


Contents

Forewordv

Acknowledgmentsxxv

1.Generalintroduction1

2.Generalbackground7

2.1Introduction7

2.2Thetwointeractingsystems:atomandfield9

2.2.1Externalandinternalatomicvariables9

2.2.2Classicalversusquantumtreatmentsofatomicvariables.10

2.2.3Classicaldescriptionoffieldvariables10

2.2.4Quantumdescriptionoffieldvariables11

2.2.5Atom-fieldinteractionHamiltonianinthelongwavelength

approximation12

2.2.6Elementaryinteractionprocesses14

2.3Basicconservationlaws14

2.3.1Conservationofthetotallinearmomentum14

2.3.2Conservationofthetotalangularmomentum17

2.4Two-levelatominteractingwithacoherentmonochromaticfield.

TheRabioscillation20

2.4.1Asimplecase:magneticresonanceofaspin1/220

2.4.2Extensiontoanytwo-levelatomicsystem23

2.4.3Perturbativelimit25

2.4.4TwophysicalpicturesforRamseyfringes27

2.5Two-levelatominteractingwithabroadbandfield.Absorptionand

emissionrates29

2.5.1Absorptionratededucedfromasemiclassicaltreatmentof

thefield.29

2.5.2Physicaldiscussion.Relaxationtimeandcorrelationtime.31



2.5.3Sketchofaquantumtreatmentoftheabsorptionprocess.31

2.5.4Extensiontospontaneousemission32

2.6Two-levelatominteractingwithacoherentmonochromaticfieldin

thepresenceofdamping33

Light:asourceofinformationonatoms35

3.Opticalmethods41

3.1Introduction.41

3.2Doubleresonance43

3.2.1Principleofthemethod43

3.2.2Predictedshapeforthedoubleresonancecurve44

3.2.3Experimentalresults45

3.2.4InterpretationoftheMajoranareversal45

3.3Opticalpumping[Kastler(1950)]46

3.3.1PrincipleofthemethodforaJg=1/2→Je=1/2

transition47

3.3.2Angularmomentumbalance48

3.3.3Doubleroleoflight48

3.4Firstexperimentsonopticalpumping49

3.5Howcanopticalpumpingpolarizeatomicnuclei?49

3.5.1Usinghyperfinecouplingwithpolarizedelectronicspins..49

3.5.2Firstexample:opticalpumpingexperimentswith

mercury-199atoms52

3.5.3Secondexample:combiningopticalpumpingwith

metastabilityexchangecollisionsforhelium-352

3.5.4Anewapplication:magneticresonanceimagingofthe

lungcavities54

3.6Briefsurveyofthemainapplicationsofopticalmethods55

3.7Concludingremarks58

4.Linearsuperpositionsofinternalatomicstates61

4.1Introduction61

4.2Firstexperimentalevidenceoftheimportanceof

atomiccoherences62

4.3Zeemancoherencesinexcitedstates64

4.3.1HowtoprepareZeemancoherencesinexcitedstatese?..64

4.3.2Physicalinterpretation64

4.3.3HowtodetectZeemancoherencesine?66

4.3.4EquationofmotionofZeemancoherencesine66

4.3.5Levelcrossingresonancesintheexcitedstatee67



4.3.6Pulsedexcitation.Quantumbeats69

4.3.7Excitationwithmodulatedlight70

4.3.8Modulationofthefluorescencelightinadoubleresonance

experiment.Lightbeats70

4.4Zeemancoherencesinatomicgroundstates71

4.4.1Hanleeffectinatomicgroundstates71

4.4.2Detectionofthemagneticresonanceinthegroundstateby

themodulationoftheabsorbedlight74

4.5Transferofcoherences74

4.6Darkresonances.Coherentpopulationtrapping79

4.6.1Discoveryofdarkresonances79

4.6.2Firsttheoreticaltreatmentofdarkresonances80

4.6.3InterpretationoftheRamanresonancecondition81

4.6.4Afewapplicationsofdarkresonances82

4.7Conclusion84

5.Resonancefluorescence87

5.1Introduction87

5.2Lowintensitylimit.Perturbativeapproach88

5.2.1Lowestorderprocess88

5.2.2Resonantscatteringamplitude89

5.2.3Scatteringofalightwavepacket91

5.2.4Firsthigherorderprocesses92

5.3OpticalBlochequations93

5.4Thedressedatomapproach96

5.4.1Theinteractingsystems96

5.4.2Uncoupledstatesoftheatom-lasersystem97

5.4.3Effectofthecoupling.Dressedstates98

5.4.4Twodifferentsituations99

5.4.5Radiativecascadeinthebasisofuncoupledstates101

5.4.6Anewdescriptionofquantumdissipativeprocesses....104

5.5Photoncorrelations.Thequantumjumpapproach105

5.5.1Thewaitingtimedistribution105

5.5.2Fromthewaitingtimedistributiontothesecondorder

correlationfunction106

5.5.3Photonantibunching106

5.6Fluorescencetripletathighlaserintensities108

5.6.1LimitoflargeRabifrequency108

5.6.2Mollowfluorescencetriplet108

5.6.3WidthsandweightsofthecomponentsoftheMollow

triplet110



5.6.4Timecorrelationsbetweenthephotonsemittedinthetwo

sidebandsofthefluorescencetripletIll

1.7Conclusion112

6.Advancesinhighresolutionspectroscopy115

6.1Introduction115

6.2Saturatedabsorption117

6.2.1Principleofthemethod117

6.2.2Crossoverresonances118

5.2.3Recoildoublet120

6.3Two-photonDoppler-freespectroscopy121

6.3.1Principleofthemethod121

6.3.2Examplesofresults122

6.3.3Comparisonbetweensaturatedabsorptionandtwo-photon

spectroscopy124

6.4Recoilsuppressedbyconfinement:theLamb-Dickeeffect124

5.4.1Intensitiesofthevibrationallines125

6.4.2Influenceofthelocalizationoftheion127

5.4.3Caseofaharmonicpotential127

6.4.4Historicalperspective128

5.5Theshelvingmethod129

6.1.1Singleionspectroscopy130

6.1.2Intermittentfluorescence131

6.1.3Propertiesofthedetectedsignal132

6.5.4Observationofquantumjumps134

6.6Quantumlogicspectroscopy135

6.7Frequencymeasurementwithfrequencycombs137

6.8Conclusion139

Atom-photoninteractions:asourceofperturbationsfor

atomswhichcanbeuseful141

7.Perturbationsduetoaquasiresonantopticalexcitation145

7.1Introduction145

7.2Lightshift,lightbroadeningandRabioscillation147

7.2.1EffectiveHamiltonian147

7.2.2Weakcouplinglimit.Lightshiftandlightbroadening...148

7.2.3Highcouplinglimit.Rabioscillation149

7.2.4AbsorptionrateversusRabioscillation151

7.2.5Semiclassicalinterpretationintheweakcouplinglimit...151

7.2.6Generalizationtoanon-resonantexcitation112



7.2.7Caseofadegenerategroundstate154

7.3Perturbationofthefield.Dispersionandabsorption155

7.3.1Atominacavity155

7.3.2Frequencyshiftofthefieldduetotheatom156

7.3.3Dampingofthefield157

7.4Experimentalobservationoflightshifts158

7.4.1Principleoftheexperiment158

7.4.2Examplesofresults159

7.5Usinglightshiftsformanipulatingatoms161

7.5.1Lasertraps161

7.5.2Atomicmirrors162

7.5.3Bluedetunedtraps:afewexamples163

7.5.4Opticallattices164

7.5.5Internalstatedependentopticallattices165

7.5.6Coherenttransport167

7.6Usinglightshiftsformanipulatingfields167

7.6.1Linearsuperpositionoftwofieldstateswithdifferent
phases168

7.6.2Non-destructivedetectionofphotons168

7.7Conclusion169

8.Perturbationsduetoahighfrequencyexcitation171

8.1Introduction171

8.2Spin1/2coupledtoahighfrequencyRFfield173

8.2.1Hamiltonian174

8.2.2Perturbativetreatmentofthecoupling174

8.2.3Stimulatedcorrections176

8.2.4Radiativecorrections177

8.3Weaklyboundelectroncoupledtoahighfrequencyfield178

8.3.1EffectiveHamiltoniandescribingthemodificationsofthe
dynamicalpropertiesoftheelectron178

8.3.2Stimulatedeffects180

8.3.3Spontaneouseffects.Vacuumfluctuationsand
radiationreaction182

8.4Newinsightsintoradiativecorrections183

8.4.1Examplesofspontaneouscorrections183

8.4.2InterpretationoftheLambshift185

8.4.3Interpretationofthespinanomalyg―2186

8.5Conclusion188



Atom-photoninteractions:asimplesystemforstudying

higherordereffects191

9.Multiphotonprocessesbetweendiscretestates195

9.1Introduction195

9.2Radiofrequencymultiphotonprocesses196

9.2.1MultiphotonRFtransitionsbetweentwoZeemansublevels

mFandwmF+2196

9.2.2Experimentalobservationonsodiumatoms198

9.2.3MultiphotonresonancesbetweentwoZeemansublevelsmF

andmF+1199

9.3Radiativeshiftandradiativebroadeningofmultiphoton

resonances202

9.3.1Energylevelsoftheatom+RFphotonssystem.

Transitionamplitude202

9.3.2Puresinglephotonresonance.Simpleanticrossing204

9.3.3Higherorderanticrossingforap-photonresonance(p>1)205

9.3.4Applicationtothecaseofaspin1/2coupledtoaσ-

polarizedRFfield206

9.4Opticalmultiphotonprocessesbetweendiscretestates211

9.4.1Introduction211

9.4.2RadiativeshiftofDoppler-freetwo-photonresonances...211

9.4.3StimulatedRamanprocesses212

9.4.4Phasematchingcondition.Applicationtodegenerate

four-wavemixing217

9.5Conclusion219

10.Photoionizationofatomsinintenselaserfields221

10.1Introduction221

10.2Multiphotonionization223

10.2.1Parametersinfluencingthemultiphotonionizationrate..223

10.2.2Quantuminterferenceeffectsinmultiphotonionization..225

10.2.3Asymmetriclineprofilesinresonantmultiphoton

ionization226

10.3Abovethresholdionization(ATI)227

10.3.1Multiphotontransitionsbetweenstatesofthecontinuum.227

10.3.2Consequencesoftheoscillatorymotionoftheelectronin

thelaserfield228

10.3.3Evidencefornon-perturbativeeffects229

10.4Harmonicgeneration..,..231

10.4.1Physicalinterpretation231



10.4.2Highorderharmonicgeneration(HHG).Evidencefornon-

perturbativeeffects232

10.5Tunnelionizationandrecollision233

10.5.1Thebreakdownofperturbationtheory233

10.5.2Keldyshparameter234

10.5.3Two-stepquantum-classicalmodel235

10.5.4Recollision237

10.5.5Fullquantumtreatments239

10.6Conclusion239

Atom-photoninteractions:atoolforcontrollingand

manipulatingatomicmotion241

11.Radiativeforcesexertedonatwo-levelatomatrest247

11.1Introduction247

11.1.1Orderofmagnitudeoftheforce247

11.1.2Characteristictimes248

11.1.3Validityoftheconceptofameanforceatagivenpoint..249

11.2Calculationofthemeanradiativeforce250

11.2.1Principleofthecalculation250

11.2.2Hamiltonianandtherotatingwaveapproximation251

11.2.3Heisenbergequationsfortheexternalvariables.

Forceoperator252

11.2.4Approximations.Meanradiativeforce253

11.2.5Thetwotypesofmeanradiativeforces:dissipative

andreactive253

11.3Dissipativeforce256

11.3.1Theoreticalresults256

11.3.2Physicalinterpretation257

11.3.3Applicationtothedeflectionandtotheslowingdown

ofanatomicbeam258

11.3.4Fluctuations260

11.4Reactiveforce261

11.4.1Theoreticalresults262

11.4.2Physicalinterpretation262

11.4.3Dressedatominterpretation263

11.5Conclusion266

12.Lasercoolingoftwo-levelatoms269

12.1Introduction269

12.2Doppler-inducedfrictionforce271



12.2.1Dopplereffectinareddetunedlaserplanewave271

12.2.2Lowvelocitybehavioroftheforce272

12.2.3IdeaofDopplercoolingfortrappedions273

12.2.4IdeaofDopplercoolingforneutralatoms273

12.3Two-levelatommovinginaweakstandingwave.

Dopplercooling275

12.3.1Perturbativeapproachforcalculatingtheforce275

12.3.2Frictioncoefficientforared-detunedweakstandingwave.276

12.3.3Momentum-energybalance.Entropybalance276

12.3.4LimitsofDopplercooling.Lowesttemperature277

12.3.5Consistencyofthevariousapproximations279

12.3.6Spatialdiffusion.Opticalmolasses279

12.4Beyondtheperturbativeapproach280

12.4.1OpticalBlochequationsforamovingatom280

12.4.2Timelagofinternalvariables281

12.4.3Lowvelocitylimit(kLν≪Г)282

12.4.4Highervelocities282

12.5Dressedatomapproachtoatomicmotioninanintense

standingwave.Bluecooling284

12.5.1Energyandradiativewidthsofthedressedstates284

12.5.2Frictionmechanism285

12.5.3HighintensitySisyphuscooling286

12.5.4Experimentalresults288

12.6Conclusion289

13.Sub-Dopplercooling.Sub-recoilcooling291

13.1Introduction291

13.2Sub-Dopplercooling293

13.2.1Thebasicingredientsofsub-Dopplercooling293

13.2.2Laserconfigurationandatomictransition294

13.2.3Lightshiftsandopticalpumpingforanatomatrest....294

13.2.4LowintensitySisyphuscoolingforamovingatom296

13.2.5Characteristicsofthefrictionforce.Qualitativediscussion298

13.2.6Quantumlimitsofsub-Dopplercooling300

13.3Sub-recoilcooling302

13.3.1Physicalmechanism302

13.3.2Velocityselectivecoherentpopulationtrapping(VSCPT).304

13.3.3Sub-recoilRamancooling308

13.3.4Quantitativepredictionsforsub-recoilcooling310

13.4Resolvedsidebandcoolingoftrappedions312

13.5Conclusion314



14.Trappingofparticles317

14.1Introduction317

14.2Trappingofchargedparticles318

14.2.1TheEarnshawtheorem318

14.2.2ThePenningtrap319

14.2.3ThePaultrap321

14.2.4Coolingofthetrappedions323

14.2.5Highprecisionmeasurementsperformedwithultracold

trappedions324

14.3Magnetictraps325

14.3.1Introduction325

14.3.2QuadrupoletrapandMajoranalosses326

14.3.3Ioffe-Pritchardtrap327

14.3.4Time-averagedorbitingpotential(TOP)329

14.3.5Loadingneutralatomsinamagnetictrap330

14.4Electricdipoletraps330

14.4.1Induceddipolemoment330

14.4.2Applicationofdipoleforcestotrapping332

14.4.3Opticallattices335

14.5Artificialorbitalmagnetismforneutralatoms338

14.5.1Introduction338

14.5.2Rotatingaharmonicallytrappedquantumgas338

14.5.3Artificialgaugepotentialfromadiabaticevolution339

14.6Magneto-opticaltrap(MOT)341

14.7Conclusion344

Ultracoldinteractionsandtheircontrol347

15.Two-bodyinteractionsatlowtemperatures351

15.1Introduction351

15.2Quantumscattering:abriefreminder352

15.2.1Scatteringamplitude353

15.2.2Scatteringcrosssection355

15.2.3Partialwaveexpansion355

15.3Scatteringlength358

15.3.1Low-energylimit358

15.3.2Scatteringamplitudeandscatteringlength360

15.3.3Squarepotentialandresonances361

15.3.4Effectiveinteractionsandthesignofthescatteringlength363

15.4Pseudo-potential365

15.4.1Motivationforintroducingthispseudo-potential365



15.4.2Localizedpseudo-potentialgivingthecorrect

scatteringlength365

15.4.3Scatteringamplitude.ValidityoftheBornapproximation367

15.4.4Boundstateofthepseudo-potentialforapositive

scatteringlength368

15.5Deltapotentialtruncatedinmomentumspace369

15.5.1Expressionofthepotential369

15.5.2Determinationofthenewcouplingconstant369

15.5.3Comparisonwiththepseudo-potential370

15.6Forwardscattering371

15.6.1Gaussianincidentwaveandscatteredwave371

15.6.2Interferenceoftheincidentandscatteredwavesinthe

far-fieldzone373

15.6.3Phaseshiftoftheincidentwaveandmeanfieldenergy..375

15.7Conclusion377

16.Controllingatom-atominteractions379

16.1Introduction379

16.2Collisionchannels.380

16.2.1Microscopicinteractions380

16.2.2Quantumnumbersoftheinitialcollisionstate.

Collisionchannels382

16.2.3Coupledchannelequations382

16.2.4Two-channelmodel383

16.3Qualitativediscussion.AnalogybetweenFeshbachresonancesand

resonantlightscattering384

16.4Scatteringstatesofthetwo-channelHamiltonian386

16.4.1Calculationofthedressedscatteringstates386

16.4.2Existenceofaresonanceinthescatteringamplitude....388

16.4.3Asymptoticbehaviorofthedressedscatteringstates....389

16.4.4Scatteringlength.Feshbachresonance............391

16.5Boundstatesofthetwo-channelHamiltonian393

16.5.1Calculationoftheenergyoftheboundstate393

16.5.2Wavefunctionoftheboundstate396

16.5.3Halostates397

16.6Producingultracoldmolecules..........399

16.6.1MagnetictuningofaFeshbachresonance399

16.6.2Photoassociationofultracoldatoms...,,..400

16.7Conclusion402



Exploringquantuminterferenceswithfewatomsand

photons405

17.InterferenceofatomicdeBrogliewaves409

17.1Introduction409

17.2DeBrogliewavesversusopticalwaves410

17.2.1Dispersionrelations.Positionandmomentum

distributions410

17.2.2Spatialcoherences.Coherencelength411

17.2.3Fragilityofspatialcoherences413

17.3Young'stwo-slitinterferenceswithatoms414

17.3.1ImportantparametersofYoung'sdouble-slitinterferometer414

17.3.2Young'sdouble-slitinterferenceswithsupersonicbeams..415

17.3.3Young'sdouble-slitinterferenceswithcoldatoms416

17.3.4Canonedeterminewhichslittheatompassesthrough?..417

17.4Diffractionofatomsbymaterialstructures418

17.5Diffractionbylaserstandingwaves420

17.5.1Newfeaturescomparedtothediffractionby

materialgratings420

17.5.2Light-atommomentumexchange422

17.5.3Raman-Nathregime423

17.5.4Braggregime424

17.6Blochoscillations427

17.6.1Reviewonthequantumtreatmentofaparticleina

periodicpotential427

17.6.2Implementationwithcoldatoms428

17.6.3Physicalinterpretations430

17.7DiffractionofatomicdeBrogliewavesbytime-dependent

structures431

17.7.1PhasemodulationofatomicdeBrogliewaves432

17.7.2Atomicwavediffractionandinterferenceusing

temporalslits433

17.8Conclusion433

18.Ramseyfringesrevisitedandatomicinterferometry435

18.1Introduction435

18.2Microwaveatomicclockswithcoldatoms437

18.2.1Principleofanatomicclock437

18.2.2Atomicfountains437

18.2.3Performancesofatomicfountains438

18.2.4Coldatomsclocksinspace441

18.2.5Testsofgeneralrelativity441



18.3ExtensionofRamseyfringestotheopticaldomain442

18.3.1Equivalenceofthecrossingofalaserbeamwithacoherent

beamsplitter442

18.3.2Spatialseparationofthetwofinalwavepackets.Quenching

oftheinterference443

18.3.3Howtorestoretheinterferencesignal?...........444

18.3.4Otherpossibleschemes448

18.4Calculationofthephasedifferencebetweenthetwoarmsofan

atomicinterferometer449

18.4.1QuantumpropagatorandFeynmanpathintegral450

18.4.2SimplecaseofquadraticLagrangians451

18.4.3Phaseshiftintheabsenceofexternalpotentialsand

inertialfields452

18.4.4Phaseshiftduetoexternalpotentialsandinertialfieldsin

theperturbativelimit453

18.5Applicationsofatomicinterferometry454

18.5.1Measurementofgravitationalfields.Gravimeters454

18.5.2Measurementofrotationalinertialfields457

18.5.3Measurementofh/Mandα459

18.6Newperspectivesopenedbyopticalclocks461

19.Quantumcorrelations.Entangledstates463

19.1Introduction463

19.2Interferenceeffectsindoublecountingrates464

19.2.1Photodetectionsignals464

19.2.2Two-modemodelforthelightfield465

19.2.3Whatarethe"objects"whichinterfereinwH?466

19.2.4Establishmentofcorrelationsbetweenthetwomodes...467

19.3Entangledstates469

19.3.1Definition469

19.3.2Schmidtdecompositionofanentangledstate469

19.3.3Informationcontentofanentangledstate471

19.4Preparingentangledstates472

19.4.1Entanglementbetweenoneatomandonefieldmode....472

19.4.2Entanglementbetweentwoatoms473

19.4.3Entanglementbetweentwoseparatecavityfields475

19.4.4Entanglementbetweentwophotons475

19.5Entanglementandinterference477

19.6Entanglementandnon-separability479

19.6.1TheEinstein-Podolsky-Rosen(EPR)argument[Einstein

etal.(1935)]479

19.6.2Bell'sinequalities480



19.6.3Experimentalresultsandconclusion481

19.7Entanglementandwhich-pathinformation485

19.8Entanglementandthemeasurementprocess486

19.8.1VonNeumannmodelofanidealmeasurementprocess...486

19.8.2Difficultyassociatedwithmacroscopiccoherences.....487

19.8.3Apossiblesolution:couplingofM.withtheenvironment.487

19.8.4Simpleexampleofpointerstates488

19.8.5TheinfinitechainofVonNeumann489

19.9Conclusion490

Degeneratequantumgases491

20.Emergenceofquantumeffectsinagas497

20.1Introduction497

20.2Quantumeffectsincollisions499

20.2.1S-matrixandT-matrix499

20.2.2Interferingscatteringamplitudesforidenticalparticles..500

20.2.3PolarizedFermigasatlowtemperature503

20.2.4Interferenceeffectsinforwardandbackwardscattering..503

20.2.5Identicalspinrotationeffect(ISRE)506

20.2.6AfewexamplesofeffectsinvolvingISRE508

20.3ThefirstpredictionofBECinagas512

20.3.1AnewderivationofPlanck'slawforblackbodyradiation512

20.3.2ExtensionofBosestatisticstoatomicparticles513

20.3.3Thecondensationphenomenon514

20.3.4Criticaltemperature515

20.3.5VariationofthenumberNoofcondensedatomswiththe

temperature.Thermodynamiclimit518

20.3.6Influenceofdimensionality519

20.4Conclusion520

21.ThelongquestforBose-Einsteincondensation523

21.1Introduction523

21.2Firstattemptsonhydrogen524

21.2.1Spinpolarizedhydrogenasaquantumgas524

21.2.2Productionofaspinpolarizedsampleatlowtemperature.525

21.2.3Difficultiesassociatedwithcollisions526

21.2.4Needforothermethods527

21.3Secondattemptsonhydrogen527

21.3.1Wallfreeconfinement.Magnetictrapping527

21.3.2Bose-Einsteincondensationinaharmonictrap528



21.3.3Newcoolingmethod:evaporativecooling529

21.3.4Needfornewdetectionmethodofpolarizedhydrogen...532

21.4ThequestforBECforalkaliatoms533

21.4.1Difficultiesassociatedwithalkaliatoms533

21.4.2Advantagesofalkaliatoms534

21.5FirstobservationofBose-Einsteincondensation,..535

21.5.1Timesequence535

21.5.2SignatureofBose-Einsteincondensation536

21.5.3Subsequentobservationonhydrogen538

21.6Bose-Einsteincondensationofotheratomicspecies538

21.6.1Experimentalimprovements538

21.6.2Reviewofnewcondensates540

21.7ThefirstexperimentsonquantumdegenerateFermigases542

21.7.1IdealFermigasinathree-dimensionalharmonictrap...543

21.7.2Coolingfermions544

21.7.3SpatialdistributionandFermipressure545

21.7.4Pairsoffermionicatoms545

21.8Conclusion546

22.MeanfielddescriptionofaBose-Einsteincondensate549

22.1Introduction549

22.2Meanfielddescriptionofthecondensate550

22.2.1Variationalcalculationofthecondensatewavefunction..550

22.2.2StationaryGross-Pitaevskiiequation551

22.2.3Expressionofthevariousquantitiesintermsofthe

spatialdensity552

22.3Condensateinaboxandhealinglength553

22.3.1Condensateinaone-dimensionalbox553

22.3.2Healinglength554

22.4Condensateinaharmonictrap555

22.4.1Totalenergyandthedifferentinteractionregimes.....555

22.4.2Condensatewithapositivescatteringlengthandthe

Thomas-Fermilimit556

22.5Condensatewithanegativescatteringlength559

22.5.1Conditionofstabilityin3D559

22.5.2SolitonicsolutioninID560

22.5.3Collapseandexplosionofacondensate

in3Dwithanegativescatteringlength560

22.6Quantumvortexinanhomogeneouscondensate561

22.6.1EffectiveGross-Pitaevskiiequation561

22.6.2Propertiesofthevelocityfield562

22.7Time-dependentproblems563



22.7.1Time-dependentGross-Pitaevskiiequation563

22.7.2Analogywithhydrodynamicequations564

22.7.3Thetwocontributionstothekineticenergy:Thomas-Fermi

approximationfortime-dependentproblems565

22.7.4Harmonicconfinement567

22.8Conclusion570

22.9Appendix:Normalmodesofaharmonicallytrapped

condensate571

22.9.1Isotropictrap572

22.9.2Cylindrically-symmetrictrap575

22.9.3Scissorsmodeforanisotropictraps575

23.CoherencepropertiesofBose-Einsteincondensates577

23.1Introduction.577

23.2Atomicfieldoperatorsandcorrelationfunctions579

23.2.1Briefreminderonsecondquantization579

23.2.2Atomicfieldoperators580

23.2.3Examplesofphysicaloperators.Fieldcorrelationfunctions581

23.2.4Heisenbergequationofthefieldoperator583

23.3Calculationofcorrelationfunctionsinafewsimplecases583

23.3.1First-ordercorrelationfunctionforanidealBose

gasinabox583

23.3.2Higher-orderspatialcorrelationfunctionsforanidealgas

ofbosonsaboveTc586

23.3.3CorrelationfunctionsforaBose-Einsteincondensate...587

23.3.4Afewexperimentalresults588

23.4Relativephaseoftwoindependentcondensates592

23.4.1TwocondensatesinFockstates593

23.4.2Phasestates.593

23.4.3Conjugatevariableoftherelativephase595

23.4.4Emergenceofarelativephaseinaninterference

experiment596

23.5Longrangeorderandorderparameter597

23.5.1Longrangeorder597

23.5.2Orderparameter598

23.6Neweffectsinatomopticsduetoatom-atominteractions599

23.6.1Collapseandrevivaloffirst-ordercoherencedue

23.6.2Anexampleofnonlineareffectsinatomoptics:Four-wave

mixingwithmatterwaves601

23.7Conclusion602



24.ElementaryexcitationsandsuperfluidityinBose-Einsteincondensates603

24.1Introduction.603

24.2Bogolubovapproachforanhomogeneoussystem605

24.2.1SecondquantizedHamiltonian606

24.2.2BogolubovquadraticHamiltonian607

24.2.3Physicaldiscussion608

24.2.4Energyofthegroundstate611

24.2.5Extensiontoinhomogeneoussystems612

24.3Landaucriterionforsuperfluidityinanhomogeneoussystem...614

24.3.1Microscopicprobe614

24.3.2Macroscopicapproach616

24.4ExtensionofLandaucriterionforacondensateina

rotatingbucket616

24.4.1Therotatingbucket617

24.4.2Otherpossiblestatesofthecondensate:quantizedvortices617

24.4.3Variousthresholdrotationfrequencies620

24.5Experimentalstudyofvorticesingaseouscondensates621

24.5.1Introduction621

24.5.2Afewexperimentalresults621

24.5.3Measuringtheangularmomentumperatomina

rotatingcondensate623

24.5.4Routestovortexnucleation624

24.6Conclusion628

Frontiersofatomicphysics631

25.Testingfundamentalsymmetries.Parityviolationinatoms637

25.1Introduction.637

25.1.1Historicalperspective637

25.1.2Atomicparityviolation(APV)639

25.1.3Organizationofthischapter641

25.2Thefirstcesiumexperiment641

25.2.1Principleoftheexperiment641

25.2.2Transitiondipolemoment642

25.2.3Existenceofachiralsignalinthere-emittedlight.....645

25.2.4Calibrationoftheparityviolationamplitude...647

25.3Connectionbetweentheparityviolationamplitudeandthe

parametersoftheelectroweaktheory.648

25.3.1Non-relativisticlimitoftheweakinteractionHamiltonian.648

25.3.2Calculationoftheparityviolationamplitude.......649



25.3.3Nuclearspin-dependentparityviolatinginteractions.

Anapolemoment649

25.4Surveyofexperimentalresults651

25.4.1Cesiumexperiments.651

25.4.2Experimentsusingotheratoms652

25.5ConclusionabouttheimportanceofAPVexperiments653

25.6Appendix:Testingtimereversalsymmetry

bylookingforelectricdipolemoments655

26.Quantumgasesassimplesystemsformany-bodyphysics659

26.1Introduction659

26.2Thedoublewellproblemforbosonicgases661

26.2.1Introduction661

26.2.2TheHubbardHamiltonian662

26.2.3Thesuperfluidregime662

26.2.4Theinsulatorregime665

26.2.5Connectionbetweenthesuperfluidandinsulatorregimes.667

26.2.6ProductionofSchrodingercatstateswheninteractions

areattractive668

26.2.7Controllingthetunnellingratewithamodulationofthe

differenceofthetwopotentialdepths669

26.3Superfluid-Mottinsulatortransitionforaquantumbosonicgasin

anopticallattice670

26.3.1BoseHubbardmodel670

26.3.2QualitativeinterpretationofthesuperfluidMott

insulatortransition670

26.3.3Experimentalobservation.672

26.4Quantumfermionicgasinanopticallattice672

26.5FeshbachresonancesandFermiquantumgases674

26.5.1Introduction674

26.5.2BriefsurveyofBCStheory675

26.5.3AsimplemodelfortheBEC-BCScrossover682

26.5.4Experimentalinvestigations684

26.6Conclusion689

27.Extremelight695

27.1Introduction695

27.2Attosecondscience697

27.2.1Mechanismofproductionofattosecondpulses697

27.2.2Multiple-cyclelaserpulse.Trainofattosecondpulses...697

27.2.3Few-cyclelaserpulse.Controlofthecarrier-envelope

phase699



27.2.4Attosecondmetrology700

27.2.5Afewapplicationsofattosecondpulses703

27.3Ultraintenselaserpulses704

27.3.1Q-switchedlasers705

27.3.2Modelockingtechniques706

27.3.3Chirpedpulseamplification709

27.3.4Afewapplicationsofhighintensitytable-toplasers....709

27.4Conclusion713

28.Generalconclusion715

Bibliography719

Index751




	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9
	page10
	page11
	page12
	page13
	page14
	page15
	page16
	page17
	page18
	page19
	page20

