/N [30]. For the tSﬂl'Ved
amples 7=0 and 7= 1 ps, Fig. 3(a) shows m\::) t‘;’_‘-
procedure is indeed justified, as the experimental d s
show a linear dependence on 1/N. The same re atla
holds for other values of 7. The offset A(q-;u—[
limy_.8?(7, 1/N) represents the two N-independ 5
contributions, (i) and (ii), from above, whereas the SI:m
B(r) = d(g®(r, 1/N))/d(1/N) determines the size E:;‘
the antjbqunching contribution. A decomposition of
2?(7,1/N) into these contributions is shown in
Fig. 3.(b)' A(7) consists of the constant term 1 plus the
bunching peak, whereas B(7) shows an antibunching dip
and decays with an envelope function f(7) that is imposed
by the atom transit.

Figure 4 shows the single-atom correlation functions
deduced from A(7) and B(r) using the relations (3).
These functions reveal the relevant experimental time
scales. The minimum delay between two successive pho-
tons from one-and-the-same atom corresponds to the 1/e
hal_f width of the antibunching dip, 7, = 430 + 10 ns.
This is much larger than the photon lifetime in the cavity
k~!/2 = 64 ns, so that successive photons from a singlf_:
atom hardly overlap. From the decay of the field correla-
tion function, |gg)(7}|2, we calculate a coherence time of
the emitted light of 7, = 170 = 2 ns (half 1/¢? width)
larger than the decay time of the cavity field, x~! =
128 ns. This seemingly unexpected result is not surprising
as the coherence properties are controlled by the photon-
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FIG. 4 (color online). ~Single-atom correlations, |g\(7)|? and

gff](f), deduced from A(7), B(7), and f(7) using Eq. (3). The two
contributions weighted according to Eq. (2) determine the ob-
served photon statistics, g'?'(7), as shown in Fig. 2. Because of a
small cross talk between gf}(ar) and |g\(7)]2, the latter stays

!arger l_han zero for values of 7 smaller than the atom-cavity
Interaction time.
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ously drives the transition between the state |u) =
158, /2(F = 3)) and the excited state ley=15P5,,(F=3))
with Rabi frequency £)p, while the cavity couples |e) to the
other hyperfine ground state, |g) = |55, /,(F = 2)). Both
fields are detuned by an amount A from the respective
atomic transition so that they resonantly drive a Raman
transition between |u) and |g) which also changes the
intracavity photon number by one. At the same time, a
recycling laser of Rabi frequency () resonantly drives the
transition from |g) to |e), from where the atoms decay back
to state |u). This closes the excitation loop and enables
each atom to emit several photons on its way through the
cavity. Because of the continuous driving, the Raman
transitions are stochastic in contrast to the adiabatically
driven Raman transition process reported in [15,25-27].
The dynamics of the system is determined by
(o % V> Qp, Qg A) = 27 X (2.5, 1.25, 3.0, 7.6, 3.3,
—20) MHz, where gmax is the cavity-induced coupling
between states |e,0) and |g, 1) for an atom optimally
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FIG. 2 (color online). Intensity correlation, g?(7), as a func-
tion of the detection time delay, 7, for different values of the
average atom number, N. A transition from antibunching to
bunching is observed for N = 1. To adjust N, we load the trap
between 20 ms and 2.5 s. For each trace, we load and release
atoms from the MOT 500 times and register photons during 6t =
8 ms while the atom cloud traverses the cavity.

coupled to the cavity, and x and y are the field and
polarization decay rates of the cavity and the atom, re-
spectively. The maximum recycling rate is achieved when
the transition between |g) and |e) is strongly saturated. In
this case, both levels are equally populated leading to a
recycling rate of Ry, =37 = 27 X 1.7 MHz, where 3 is
the average branching ratio for a decay from |e) to |u).
Therefore the recycling is always slower than the decay of
the cavity excitation, 2«. For the above value of (), the
recycling is about 4 times slower than the cavity decay, so
that the cavity returns to the vacuum state before the next
photon is placed into its mode from the same atom.
Therefore nonclassical antibunching can be observed.
The maximum effective Rabi frequency of the Raman
process, Qe = Zmax2p/A = 27 X 0.95 MHz, is also
smaller than the cavity decay rate. Therefore the system
is overdamped and shows no Rabi oscillations; i.e., both
the reabsorption of emitted photons and the cavity-
mediated interaction between different atoms are negli-
gible. The cavity decay is mainly caused by the 100 ppm
transmittance of one of the mirrors. Photons leave the
cavity through this output coupler with a probability of
90%, and are detected by two photodiodes with 50%
quantum efficiency that are placed at the output ports of
a beam splitter. They form a Hanbury Brown and Twiss
setup to measure the g?(7) intensity correlation function
of the light. To avoid a limitation to a waiting-time distri-
bution between successive photons, all photodetection
times are registered and taken into account in the
evaluation.

Figure 2 shows g (7) for different settings of the atom
flux. For an average atom number below one, N = 0.15, it
shows nonclassical antibunching, i.e., a local minimum at
7 =0 in Fig. 2(a). Note that sub-Poissonian light with
g (0) <1 is not observed because the Poissonian statis-
tics of the atomic cloud is mapped to the photon statistics.
When the atom flux is increased to N > 1, a transition to
bunching, i.e., a local maximum at 7 = 0, is observed; see
Figs. 2(b) and 2(c).

This transition from nonclassical light for N <1 to
classical light for N > 1 can be explained with a model
[4] that describes an ensemble of independent emitters
where the electric field of all atoms,

N(D)

E(I) == ZE,‘(I), (1
=

is the sum of the fields radiated by the individual atoms,
E;(t). Obviously, the individual fields interfere with the
fields radiated by the other atoms. For independent emit-
ters, correlations between the fields of different atoms can
be neglected. Following [4] and provided the atom distri-
bution is Poissonian with an average atom number N [28],
the intensity correlation function reads

g2(n) =1+ If(DgV (DI + f(Dgd(D)/N. D
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It consists of three different contributions: (i) The constant
term 1 stems from photons that are independently emitted
!Jy c!lfferenl atoms, i.e., it reflects the atom statistics which
is dlre(itly mapped to the light. (ii) The bunching term,
If(‘i")g;‘)(?')'z, with gf.‘”(:-) the autocorrelation function of
the electric field emitted by one atom and f(7) given below
[29], results from the beating of the light emitted by differ-
ent atoms. Constructive or destructive interference leads to
a ﬂuc_:tuating intensity [1]. If a photon is detected, construc-
tive interference is likely and the probability for a second
photodetection is increased. The opposite holds for de-
structilvc interference. The interference and the correlated
behavior vanish if the two photodetections are separated by
more than the coherence time. Therefore the bunching
contribution decreases with the square of gg])(f), whose 1
d@cay_ defines the coherence time, 7.. Note that this CDT:
tribution does not depend on the number of atoms and
therefore persists for very high atom flux. (iii) The anti-
bunching term, f(0)8P(7)/N, with £'?(7) the single-atom
intensity correlation function, is attributed to the photons
emitted from an individual atom. After a photon emission
the atom must be recycled to state |u) before it can emiE
ano_thcr photon. This leads to antibunching. Because of the
statistical nature of the recycling, photons are uncorrelated
for large |7], and gf)(q' — *o0) reaches 1. However, only
pho_tons emitted from one-and-the-same atom during its
limited interaction time with the cavity contribute. The
gnvelope function, f(7), with f(7 — *00) = 0, takes this
into account. Note that the antibunching term scales with
the inverse average atom number, 1/N, and therefore
vanishes for large N.

The three contributions explain the observed transition
from antibunching to bunching shown in Fig. 2(c):
the antibunching contribution for N <1 vanishes with
increasing atom number while the bunching contribution
d(?es not change. For a detailed comparison of this model
with the experiment, we write the correlation function as
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F?G. 3 (color online). (a) Decomposition of g?(r, 1/N):
Linear-regression fit as a function of 1/N for 7=0and 7 =
1 ws. For each , the offset A(7) and the slope B(7) are obtained
from such fits. (b) Bunching and antibunching contributions,
A_{?;} and B(7), _n:lspective]y. Modeling B(7) for |7] > 1.0 us
z!slgac:is;d?e empirical envelope, f(7) = exp(—|7/6.5 us|'?2)
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8?(r, 1/N) = A(+) + B(7)/N, with

eV ()2 = Al — 1 )y — B(7)
8a (1)l 20 8 (1) = m (3)

For every \‘e'alue of 7, we can now obtain A(7) and B(7)
from a linear fit to the experimentally observed
g@(7,1/N) as a function of 1/N [30]. For the tWo ex-
amples = 0. and 7 =1 us, Fig. 3(a) shows that this
procedure is indeed justified, as the experimental data
show a linear dependence on 1/N. The same result
holds for other values of 7. The offset Alr) =
limﬁ__,mg(z)('r, 1/N) represents the two N-independent
contributions, (i) and (ii), from above, whereas the slope
B(7) = d(g®(7, 1/N))/d(1/N) determines the size of
the amib_unching contribution. A decomposition of
gfz)(q', 1/N) into these contributions is shown in
Fig. 3@). A(7) consists of the constant term 1 plus the
bunching peak, whereas B(7) shows an antibunching dip
and decays with an envelope function f(7) that is imposed
by the atom transit.

Figure 4 shows the single-atom correlation functions
deduced from A(7) and B(7) using the relations (3).
These functions reveal the relevant experimental time
scales. The minimum delay between two successive pho-
tons from one-and-the-same atom corresponds to the 1/e
hal_f width of the antibunching dip, 7, = 430 + 10 ns.
This is much larger than the photon lifetime in the cavity
k~1/2 = 64 ns, so that successive photons from a singlf;
atom hardly overlap. From the decay of the field correla-
tion function, Ig,&”(q-)lz, we calculate a coherence time of
the emitted light of 7, = 170 = 2 ns (half 1/¢? width)
larger than the decay time of the cavity field, x~' =
128 ns. This seemingly unexpected result is not surprising
as the coherence properties are controlled by the photon-
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F{Iz? 4 (color online). Single-atom correlations, !gf,”(fr)l2 and
84 (1), deduced from A(7), B(7), and f(7) using Eg. (3). The two
contributions weighted according to Eq. (2) determine the ob-
served photon statistics, g*(7), as shown in Fig. 2. Because of a
small cross talk between gff}('r) and Igﬁt”(r)Iz, the latter stays

!arger t‘han zero for values of 7 smaller than the atom-cavity
interaction time.
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generating Raman process, which takes longer than the
cavity decay time [31]. We also note that the peak ampli-
tude of the field correlation function, Igf,‘”(())l2 =053+
0.01, is very close to the expectation value for indepen-
dently emitting atoms, which is 18" (0)]? = 0.5 for unpo-
larized light [32].

The only small discrepancy from our expectations is that
gf}('r = () does not vanish completely as one would ex-
pect for the resonance fluorescence of single atoms [33].

Instead, we obtain g7 (0) = 0.19 % 0.02. This slight de-
parture from perfect antibunching indicates that some
atoms emit a second photon before the first photon has
left the cavity. To assure that such collective effects do not
dominate, we have verified that the photon number in-
creases linearly with the average atom number in our
parameter regime. Only with at least 100 atoms and drive
Rabi frequencies raised by a factor of 3, does the average
photon number show a slightly nonlinear increase with N;
i.e.. a moderate amplification is found. However, no kink in
the photon number is observed that would signal a lasing
threshold. In fact, laser operation relies on a recycling rate
much larger than the cavity decay rate, SO that the photons
remain long enough in the cavity to stimulate further
emissions.

In conclusion, we have observed the transition from
antibunching to bunching in the fluorescence light emitted
from a high-finesse cavity with an increasing average
number of atoms in the cavity. The cavity decay deter-
mines the fastest time scale, so that the atoms act as
independent emitters. The agreement of our data with the
predicted scaling behavior of the photon statistics is ex-

cellent, so that the single-atom correlation functions for

antibunching and bunching, gff)(a') and gfq”(-r), respec-

tively, can be extracted. It would be interesting to apply a
similar analysis to a lasing atom-cavity system [7], where
cooperative effects are expected to dominate the photon
statistics.
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1. Introduction

A 5 i i
' t1;retrlnendoua, number of experiments in atomic physics employ state-selective atom
; ;: I;elc lon methods. An overview of the various detection techniques can be found in [1]
eXCitztsly ca,s:s, t’hese schemes are based on the interaction of atoms with laser light which'
an atomic resonance [2]. The atoms manife ,
‘ st themselves by absorpti issi
and dispersion of radiation, and all e, Hamener: o
" of these effects can be observed. H i
atoms, the number of scattered i et e
! photons is usually too small to discrimi
of individual entities. The situation is di b
! on is different for trapped ions or at
transition between two ener i o e osed
gy levels can be excited. In this case, th
: : , the atom cycles between
.thj-.se_éev;lls and spontaneously emits photons at a high rate. This allows one to detect
Individual particles, provided the interaction ti i iti
, n time with the exciting 1 i
Such schemes have been de e
monstrated successfully in several experi i
: periments, where either
? smg[;e gr a small number of atoms was observed in a dipole trap or a magneto-optical
pay [ g N
son}; : ha‘l; ’(;r a thglet 1311 in a Paul-trap [6]. Even single molecules in solvents and
een detected in this way, since their relaxatio
; n rate to the ground state is
:;)Cfaltlstti thlat they can emit more than one photon while they are observed [7,8]. Only
; ‘,e 3.f, ft has beel? shown that a single atom’s dispersion is sufficient to switch the
ransmission of a high-finesse Fabry-Perot type optical cavity [9,10]. However, the
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latter method is experimentally very challenging and far too complicated for simple
single-atom detection.

Other methods for the detection of metastable particles are based on a release
of their large internal energy. Such a process is destructive and does rarely allow to
determine the inner state of the particle, but its extension to a multi-step detection
method, like resonance enhanced multi-photon ionization [11,12], is state selective and
also allows for the detection of individual particles. However, the ionization process is
not very efficient, and only a small fraction of the formerly neutral atoms gives rise to
a signal.

In this article, we focus on laser-induced fluorescence which allows to monitor
individual, freely moving atoms in a time-resolved and state-selective manner. The
atoms are released from a magneto-optical trap (MOT) and arrive at the detector
in free fall with a velocity of v = 3m/s. The motion of the atoms limits the
interaction time with the exciting laser beam to about 60 us. Within this time interval,
a significant number of photons is recorded from every atom, so that it’s presence can
be discriminated from the background noise. This is achieved with a highly efficient
collection system for the emitted photons.

2. Collecting Photons

As spontaneous emission is not directed, an efficient detector must cover a large solid
angle to collect a significant amount of fluorescence photons. Our collection optics
resembles the one that has been developed for the spectroscopic detection of fast
molecules [13-15]. Figure 1 shows our setup, which is a combination of an ellipsoidal
and a spherical coated aluminium mirror. It covers a solid angle close to 4w, provided
the atoms fluoresce in the left focal point of the ellipsoid. Photons going to the left hit
the ellipsoidal mirror and are focused to the right focal point of the ellipsoid. Photons
going to the right hit the spherical mirror, are reflected back to their origin, and leave
this point to the left towards the ellipsoidal mirror. Finally, they are also focused to the
right focal point of the ellipsoid. However, the atoms are not well localised but move
through the probe laser beam that excites them in a fluorescing volume of about 1 mm?
around the first focal point. In addition, holes in the mirrors are necessary to allow the
probe beam and the atoms to enter the detector, and to finally extract the fluorescence
photons. These geometrical restrictions limit the collection efficiency to about 80 %.
We also note that the surface of the hollow mirrors is far from being perfect. The
coated aluminium surface shows a reflectivity of only 80 %, therefore the total collection
efficiency of the mirror setup is limited to 64 %.

Furthermore, the design of our apparatus did not allow placing the cathode of a
photo-multiplier tube (PMT) directly in the second focal point. A telescope consisting
of an aspheric condenser lens (f = 35mm), a planoconvex lens (f = 100mm), and
a biconvex lens (f = 70mm) is used to image the photons onto the PMT, which is
located outside the vacuum chamber. To reduce the background of visible radiation to
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@) (b) © (d) © ® @ o
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Time

Transient digitizer

Fi.gure 1. Fluorescence collection and imaging system
mirror (a) and a spherical mirror (b)
focal point of the ellipsoid. The phot

(not to scale): An ellipsoidal
collect the photons which are emitted from one

sk Y ons are imaged to the second focal point of th
ellipsoid. From there, a telescope consisting of lenses (¢) and (d) focuses thI()em th?ouglf

¢ .
ﬁl;; :\rlg(‘io“lrlof the vacuum chamber (e) onto an aperture (f), which acts as a spatial
- Finally, they are imaged by the biconvex lens (g) through a bandpass filter (h)

onto the cathode of a photomultipli
plier tube (PMT). T
recorded by a transient digitizer. ( s R s i

t?}Jfllercwicceptable level; a 10nm wide band-pass filter is used. Moreover, a spatial filter in
| Image plane of the telescope between the second and third lens is used t

light scattered from the edges of the hollow mirrors. | e
- f;il the elements of the 1r.nag1'ng system lead to a further attenuation of the light.

escope lenses and the window of the vacuum chamber have a transmission of 99 %
each', the band-pass filter transmits 70 %, and the uncoated double-window of the PMT’0
cooling f:hamber 85 %. We must also take into account that the rather large ob i
volume is not focused perfectly onto the PMT, since it is not completel (;gover Scelr;an;)ln
acceptance angle of the condenser lens. We estimate that as much as 1 /}.‘; of th : h rhir
are' lost by these geometric effects. Hence, the collection efficiency of the Whef e
(mnl‘rors, lenses, windows and filters) amounts to about 25 %. The remainin ) ehsitup
are imaged onto the photocathode of a Hamamatsu R943-02 photomultiplier tgu’tl))e OW?:}?

a quantum efficiency of 12 %. Theref: - . :
be 3% 0 refore the overall detection efficiency is estimated to

3. Fluorescence Signal

Many atomic species provide a closed two-level system, i.e. a non-decaying stabl

le.vel and an electronically excited level, which decays exclusively to the sfa,bl i emirgy
fjllllt.e gas, collisional losses can be neglected, and if the transition between theetonei nl{:L
is driven by a probe laser, the atom cycles between these levels, and a photon istcl)n;‘zs

spontaneously whenever a decay from the excited lev

: el occurs. In our experiment, th

probe laser with a wavelength of A = 780 nm exci 3 e
= xcites th = /

transition of ®Rb (see fig, ). sthe 55)/5(F = 3) «— 5Pya(F' = 4)

In the limit of strong saturation and resonant excitation,
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a) “Rb b) Gaussian profile ¢) Homogeneous
illumination

F=4
2n 120 MHz_A F=3 }SP,”Z

T

emission

Probe laser (780 nm)
Spontaneous

!

27t 3.035 GHz 58,

T

Figure 2. Detection of % Rb atoms by laser-induced fluorescence: (a) The 55} /2(F =
3) «— 5P3(F' = 4) transition provides a (nearly) closed two-level system and
is used to probe the atoms. (b) Atoms traveling through a Gaussian probe beam
are exposed to different peak intensities depending on their individual trajectories.
This gives rise to an ambiguous fluorescence signal, since the duration of the photon
burst and the number of photons per atom depend on the atom’s trajectory with
respect to the beam axis. (c) A clear signal is obtained from atoms interacting with
a rectangular, homogeneously illuminated area, since all atoms experience identical
conditions. The number of emitted photons does not depend on the atom’s trajectory,
and the interaction time is well-defined. To achieve these conditions, we illuminate a
small rectangular aperture with a large laser beam and image the aperture onto the

atoms.

the spontaneous photon-emission rate, I, approaches /2 per atom, where 7 is the
spontaneous decay rate of the excited level. However, the probe laser intensity, I, is
finite, the probe laser can be detuned from the atomic resonance by an amount A, and
any velocity of the atom with respect to the probe beam, v, gives rise to a Doppler
shift. Therefore the photon emission rate reads

g I
I'(1, A,’U"(t)) = — 2\ * (1)
2 p il (1 +(=A9) )

where k = 27/ and the saturation intensity, averaged over all magnetic sublevels of the
considered transition, is I = 3.9mW/cm?. We assume that I and A do not change
during the interaction of the atoms with the probe beam, but we take into account that
the atoms are accelerated because of light pressure. For each spontaneously emitted
photon (with an average momentum transfer of zero), a probe photon is absorbed and
the atom’s velocity changes by the recoil velocity, vye. = fik/m, in the direction of the
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lase is ' i
aser beam. This acceleration continues according to |
d
— =
dt Il v""ecr(}? A, ’UH (t))ﬂ
until the i i b
— atom is Doppler shifted out of resonance and stops fluorescing, gure )
shows i "
. Ae average fluorescence duration of °Rb atoms as a function of g}% i )
eight, Az. i i i i g
. gA, . The interaction time of the atoms with the beam is given by § e
or AT < 6 ' i @ o
< 60 us, the dependence is almost linear and the fluorescence duratj g
lon equals
® Ffuorcscencelsignal durlation » . : j ' ;
. - e 12 Measured photon counts N@)
: Expected number of counts
E 2001 £ "]
- @ g
=]
5 5 8 (b)
§ 150 g
E S
2 100- (o0’ * o :
“va 50+
1 2 ==
0 - T I’
0.0 02 : y ; ’ 5 .10 -
_ S 0.4 s 0.8 20 .15 -0 5 0 5 10 15 20
am height Az / mm Probe detuning A/2x / MHz

F ure 3 F oresce; e ur atl()n ann.d

o (F:l): ]suration of the o.bserved fluorescence from individual atoms, which are
ssing the probe beam with a perpendicular velocity v, = 3m/s, as a function

of the probe-beam height, Az. f
ght, Az, for A = 4. The solid li it ti
the atoms through the rectangular beam. R S R S

" (b) Average number of photon counts, N(A), per atom in Ar = 50 us as a
Nnctloz of tht::: pr?be dei?uning, A. The solid line shows the expected photon number
phot(A), which is obtained by numerically solving Eq. (3). Its amplitude is scaleci

down by a factor 58 to meet th i
. e experimental data, which i imi
detection efficiency of the system. , i edueedduc o the fimited

Ar. i ' i
: 'rth For longer interaction times, the fluorescence duration is limited to 120 ps, due
5 l 1

e acceleration of the atoms and also possible losses to the 59, s2(F' = 2) level, as

will be discussed later. Hence i
s » We must integrate Eqgs. (1,2) in order t i
number of fluorescence photons per atom, " 7 optn the ot

AT
Nphot = /0 (I, A, vy (t))dt. (3)

Figure 3(b) shows that the acceleration has a significant influence on th ber of
.emltted photons, even for A7 as small as 50 #s. The maximum numbe: r?m;] ir \
12. counted when the probe beam is blue detuned from the atomic res(;n;)ncc; Olr)];
inz:;; —It'2';rr x 2.4 MHz (ie. Ay = 0.4y, with y(3Rb) = 21 x 6 MHz). In this case, the

action starts slightly off-resonance, but then the atoms are pushed into resonance
and finally accelerated out of resonance again. Provided this transient Doppler shift
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is symmetric with respect to resonance, the number of emitted photons reaches its
'| maximum. Therefore the optimum detuning depends on the probe intensity and the
chosen interaction time. For the parameters given in the caption of fig. 3, Npsot = 580

photons per atom are expected.
It must be noted that the acceleration could be balanced by a second, counter-
propagating probe beam, which provides the same excitation probability as the first

one. However, there was no need to investigate this situation, simply because the Time / ms
required time to detect a single atom, A7, is shorter than the time it takes to accelerate
| an atom out of resonance. Figure 4. Stream of photons detected by the photomultiplier. A burst of events

indicates the presence of an atom, whereas

single event;
background noise; gle events between the bursts belong to

| For longer interaction times, another loss mechanism becomes significant. The small
probability to excite a ®Rb atom accidentally to 5Ps/s(F’ = 3) cannot be neglected,
simply because the probe laser (resonant with the 5S),0(F = 3) to 5Ps,(F' = 4)
' transition), is only detuned by 27 x 121 MHz from the from 55, 5(F = 3) to 5P5/5(F' =
3) transition. By spontaneous emission from 5P;5(F’ = 3), the atoms can then decay
to 5S1/2(F = 2), where they remain “in the dark”, i.e they are no longer excited by the |
probe laser due to the 27 x 3 GHz hyperfine splitting between the 55, /2(F = 2) and the
551 fg(F = 3) states. However, even for a 2.7-fold saturated probe transition, the time ‘
| needed to pump the atom into the other hyperfine state is about 130 us and, hence,
| significantly longer than A7. Therefore, these losses can be neglected and no second ‘
laser is needed to repump the atoms into the 5P3/5(F = 3) level.
Taking into account all these considerations, we expect, on average, Npp,t = 660 ‘
photons per atom for [/l = 2.7, A7 = 60pus and an optimal probe detuning
! Aot = 0.437. Due to the 3% detection efficiency of the collection system and the ‘
| PMT, 20 photons per atom can be actually counted. | 1€——>'Interaction time At

Autocorrelation g@)(r)

I 4. Signal Analysis 0.1 0.2 0.3
' | Delay time t / ms

‘ To characterize the performance of the detector, we analyze the stream of events from ‘
the PMT. An example of a typical signal is shown in fig. 4, which has been recorded

Figure 5. The solid line shows the autocorrelation of a 524 ms long stream of PMT
with an average atom number in the observation volume far below one, i.e. the rate ‘

events. Since every falling cloud of atoms is observed for 5.4 ms
experimental cycles was needed to produce thi :
of atoms entering the detector, R4, was lower than the reciprocal interaction time, to the measured data, and the ver fi'cal line inljig:;a‘ g’he' dtaShe

) es the inter

A7~1. Several bursts of events, well separated from each other, can be distinguished.
We attribute these bursts to single atoms that emit fluorescence photons at a rate Rp where p(t)
while they interact with the probe beam. This gives rise to an intermittend increased
photon-detection rate, Rg, which is significantly higher than the average noise-count
rate, Ry. From Fig. 4, it is also obvious that these noise counts, which are mainly
caused by scattered probe light, cannot be neglected.

The second order autocorrelation, ¢® (), of the measured photon stream is well
suited for the further analysis. It should only depend on the rates R4, Rp, Ry, and AT,

a total number of 100
d line is a fit of Eq. (5)
action time Ar.

dt is the probability to observe a photon in the time interval [t...t+ di]
Photons from different atoms are not correlated, and since photons from on-e;z.Lnd-th '
| same atom are emitted only within the interaction time A7, ¢(® must equal .

T > Ar7. If we assume that the event rate Rp is constant while an atom interacts with

tjjne probe Ia.ser., a linear decrease of ¢(@ (7) is expected in the range 0 <7 < A7, and a
simple calculation leads to the analytical expression -

one for

L RaR2 T=|T
and it is defined as 9(2)(7') _ { 14 Tﬁ%ﬁﬁ% for |7| < Ar .
9(2)(’!’) — <p(t)p(t _ T)) (4) 1 for 'Tl > AT, )

dad} . o :
D) Note that this simple model neglects the anti-bunching of the sub-Poissonian light
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Noise distribution for (Nise) = 0.56 Signal distribution for (N) = 20.4
30 30 ]
Z
3 £
J g
4 2] a0 8.0 -
% v 2o _‘E
= 2
wy L5}
g g
2 €IToneous 2 o
2 104 o Discrimination
3 threshold
R e S LI L LR L Ll bt Il i
h—-—_ it
0 i i : : ; : 2 i
0.0 02 0.4 0.6 ' 002 004 006 008 0.0
Probability £ (Nyojse) Probability f(N)
Figure 6. Assumed Poissonian distribution of the number of noise (left) and signal
(right) events for a measurement interval of AT = 60 us. The discrimination level is
indicated and the corresponding erroneous regions are shown as shaded areas.
emitted from single atoms [17]. This is well justified since this effect is only visible

on a sub-us time scale and therefore is not resolved with a single photo multiplier.

In the experiment, the noise rate, Ry, and the total event rate, R = Ry+ATRgRa,
are measured separately. Using these two values as fixed parameters, a fit of g (1)
from Eq.(5) to the autocorrelation of the experimental data, calculated according to
Eq. (4), allows us to determine the average number of events per atom, (N) = ATRE,
and the average duration of an atom’s photon burst, A7. Figure 5 shows the
autocorrelation of a typical signal, together with the best fit to this data, yielding
g (0) = 6.60 £ 0.03 and AT = 60.7 = 0.3 us. From these fit parameters, the measured
noise rate, Ry = 9.4+ 0.13kHz, and the total number of 22232 photon events in 524 ms
(i.e. R = 42.4 + 0.29kHz), we know that a single atom causes an average number of
(N) = 20.4 £ 0.3 events. This is in good agreement with the theoretical expectation,
N =20.

For the time-resolved detection of single atoms, it is essential to discriminate their
signal from the background noise. Unfortunately, this noise is mainly caused by light
scattered from the probe beam. Hence, it has the same wavelength as the fluorescence
photons and cannot be eliminated by interference filters. However, spatial filtering
reduces the noise rate to Ry = 9.4kHz for a 2.7-fold saturated probe laser with an
intensity of 10mW /em?, a height of 0.2mm and a width of 0.7mm. Under these
circumstances, the event rate rises to Rg ~ 340 kHz when an atom is in the observed
volume, and the signal-to-background-noise ratio is ~ 36. In the interesting time interval
of At = 60 us, an average number of noise events, Npoise = 0.56, is expected, while the
average number of events for a single atom is (N) =~ 20.4. Figure6 shows a Poissonian
probability distribution of the noise and the signal events for a 60 s long discrimination
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mber of counts in 60 us) as a function of tim i

: of e e. The evaluatio ki

of an integration interval which is slidi am P

is sliding smoothly along the st
events, not of a fixed grid with 60 i < ST e
us spacing. Hence, for each k, th
the corresponding interval coinci i 3 1 e s
cide with the atom’s arrival and d i
; ot eparture times. F

comparison, the same analysis is also shown for the noise level (without atoms) Righj.l:

Measured distribution of th:
: e peak count rates. Since onl i
no signal found with zero counts. et e considered, there's

;:t;‘\flé F%rhthese d.istributions, the optimum threshold to distinguish atoms from noise
hand_th. e}; pl;)slmble errors can be estimated from Poissonian statistics: On the one
, the probability to attribute more than five noi i :
: Ise events in an arbitrarily chosen
{23;) ;s l}c;ng 11.1terv‘al to be due to an atom is as low as 0.0027 %, i.e. with a probability of
5240 the (I)EOISE gives rise to a single “fake atom” during the total measurement time of
ms. On the other hand, the probabilit i
: y to miss an atom because it does not emi
. . mit
enougb Photons_ is only 0.0034 %, i.e. 0.03 atoms from the 945 atoms counted in 524
are missing, which is negligible. -
o Bt?;sed or’l thes; considerations, we determine the arrival times of individual atoms
m the registered photon stream with the hel i
r : p of the transient photon-
p ‘ photon-count rate,
Foit), whlc}% is defined as' th.e number of photons counted in the interval [t...t+ A7)
o i\]r]e.ry. tltme tl thz@an(;:1 cql?cudes with the arrival time of an atom, all its photons fa.li
is interval, and N(t) reaches a peak value th S
: at coincides with th
o ; e number of
Eel(.; :1: ten::l;te;i from the a:tom. Figure 7(a) shows the transient photon-count rate that
indicagte ;;:)h e ?.ta; i:ﬁrom Fig. 4. We easily identify several peaks above threshold which
e arrival times of single atoms. For compari i
: i parison, a trace without atoms i
" ‘ : ms is
Fiso sh(;“;n, and obvxou.sly,'the signal is always below the threshold for atom detection.
a’tgure ( ; shows the distribution of the peak heights for two photon streams, one with
- kt:l:ums, anb the other one without. Some deviations from the ideal situation are evident.
e numbers of detected photons per atom, N, scatter over a much larger range than
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expected from Poissonian statistics. We attribute this large variation to the different
Clebsch-Gordan coefficients of the randomly populated magnetic sublevels, which give
rise to a large variation of the saturation intensities of the involved transitions, i.e.
Iy ~ 2.9...6.6mW/cm? for m-polarized light, and Ise =~ 1.6.. .46.4mW /cm? for o-
polarized light. However, it is evident that most atoms can be well distinguished from
noise, which itself is never identified as a “fake atom”.

5. Summary

We have shown that laser-induced fluorescence from a saturated and (nearly) closed two-
level atomic transition allows to monitor single, free moving atoms with a time resolution
of 60 us. To collect the emitted photons, a mirror setup covering a very large solid angle
is used, which focuses the photons onto a photo multiplier. A careful analysis of the
measured data based on a second-order autocorrelation shows that, on average, 20.4
photons per atom are detected. In case of a Poissonian distribution of noise and signal
events, this signifies that a single atom is detected with 99.9966 % certainty, while noise
counts exceed threshold with a negligible probability of 0.0027 %. Such a fluorescence
detector represents a useful tool for many experiments in atomic physics, where a state-
selective detection of single, freely moving atoms is required. In principle, even the time
resolution could be improved significantly by replacing the photomultiplier tube with a
silica-based avalanche photodibde, which provides a 5-times higher quantum efficiency.
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