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IN MEMORIAM
HERBERT WALTHER (1935-2006)

It is with great sadness that the Editors report the passing of Professor Herbert
Walther on July 22, 2006. Professor Walther expanded the horizons of our
understanding of the interaction of radiation with matter. The physics community
will sorely miss his presence. Professor Walther assumed co-editorship of the
Advances series starting with Volume 33 and continued in that role through
Volume 51, which was a special issue, edited by Henry Stroke, to honor his
co-editor Benjamin Bederson. Volume 53, edited by Gerhard Rempe and Marlan
Scully, was published as a tribute to Professor Walther.
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PREFACE

Volume 54 of the Advances Series contains ten contributions, covering a diver-
sity of subject areas in atomic, molecular and optical physics. The chapter by
Regal and Jin reviews the properties of a Fermi degenerate gas of cold potas-
sium atoms in the crossover regime between the Bose—Einstein condensation of
molecules and the condensation of fermionic atom pairs. The transition between
the two regions can be probed by varying an external magnetic field. Sherson,
Julsgaard, and Polzik explore the manner in which light and atoms can be entan-
gled, with applications to quantum information processing and communication.
They report on the result of recent experiments involving the state entangle-
ment of distant ensembles and a method for storing the quantum state of an
optical field in an atomic ensemble. Recent developments in cold Rydberg atom
physics are reviewed in the chapter by Choi, Knuffman, Cubel Liebisch, Rein-
hard, and Raithel. Fascinating experiments are described in which cold, highly
excited atoms (“Rydberg” atoms) and cold plasmas are generated. Evidence for
a collective excitation of Rydberg matter is also presented. Griffin and Pindzola
offer an account of non-perturbative quantal methods for electron—atom scatter-
ing processes. Included in the discussion are the R-matrix with pseudo-states
method and the time-dependent close-coupling method. An extensive review
of the R-matrix theory of atomic, molecular, and optical processes is given by
Burke, Noble, and Burke. They present a systematic development of the R-matrix
method and its applications to various processes such as electron—atom scattering,
atomic photoionization, electron—-molecule scattering, positron—atom scattering,
and atomic/molecular multiphoton processes. Electron impact excitation of rare-
gas atoms from both their ground and metastable states is discussed in the chapter
by Boffard, Jung, Anderson, and Lin. Excitation cross sections measured by the
optical method are reviewed with emphasis on the physical interpretation in terms
of electronic structure of the target atoms. Ozier and Moazzen-Ahmadi explore
internal rotation of symmetric top molecules. Developments of new experimen-
tal methods based on high-resolution torsional, vibrational, and molecular beam
spectroscopy allow accurate determination of internal barriers for these symmetric
molecules. The subject of attosecond and angstrom science is reviewed by Ni-
ikura and Corkum. The underlying physical mechanisms allowing one to generate
attosecond radiation pulses are described and the technology needed for the prepa-
ration of such pulses is discussed. Le Gouét, Bretenaker, and Lorgeré describe
how rare earth ions embedded in crystals can be used for processing optically car-
ried broadband radio-frequency signals. Methods for reaching tens of gigahertz

xiii



Xiy PREFACE

instantaneous bandwidth with submegahertz resolution using such devices are an-
alyzed in detail and demonstrated experimentally. Finally, in the chapter by Illing,
Gauthier, and Roy, it is shown that small perturbations applied to optical systems
can be used to suppress or control optical chaos, spatio-temporal dynamics, and
patterns. Applications of these techniques to communications, laser stabilization,
and improving the sensitivity of low-light optical switches are explored.

The Editors would like to thank all the contributing authors for their contribu-
tions and for their cooperation in assembling this volume. They would also like
to express their appreciation to Dr. Anita Koch at Elsevier for her invaluable as-
sistance.

Ennio Arimondo Paul Berman Chun Lin




Contents

CONTRIBUTORS ¢ ¢ & s ¢ s s c s som s 6o 6 @5 66 9o @ o8 a% & & @ xi
PREFACE : :::¢n :::ioncempissemesrsasess sl sss xiii

Experimental Realization of the BCS-BEC Crossover with a Fermi Gas of
Atoms

C.A. Regal and D.S. Jin

I IntrQduetion; . : cors s o w i a3 59 F: 1B IS Rs IR EEE 55 2
2. BCS-BECCrossover Physics : o ¢ ¢ v v ¢ v o s s wi smms s s s u 10
3. Feshbach Resonances . « = « « v« 2 s 50 s wos 500 s 6 54 s 66 o5 18
4. Cooling a Fermi Gas and Measuring its Temperature . . . . . . . . .. 24
5. Elastic Scattering near Feshbach Resonances between Fermionic Atoms 36
6. Creating Molecules from a Fermi Gas of Atoms . . . . ... ... .. 42
7. Inelastic Collisions near a Fermionic Feshbach Resonance . . . . . . . 51
8. Creating Condensates from a Fermi Gas of Atoms . . . . . ... ... 56
9. The Momentum Distribution of a Fermi Gas in the Crossover . . . . . 64
10. Conclusions and Future Directions . . . . . .. ... .. ... ..... 71
11. Acknowledgements . . . . . . .. . . ...ttt 72
12: RETCIENGES 4 52 t 5kt 588 IR0 s LI G@3 (B @8 s R G SBE ! 72

Deterministic Atom-Light Quantum Interface

Jacob Sherson, Brian Julsgaard and Eugene S. Polzik

. Introduetion « s s « « i s wss s 56 smus smas s 66 smams s@ s s 82
2. Atom—Light Interaction . . . . . . . . ... .. e 85
3. Quantum Information Protocols . . . . . .. ... ... ... .. ... 93
4. Experimental Methods . . . . . . ... ... ... ... ... 103
5 Experimentdl ReSultS : : yo: socicoi snni tmamidas twmy 108
6. ConclusionS = s s c w6 swmus sw s T a6 s@as o6 Bebmes e 121
7. Acknowledgements. . . . . . ... 0o e e e e e 122
O ADPEAdICES w s cmwsmws swms swmsa@s immy ¢ 8 v &6 & 122
A. Effectof Atomic Motion . . . . . . . .o v v i e e e 122
Bl Technical Details: ;o oo 6w s smms s 6 o @b swims e fmins 125
9 References « « o « v wa e s 5 v s @506 a5 ms smws s mms smwmisms 128

vii



viii Contents

Cold Rydberg Atoms

J.-H. Choi, B. Knuffman, T. Cubel Liebisch, A. Reinhard and G. Raithel
T IDIXOAUCHON o mwis wpic smWS & PR ERBE MBI SRE EEEE & 55 132
2. Preparation and Analysis of Cold Rydberg-Atom Clouds . . . . . .. 135
3. Collision-Induced Rydberg-Atom Gas Dynamics . . . . ... ... .. 149
4. Towards Coherent Control of Rydberg-Atom Interactions . . . . . . . 159
5. Rydberg-Atom Trapping . . . . . . .. ... ... 176
6. Experimental Realization of Rydberg-Atom Trapping . . . ... ... 186
7. Landau Quantization and State Mixing in Cold, Strongly Magnetized

Rydberg AOMS: . . « = v sim wv i s o s v oo 5o = s e s e s 192

%= (oneluSIonty : 2 2 A BRCAEBE CEAS IGE ZARE ZAAZATE 348 I 196
9. AcknowledZements « » s = v s v s wwm s 8 R 8 T A e s B &G 197

L0 REIETENRES w1 s s pmE SRS ANE SEEE 28t SEE 2 JEE 5Eb S 3 198

Non-Perturbative Quantal Methods for Electron-Atom Scattering Processes

D.C. Griffin and M.S. Pindzola

W N =

b R

Introdaction’ : ik & cwe v s ws swe swE s SEEEEE § 55 5 E D 204
The Configuration-Average Distorted-Wave Method . . . . . . .. .. 204
The R-Matrix with Pseudo-States Method . . . . . . . ... ... ... 206
The Time-Dependent Close-Coupling Method . . . . ... ... ... 211
RESUIE :pou:c R0 100 B0 B0 EENIES:InE . 218
SUORMALY & 2 g s e snmswamlidhi INLIRE IALIRATILE 232
Acknowledgements . . . . ... ... .. e 233
REGIENCES = MR R EED:F 0 A:EE: 583 %5 63840 E 2 234

R-Matrix Theory of Atomic, Molecular and Optical Processes

P.G. Burke, C.J. Noble and V.M. Burke

[ —

O RNee S g Y e B b =

INtTOAdUEOn: o= s s B EE s B S s EEE S S e S 237
Electron Atom Scattering at Low Energies . . . ... ... ... ... 241
Electron Scattering at Intermediate Energies . . . .. ... ... ... 256
Atomic Photoionization and Photorecombination . . . . . .. ... .. 271
Electron Molecule Scattering . . . . . . ... .............. 282
Positron AtOMSCAENING = v s s v v s v v s w6 6o o 50 6 & » g 289
Atomic and Molecular Multiphoton Processes . . . . ... ... ... 293
Electron Energy Loss from Transition Metal Oxides . . . . . . . .. . 307
CONCIBIONS. v v b s 5w o e i & 5w 5 w6 8 34 S EE 58 g 311
Acknowledgements . . . . ... ... Lo oL 312

REeferenices : = s o n s fRE 50 85 S o E R o5 2R 55 S 56 e 55 S 312



Contents X

Electron-Impact Excitation of Rare-Gas Atoms from the Ground Level and
Metastable Levels

John B. Boffard, R.O. Jung, L.W. Anderson and C.C. Lin

000: B Gh LA R L] B

10.
11.
12.

INtrodichion, z smes fOEs IR S AE S IEmE IPHCEE B A 9 320
EleCtronicSicie s ooz smns sms s@e 2 sMaaamE 0@ 5 321
Bxperimental Methods' o cv oo o vus an sa sms ovw s o 325
Background: Excitation of Helium and the Multipole Field Picture . . 342
T4 (O e T TRl TR 348
Neoll = amms JHE IBE G Rsane g aHMuas aps 968 & & 56 50 6 372
KOvpion, yeos IREIEEGS +E D SREE: S DS gWE Py apmah 384
XEHoM ByGT L S AGE T sR ZARES DE IS AE S § 397
Comparison to Theoretical Calculations . . . . . ... ......... 406
COnCIBIONS . u + wmiv s s @ sm m e vs o5 g m a5 & 5 2 £ e 410
Acknowledgements . « . s s s v s s sm s nsE s s mE s s e R 418
REfEreNCes. . i« o« s 5t 5 a1 w5 5 @ m s % 9 & 8 9 8 0® 8 F S0 LwE 418

Internal Rotation in Symmetric Tops
L. Ozier and N. Moazzen-Ahmadi

SNk W=

IntrodaGlion, : = = - s s v i s psme s i G n o s B s 66 8 F B s @@ 424
THeorY nen s B S IESIEESIEEDIEdiER iR o8& 7 436
Spectroscopy from 50 kHz to 1000em™! . . . . ... ... ... ... 449
DiSCOSSION, « s 1w s s wssmoms swhid@s s BE: Smabambsmb 498
Acknowledgements . « « « » o s s s ws cmue swms so s i ¥y sww 505
References: « : « ws s wms s ws smos s giasmbosmme nmbss 506

Attosecond and Angstrom Science
Hiromichi Niikura and P.B. Corkum

PO S O LA LIRS =

Introduction: . « « v s 5% s s i ms s @ s S e s e e s B 512
Tunnel Ionization and Electron Re-collision . . . . ... ........ 515
Producing and Measuring Attosecond Optical Pulses . . . . . ... .. 520
Measuring an Attosecond ElectronPulse . . . .. ... ... ... .. 523
AttosecondImaging . . . . . . .. ... ... Lo L. 534
Imaging Electrons and their Dynamics. . . . ... ... ... ..... 539
ConCluSION < v =5 5 cmi  miwn & 8 SWE & s 8 & 85 5 8 EE 6 WS 8 545
RELCTENORS - = -~ e o s 566w 55 @ @ 505 & S0 538 & 5 5 6 & 6 & 0e B 546

Atomic Processing of Optically Carried RF Signals

Jean-Louis Le Gouét, Fabien Bretenaker and Ivan Lorgeré

L.

IntrodUetion’ = wn 5% 9% & 56 @ sl @ 56 % SHG E SHEE CME E & 85 550



>

Contents

Radio Frequency Spectral Analyzers . . . . . ... ... ........
Spectrum Photography Architecture . . . . . ... ... ........
Frequency Selective Materials as Programmable Filters . . . . .. ..
RAINbOW ANALYZET « « ¢ o «w w5 6 5 a5 6 66 8 o6 & « 806 565 ¢ & 80
Photon Echo Chirp Transform Spectrum Analyzer . . .. ... .. ..
Frequency Agile Laser Technology . . . .. .. ... .........
COoncluSIon - 2 v v v iwmm s m o b @ @3k aEe s o b sEeh @4 o e
ACknowledgements « » « v s« cwww s pmw s e s b s EE s e E e s
RelErenees g.k ogps zEHE s E0E cOEE 2ES SEEE 2685 £ IGEE &

S @00 Oy T b L B9

—

Controlling Optical Chaos, Spatio-Temporal Dynamics, and Patterns
Lucas Illing, Daniel J. Gauthier and Rajarshi Roy

Intrednelion) 1z s pme e SEEE 0@ 0 a 0 s S Hos 5 s © e E 6
Recent Bxamples . s s e vns a0 msae s a@ild dm e 86 s53
COontol ms & s mons amme ae s spbs 1BE bdhs Yhe apbh
SYNChromzation « oo = vwws vmssEH® @ gL 0 2550 b8 @
Communication’ « s - o e s gm e 98 @ IEE & SEE HEE SR E
Spatio-Temporal Chaos and Patterns . . . . .. ... ..........
Onfleok v it s mnues nAS R IS0 I ANSERNLE v B 00
Acknowledgement . . -« . ¢ s c e i e s s w e s e s e s s
Rel€renees a5 it e i 52 R 2iIERAEENIE2A4RE: N ;

el B o

INDEX v « L 0 d R BB A A R R BRSSO DDt v« sp 5% 8



ADVANCES IN ATOMIC, MOLECULAR AND OPTICAL PHYSICS, VOL. 54

EXPERIMENTAL REALIZATION OF THE
BCS-BEC CROSSOVER WITH A FERMI
GAS OF ATOMS

C.A. REGAL and D.S. JIN

JILA, National Institute of Standards and Technology Quantum Physics Division and University of
Colorado, and Department of Physics, University of Colorado, Boulder, CO 80309-0440, USA

Ly IREGANCHENA 2 s 2 1 3t 2 s 3 S ASER OO ENEEE L LA i IR 2
1.1, Historical PErspeCtiVe: : « = o« o 5 s v im w1 e a0 i dof 30 i i e e 6 G 6 6 B B R W W G B 2
12 Contents : : : s s s a3 a5 s v SN S o PG NGO HEwESF 538585 F 5 8

2. BCS-BEC CrossoverPhySiCs . . . . . .o c i mvime o mmoie o oo oo nme s 10
2.1, Pairing in & Fermi Gasiof AOMIS . o w w o w i o i e o man sl i o & 5 4 b & 3 % a s 11
2.2. Varying IMEractiong.. . : - o s v mmmmm s e mmam mmm e s g s 868 s 8 E e g - 12
23 SIMPleTheOry : . ; : s s s s s s s o po s NE S S asi@E €6 a6 36368658 14
24 Beyond P=: : s scenvcinbnnrrennnessnloonwes s 6 s 558658 16
2.5. Modernt ChAITENEES . . o« o« o o e o i im ot o v o o o (o daf i ot ok s 1 ot i b 4 6 0 o a3 & 17

3. FeshbachRESOMAN0ES : o ¢ ¢ o v o6 v s dmmmmmm e e e @ S m e § 8 s 885 4 18
F0. DeschiplOn : o s s s s s s s auns s d iwamshmenemmmdas s siessss 18
32 ASpecific ERAmple . s s v s o v s s e snme RS ma s e S R E N A i 44 3R 19

4. Cooling a Fermi Gas and Measuring its Temperature . . . . . . . ... .. ... ..... 24
Aol Coolime®™B. ze:e355580700 0B EERRRREnEETEELENEIEE ] 24
4.2. Measuring the TemperatureofaFermiGas . . . . . ... ... .. .. ........ 26

5. Elastic Scattering near Feshbach Resonances between Fermionic Atoms . . . . ... .. 36
5.1. Measuring the Elastic Collision Cross Section . . . .. ... ............. 36
5.2. Anisotropic BXpansion . . ... .. .. i e s e e 38
5.3. Measuring the Mean-Field Interaction Energy . . .. ... .... ... ...... 39
5.4. 40K Feshbach Resonance SUMMATY ¢ 5 5 5 ¢ < 05 b 50 0w ot 6 4 6 9 0 @5 3 8 42

6. Creating Molecules from a Fermi Gasof Atoms . . . . . . ... .. ... ......... 42
6.1. Magnetic-Field Association . . . .. .. ... ..ttt 43
62 BRI SPeGtroSEihyiz r s a2 N2 i EEREEEEEEAErEEERRESD 44
6.3. Understanding Molecule Conversion Efficiency . . . ... ... .. ... ... ... 47
6.4, APrecise Measurementof By . . . . . . v v v i e e e e e 50

7. Inelastic Collisions near a Fermionic Feshbach Resonance . . . . ... ... ....... 51
7.1. Expected Inelastic Decay Processes . . . . . . . .. i i i i i 51
7.2. Lifetime.of FeshbachMoleciles . . : . o v v v i ssssmmvwmmen s sweaa 52
7.3. Three-Body Recombination . . . « v o v ¢ v v o o wa i ioim mom oo s 0w 0ol sl o 54
7.4. Comparison of ORandOLi . . oo 54

8. Creating Condensates from a Fermi Gasof Atoms . . . . .. .. .............. 56
8.1. Emergence of a Molecular Condensate from a Fermi Gas of Atoms . . . ... ... 56
8.2. Observing Condensates in the Crossover . . . . . .. ... ..o vvv e o 60

1 © 2007 Elsevier Inc. All rights reserved

ISSN 1049-250X
DOIL: 10.1016/S1049-250X(06)54001-7



2 C.A. Regal and D.S. Jin [1

8.3. Measurement of aPhase Diagram . . . . .. ...................... 63
9. The Momentum Distribution of a Fermi Gas in the Crossover . . .. ... ........ 64
9.1. Measuring the Momentum Distribution . . . .. ... .. ............... 65
9:2. Extractingthe Kinetic ENergy « - s s s s v 58535 5 5855 5 6600 a8 0csas 67
9.3. Comparing the Kinetic EnergytoTheory . . . . .. ... ............... 68
9.4, Temperature Dependenee « i« « « « v ain w s ow b 5 6 v 4 4w i s n e a e s s e 70
10. Conclusions and Future Directions . . . . . . . . . ..ot i it 71
11. Acknowledgements . . . . . . . . . . . i e e e e e e 72
12, RECrEOCES . « s uiais oo & s 6 61 & 9 % % vt wiw ot miaie @ 0 6 % & v ae 8 & o e an se e 72
Abstract

Ultracold atomic gases have proven to be remarkable model systems for exploring
quantum mechanical phenomena. Experimental work on gases of fermionic atoms
in particular has seen astounding recent progress. In the short span of time between
2001 and 2004 accessible Fermi gas systems evolved from normal Fermi liquids
at moderate temperatures to superfluids in the BCS-BEC crossover. This was made
possible by unique control over interparticle interactions using Feshbach resonances
in OLi and *OK gases. In this chapter we present the story of the experimental re-
alization of BCS-BEC crossover physics from the point of view of studies using
40K at JILA. We start with some historical context and an introduction to the theory
of the BCS-BEC crossover and Feshbach resonances. We then present studies of a
normal 4K Fermi gas at a Feshbach resonance and the work required to cool the
gas to temperatures where superfluidity in the crossover is predicted. These studies
culminated in the first observation of a phase transition in the BCS-BEC crossover
regime, a task accomplished through detection of condensation of fermionic atom
pairs. We also discuss subsequent work that confirmed the crossover nature of the
pairs in these condensates.

1. Introduction

1.1. HISTORICAL PERSPECTIVE

The phenomenon of superconductivity/superfluidity has fascinated and occupied
physicists since the beginning of the 20th century. In 1911 superconductivity was
discovered when the resistance of mercury was observed to go to zero below a
critical temperature (Onnes, 1911). Although liquid “He was actually used in this
discovery, the superfluid phase of liquid *He was not revealed until the 1930s
when the viscosity of the liquid below the A point (2.17 K) was measured (Allen
and Misener, 1938; Kapitza, 1938). Much later, 3He, the fermionic helium iso-
tope, was also found to be superfluid at yet a much colder temperature than “He
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0 ;
10" | aa ° W A Alkali BEC4
@ Superfluid "He
107 = 7, BCS-BEC crossover regime
s . B High-T. superconductors
= ¢ Superfluid 'He
10 *;,_+ + Superconductors
+
10°
10" 10° 10° 10°
2E,, /k:T,
FI1G. 1. Classic experimental realizations of superfluidity/superconductivity arranged according

to the binding energy (twice the excitation gap, Egap) of the constituent fermions. The vertical axis
shows the corresponding transition temperature, 7¢, to a superfluid/superconducting state compared
to the Fermi temperature, T . (Figure reproduced with permission from Ref. (Holland et al., 2001).)

(Osheroff et al., 1972). Relatively recently in 1986, high-temperature supercon-
ductors in Copper-oxide materials further enlarged the list of superconducting
materials (Bednorz and Mueller, 1986).

These “super” systems, which we will refer to in general as superfluids, are
listed in Fig. 1, but they are only classic examples. There are many other physical
systems that display superfluid properties from astrophysical phenomena such as
neutron stars, to excitons in semiconductors, to atomic nuclei (Snoke and Baym,
1995). Although the physical properties of these systems vary widely, they are all
linked by their counterintuitive behaviors such as frictionless flow and quantized
vorticity. The manifestation of these effects depends upon, for example, whether
the system in question is electrically charged (superconductors) or neutral (super-
fluids). Besides these intriguing properties, there are many practical reasons for
the intense research in this field; arguably the most useful super-systems are su-
perconductors, and if a robust room-temperature superconductor were created it
would be an amazing discovery.

Some of the first attempts to understand the phenomenon of superfluid-
ity were in the context of Bose—Einstein condensation (BEC) of an ensem-
ble of bosonic particles (Randeria, 1995). BEC is a consequence of the quan-
tum statistics of bosons, which are particles with integer spin, and it results
in a macroscopic occupation of a single quantum state (Fig. 2) (Bose, 1924;
Einstein, 1925). Fritz London proposed in 1938 that superfluid “He was a con-
sequence of Bose—Einstein condensation of bosonic 4He (London, 1938). (*He
behaves as a boson because it is made up of an even number of 1/2 integer spin
fermions—electrons, protons, and neutrons.) Physicists such as Blatt et al. pushed
a similar idea in the context of superconductors in proposing that “at low temper-



