


CONTENTS

Contributors ii

Participants xi

Preface(inFrenchand English) xv

PART I-LOW ENERGY ATOMIC PHYSICS

Course 1. Introduction to quantum electrodynamics,by Claude

Cohen-Tannoudji 1

Generalintroduction 5

1. Classicalelectrodynamics 7
1.1.Introduction 7
1.2.Basicequationsin ordinaryspace 7
1.3.Electrodynamicsinreciprocalspace 11
1.4.Normal variables 23

2. Quantum electrodynamicsin Coulomb gauge- generalframework 33
2.1.Introduction 33
2.2.Quantizationin Coulomb gauge- elementaryapproach 36
2.3.Evolutionin time 39
2.4.StructureoftheHamiltonian 44
2.5.Electricdipoleapproximation 49

3. Quantum electrodynamicsin Coulomb gauge- physicaldiscussion 61
3.1.Introduction 61
3.2.Freefieldobservables 62



3.3.Elementary excitationsof the quantizedfreefield- photons 64

3.4.Some propertiesof the vacuum 67

3.5.Quasiclassicalstates 68

3.6.Analysisofinterferencephenomena 72

4. Vacuum fluctuationsand radiationreaction:identificationof theirrespec-

tivecontributions

Reprintof a paper by Dalibard,J.,J.Dupont-Roc and C. Cohen-Tannoudji

(1982)J.Physique43, 1617 80

4.1.Introduction 80

4.2.The quantum form of the Abraham-Lorentz equation 85

4.3.Identificationof the contributionsof vacuum fluctuationsand self-

reactionto the rateof variationof an arbitraryatomicobservable 93

4.4.Extensionof the previoustreatmentto a system if interactingwitha

largereservoirR 100

4.5.Physicaldiscussion.Contributionsof vacuum fluctuationsand self-

reactionto the radiativecorrectionsand radiativedamping of an
atomic electron 107

4.6.Conclusion 121

Appendix A: Calculationof the sourcefields 121

Appendix B: Correlationfunctionand linearsusceptibilityof the field 123

Referencestosection4 124

5. The effectiveHamiltonianmethod 126

5.1.Introduction-generalidea 126

5.2.Calculationof the effectiveHamiltonian 127

5.3.Applicationto radiativecorrectionsin the nonrelativisticlimit 131

6. SimpleintroductiontointeractingquantizedDiracand Maxwell fields 136

6.1.Introduction 136

6.2.A briefreviewof the Dirac equation 137

6.3.Second quantizationof the Diracequation 142

6.4.Justificationof thesingleparticleHamiltoniansused fornonrelativistic

electrons 147

References 155

Seminar 1. Effective Hamiltonian approach to g-2-relativis-

tic calculation, by Jacques Dupont-Roc and Claude

Cohen-Tannoudji 157

1.Introduction 158

2. General method 159

2.1.HamiltonianH- definitionof Ho and V 159

2.2.Relevantmanifoldsof H0 161

2.3.Expressionof the effectiveHamiltonian 162



3. Calculationof the effectiveHamiltonian 163

3.1.Contributionof the Coulomb interaction 163

3.2.Contributionof transversephotons 170

3.3.Transformationto an "even" effectiveHamiltonian;finalresults 173

4. Physicaldiscussion 175

4.1.Comparison withnon-relativisticcalculations 175

4.2.Contributionof high-frequencymodes-mass renormalization 176

4.3.Spin anomaly (g - 2)/g 178

Seminar 2. Non-classical properties of resonance fluorescence

light, by Jean Dalibard and Serge Reynaud 181

Course 2. Rydberg atoms and radiation in a resonant cavity, by

Serge Haroche 193

1.Introduction:motivationand outlineof thiscourse 197

2. Descriptionof Rydberg atom radiativepropertiesand basicexperimental

techniques 199

2.1.Why radiativepropertiesof Rydberg atoms areinterestingtostudy 199

2.1.1.Bindingenergy of Rydberg levels 200

2.1.2.Atomic sizeand electricdipolematrixelementsbetween nearby

levels 201

2.1.3.Transitionfrequenciesand wavelengthsforAn ~1 transitions 201

2.1.4.Spontaneous emissionratefrom an nllevelwithl≪n (eccentric

orbits) 202

2.1.5.Spontaneous emissionratefrom an nl levelwithl ~n (circular

orbits) 203

2.1.6.Absorption rate for broadband resonantfields:case of black-

body radiation 204

2.2.How to couple a Rydberg transitionto a singleradiationmode? 206

2.3.Briefsurvey of the experimentaltechniquesdeveloped to studythese

effects 208

2.3.1.Preparationof Rydberg atoms in a resonantcavity 208

2.3.2.Realizationof a truetwo-levelatom system 209

2.3.3.Detectionof Rydberg atom evolution 210

2.3.4.Detectionof the millimeter-waveradiationemittedby theatoms 213

2.3.5.Generation of externalradiationactingon the atoms 213

3. Formal descriptionof fieldand atomic systems 214

3.1.Descriptionof the single-modefield 214

3.2.The two-levelatom system 216

3.3.The "atom + field"system Hamiltonian 220

3.4.The symmetry hypothesis 221



4. Relaxationof the "atom + field"system 223

4.1.Briefsummary ofrelaxationtheory 224

4.2.Firstexample of relaxationtheory:spontaneous emissionand black-

body induced effectsin a two-levelatom system 226
4.2.1.Single-atomcase 227

4.2.2.N two-levelatoms: superradiance 228

4.3.Second example of relaxationtheory:damping of a harmonic oscillator

intoaT = 0 and a T≠0K reservoir 230

4.4.Relaxationof the "Rydberg atom-singlefieldmode" system 234

5. SingleRydberg atom in a cavity 237

5.1.Spontaneous emissionin the cavityat T = 0 K 237

5.1.1.The two regimesof atomic decay 237

5.1.2.Singleatom spontaneousemissionat T = 0 K describedin the

"dressedatom" basis 243

5.2.Spontaneous emission at a finitetemperature:Rabi nutationin a

chaoticfield 246

5.3.Rabi nutationdrivenby a coherentfield:periodiccollapseand revival

of the quantum mechanicaloscillation< 253

6. Collectivebehaviourof N Rydberg atoms in a resonantcavity 257

6.1.Collectiveemissionof N atoms in a cavity:the two regimes 259

6.1.1.Regime of oscillationsin alarge Q cavity 259

6.1.2.Superradiantregime in a moderate Q cavity 266

6.2.Quantitativeanalysisof the symmetricalsuperradiantevolutionfor an

ensemble of N two-levelatoms in alow Q resonantcavity 269

6.2.1.Simple evaluationof emissiontime and timefluctuations 272

6.2.2.Fluctuationlesstrajectories:the quasi-classical"probability

packets" 273

6.2.3.The initialquantum stageof superradiance 277

6.2.4.The superradiancedensitymatrixas a linearsuperpositionof

quasi-classicalprobabilities 279

6.2.5.Physicaldiscussion 280

6.3.Superradiancein the presenceof a thermalfield 284

6.4.Experimentalstudy of superradiantRydberg atom systemsin cavities 288

6.4.1.A studyof expectationvalues("average" evolution) 288

6.4.2.Maser thresholds 289

6.4.3.Statisticsof Rydberg atom emission 290

6.5.Collectiveabsorptionof blackbody radiationby two-levelatoms in a

cavity 292

6.5.1.Thermodynamical equilibriumof the atomic system 292

6.5.2.Evolutiontowardsequilibrium 294

6.5.3.Experimentalevidenceof collectiveabsorptionin Rydberg atom

systems 296

6.6.Collectivebehaviourof atomsin a cavityrevisitedin the Bloch-vector

picture 298

7. Conclusion 305

References 307



Seminar 3. Laser spectroscopy of atomic Rydberg states: inter-

action with strong fields, by Sylvain Liberman and

Christophe Blondel 311

Introduction 312

1. Spectroscopyof Rydberg atoms 313

1.1.An example withKr 313

1.2.Rydberg seriesperturbed by valencelevels.Example of ytterbium

spectrum 315

1.3.AutoionizingRydberg seriesperturbedby an electricfield 317

1.4.Rydberg levelsperturbedby an electromagneticfield 320

2. Photoionizationof atoms in the presenceof an electricfield 326

2.1.Dissymmetriclineshapes(Fano profiles) 326

2.2.Fieldinducedstabilizationof Starkstates 329

2.3.Photoionizationcrosssectionof excitedNa atomsin thepresenceof an

electricfield 337

2.4.PhotoionizationStarkspectraof ytterbium 343

2.4.1.General features 343

2.4.2.Experimentalsetup 345

2.4.3.Results 346

References 349

Seminar 4. Rydberg atoms in magnetic fields - the diamagnetic

behaviour, by Dominique Delande, Francois

Biraben and Jean-Claude Gay 351

1. Introduction 352

2. General formulation 353

2.1.Hamiltonianof the system 353

2.2.Classicalequationof motion 354

2.3.Constantsof the motion - ordersof magnitude 355

2.4.The Coulomb problem 356

2.5.The Landau problem 356

3. Methods of resolution 357

3.1.General topics 357

3.2.Ultralow-fieldlimit:Zeeman effect(γn*≪1) 358

3.3.Low-fieldlimit:diamagnetism(γn3≪1) 358

3.3.1.Classicalpointof view 358

3.3.2.Quantum pointof view:inter-/-mixingregime (γnm≪1) 359

3.3.3.Inter-n-mixingregime(γn3≪1) 361

3.3.4.Non-hydrogenicatoms 362

3.4.Strong-fieldmixing regime(γn3= 1) 363

3.4.1.Classicalpointof view 363

3.4.2.Quantum pointof view 364

3.4.3.Semi-classicalmethods 364

3.5.High-fieldlimit(γn3> 1) 367



4. Experimentalinvestigation 368
4.1.Statementinlow-resolutionexperiments 368
4.2.Idealexperimentalsituation 368
4.3.Presentstatusoftheexperiments 369
4.4.Experimentalresults 370
4.4.1.Diamagnetismin thelow-fieldregime 370
4.4.2.Strong-fieldmixingregime 372
4.4.3.Landau regime 376

5.Conclusions 377
References 378

Course 3. Atomic particlesin traps,by PeterE. Toschek 381

1. Why localization,why coolingofatomicparticles? 385

2.Trapsforionsandneutrals 386
2.1.The Penningtrap 386
2.2.The r.f.trap 390
2.2.1.Sphericallysymmetrictrap 393
2.2.2.Comparisonofr.f.trapwithd.c.(e.g.Penning)trap 394
2.2.3.Number ofstoredions 394
2.2.4.Rigoroustrapdynamics 395
2.2.5.Observationof trappedions 3%
2.3.Electrostatictrappingofneutrals 397
2.4.Electrostaticand magnetostaticion traps 401

3.Spectroscopicapplicationsoftrappedions 402
3.1.R.f.spectroscopyof 3He+in r.f.trap 402
3.2.Opticalpumpingand r.f.spectroscopyoftrapped199Hg+ 406
3.3.Electronsin traps 407
3.4.Metastable3He+ 407
3.5.Highly-chargedions 408
3.6.Chargetransfer 409

4.Trappingatomicparticlesinlightbeams 410
4.1.Mechanicaleffectsoflight 410
4.2.Trappingby recoilin standinglightwaves 412
4.3.Trappingby gradientforcesin macroscopicvolumes 414
4.4.Trapconfigurations 415

5.Coolingof trappedparticles 417
5.1.Coolingby collisionswithbackgroundgas 417
5.2.Energydissipationin tunedresonancecircuit 418
5.3.Opticalcooling-generalaspects 420
5.4.Coolingrateforfreeatoms 421
5.5.Coolingofbound particles 423
5.6.Coolingpowerand coolinglimits 425
5.7.Othermodelsofcooling 428

6. Spectroscopyoftrappedand cooledparticles 429
6.1.Cloudsofions 430



6.1.1.The Ba+ experiments 430

6.1.2.The Mg+ experiments 433

6.1.3.The Be+ experiments 436

6.2. Singleions in traps 437

6.2.1. The Ba+ experiments 438

6.2.2.The Mg+ experiments 441

7. Time and frequency standards based on trapped and cooled ions 441

7.1. Microwave frequency standards 442

7.2. Optical frequency standards 444

7.2.1.Two-photon line in 201Hg+ 445

7.2.2.Resonant Raman transitionin Ba+ 445

7.2.3.Intercombination linesin group IIIions 446

References 447

Course 4. Collisions in atomic vapors, by Paul R. Berman 451

1. Introduction 454

1.1. Physicalsystem and approximations 456

2. Collision kernels and rates-qualitative 457

2.1. General considerations 457

2.2. Collision kernels and rates for populations 459

2.2.1.Structure of the collisionkernel 460

2.3. Collision kernels and rates for coherences 464

2.3.1. Collisionaldecay of pijfori≠/ 466

2.4. Summary 467

3. Collision kernels and rates - quantitative 468

3.1. Formal expressions for collisionkernels and rates 468

3.2. Structure of the collisionkernels 470

4. Collision kernels and rates - arbitraryactive atom to perturber mass ratio 472

4.1. Stationary perturber limit- review 472

4.2. Collision kernels and rates-formal expressions for arbitrary(m/mp) 474

4.3. Collision kernel widths, collisionrates and validitycriteria- arbitrary

(m/m,) 475

4.3.1.Populations 475

4.3.2.Coherences 478

5. Experimental methods for measuring collisionkernels and rates 478

5.1. General considerations 479

5.2. Linear spectroscopy 483

5.3. Coherence spectroscopy of a 3-levelsystem 488

5.4. Photon echo 493

5.5. Saturation spectroscopy of a 3-levelsystem 498

5.6. Delayed saturationspectroscopy 504

5.7. Stimulated echo 505

6. Summary 509

References 512



Seminar 5. Laser induced collisions in dense vapors by Luigi

Moi 517

1.Introduction 518

2. Resonant excitationof dense alkalivapors 520

3. Conclusion 532

References 532

Seminar 6. Generation of coherent radiation in the VUV, by

Jacques Lukasik 535

1.Introduction 536

2. Review of vacuum ultravioletlasers 536

2.1.General considerations 536

2.2.Hydrogen laser 537

2.3.Excimer/exciplexlaser 538

3. Harmonic generationand sum frequencymixingin the vacuum ultraviolet 539

3.1.Major experimentalachievements 541

3.2.Comparison withothersources 547

4. Perspectivesforthe softX-ray and γ-raylasers 548

4.1.Proposalfor a 207 A laserin lithium 548

4.2.Laser gainaround 182 A in carbon plasma 550

4.3.Nuclearbomb pumped X-raylaserat 14 A 550

4.4.Prospectsfora γ-raylaser 551

5. Applicationsof coherentvacuum ultravioletradiation 552

6. Finalcomment 553

References 553


	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9

