Contents of Part A

Contentsof Part B . . . . . . . . . . .. ..o e xiii
Introduction by W. Hanle and H. Kleinpoppen . . . . . . . . . . . . . . .. XXi

I. BASIC PROPERTIES OF ATOMS AND PERTURBATIONS

Chapter 1
Atomic Structure Theory
A. Hibbert

1. Introduction . . . . . . . . . . . . .o L 1
2. General Theory . . . . . . . . ..o Lo 2
2.1. One-Electron Atoms . . . . . . . . . . . . . . . ... 2
2.2. Many-Electron Atoms . . . . . . . . . . . . . .. .. R 9
2.3. Oscillator Strengths . . . . . . . . . . . e e e e e e e 13
3. Two-Electron Atoms . . . . . . . . . . . . . . .. ... e 18
4. Hartree-Fock Theory . . . . . . . . . . . . . . .. ... .. e 23
4.1. Restricted HFMethod . . . . . . . . . . . . . .. ... 26
4.2, Solutions of HF Equations . . . . . . . . . . . . . .. ... .. 29
S. Correlation Methods . . . . . . . . . . .. ..o L. 31
5.1. Independent-Particle Models . . . . . . . . . . . .. ... ... 31
5.2. Configuration Interaction . . . . . . . . . . . . ... ... .. 33
5.3. Bethe-Goldstone Theory . . . . . . . . . . . . . . . ... ... 37
5.4. Perturbation Methods . . . . . . . . . . .. ..o 38
5.5. Many-Electron Theory . . . . . . . . . . . . . . ... ... 42
5.6. Model Potentials . . . . . . . . . . . . . . .. ... oL 44
6. Applications . . . . . . . . .. ... ... 46
6.1. Energylevels . . . . . . . . . o000 o 46
6.2. Oscillator Strengths . . . . . . . . . .. .. ..o 350
6.3. Hyperfine Structure . . . . . . . . . . . . . . ..o 56
7. Autoionization . . . . . . . . . . L L. oo 59
8. RelativisticMethods . . . . . . . . . .. ..o 63
References . . . . . . . . . . . . . s 65
Chapter 2
Density Matrix Formalism and Applications in Spectroscopy
K. Blum
L Introduction . . . . . . . . . . . ..., 71
2. BasicTheory . . . . . . . . .. ..o 73



vl Contents of Part A

2.1. Pure and Mixed Quantum Mechanical States e e
2.2. The Density Matrix and Its Basic Properties . . . . . . . . . . ..
2.3. Example: Polarization Density Matrix of Photons . . . . . . . . .
3. Interacting Systems . . . . . . . . . . . . . .. ...
3.1. BasicPrinciples . . . . . . .. .. .o
3.2. The Density Matrix of Interacting Systems . . . . . . . . . . . .
3.3. Example: Analysis of Light Emitted by Atoms . . . . . . . . . . .
4. Multipole Expansion of the Density Matrix . . . . . . .
4.1. Irreducible Tensor Operators . . . . . . . . . . . . . . . . . ..
4.2. Expansion of the Density Matrix in Terms of *‘State Multipoles”
4.3. Symmetry Properties . . . . . . . . . . . . ...
5. Time Evolution of Statistical Mixtures . . . . . . . . . . . . . . ...
5.1. Equationsof Motion . . . . . . . . . .. .. Lo 0 o0
5.2. Time Evolution of Atomic Ensembles Interacting with Radiation
5.3. Perturbed Angular Distributions . . . . . . . . . . . . ... L.
5.4. The Liouville Formalism . . . . . . . . . .
References

Chapter 3
Perturbation of Atoms
Stig Stenholm

1. Introduction . . . . . . ... ... L.
2. Influence of Electromagnetic Fields
2.1. General Considerations
2.2. Semiclassical Theory . . . . . . . . .
2.3. The Quantized Field Approach
2.4. Atoms In Strong Optical Fields
2.5. Two-Photon Spectroscopy
3. Collision Effects
3.0 Introduction . . . .. L L. L L Lo
3.2. Theoretical Considerations
References

Chapter 4

Quantum Electrodynamical Effects in Atomic Spectra
A. M. Ermolaev

1. Introduction

1.1. Some Recent Developments in Applications of QED to Atomic
Spectroscopy . . . . .

1.2, Existing Reviews . . . . . . . . . .. .. .. ...
1.3. The Layout of the Present Work . . . . . . . . . . . . . . . . ..
2. The Lamb Shift in One-Electron Atoms
2.1. Summary of Main Theoretical Results . . . . . . . . . . . . .
2.2. Comparison between the Theory and Experiment
3. The Lamb Shift in Two-Electron Atoms

73
76
79
82
82
83
85
86
86
90
93
95
95
98
103
107
109

111
112
112
118
128
135
138
141
141
141
145

149

149
150
151
151
151
158
164
164



Contents of Part A

3.2. Calculations of the Nonrelativistic States
3.3. Relativistic Corrections ¢
3.4. Radiative Corrections .
3.5. Comparison between the Theory and Expenment (S States)
3.6. Lamb Shift in P States of Two-Electron Atoms
4. Concluding Remarks
References . . . . . . . . . . . . .. ...

Chapter 5
Inner Shells
B. Fricke

1. Introduction -

2. Binding Energies of Inner Electrons e e
2.1. Method of Calculation . . . . . . . . . . ., ..
2.2. Results and Comparison with Expenments

3. Inner-Shell Vacancy Production Mechanisms
3.1. Coulomb lonization Processes . . . . . . . . . .
3.2. Molecular Excitation . . . . . . . .

4. United Atom Phenomena and Related Processes
4.1. Molecular Orbital (MQO) X-Rays; REC
4.2. Positron Emission in U-U Collision
References .

Chapter 6
Interatomic Potentials for Collisions of Excited Atoms
W. E. Baylis

1. Background ..
1.1. Key Role of lnteratomlc Potenuals
1.2. Some Practical Uses
1.3. Standard Potential Forms .
1.4. Scope of This Chapter and a Few References
2. Measurements .
2.1. Beam Measurements in Ground States
2.2. Beam Measurements in Excited States .
2.3. Spectroscopic Measurements of Bound Molecules
2.4, Spectroscopic Measurements of Unbound Molecules
2.5. Transport Coefficients and Other Properties
3. Calculauons .
Born-Oppenhetmer Approx:manon and Adlabatxc Potentlals,
Hellmann-Feynman Theorem
3.2. Hund's Cases and Correlation Dlagrams
3.3. Electron-Gas (Gombis) Models .
3.4. Induction and Dispersion (van der Waals) Forces e
3.5. SCF and Variational Methods . . . . e e
3.6. Pseudopotential and Semiempirical Methods

164
166
166
172
174
178
178

183
184
184
186
191
192
196
199
199
202
203

207
207
208
209
212
212
212
218
220

222

[RSEE TSI
(SO SO ¢
(PSRN

223
226
227
233
236
239



viii

4. Relation to Collision Processes; Scattering Theory
4.1. Time-Dependent Classical-Path Formulations

4.2. Semiclassical and JWKB Approximations . .
4.3. Full Quantum Treatment . . . . . . . . .
References . . . . . . . . . .. . . .. ...

II. METHODS AND APPLICATIONS OF ATOMIC SPECTROSCOPY

Chapter 7

Contents of Part A

New Developments of Classical Optical Spectroscopy

Klaus Heilig and Andreas Steudel

1. Introduction . . . . . . . . . . . ... ...
2. Experimental Techniques . . . . . . . . . . .
2.1. LightSources . . . . . . . . . .. ...
2.2. Spectrometers . . . . . . . . . .. . ..
2.3. DataHandling . . . . . .. .. .. ...

3. Fine Structure

3.2. Forbidden Lines
4. Hyperfine Structure

3.1. Analysisof Spectra . . . . . . . .. . ..

4.1. Hyperfine-Structure Interactions . . . . . .

4.2. Parametric Treatment of the Hyperfine Structure . . . . . . . . . . .

4.3, Core Polarization

4.4. Hyperfine Anomaly . . . . . . .. . ..

4.5. Optical Hyperfine Investigations of Radioactive Isotopes . . . . . . .

5. Isotope Shift
5.1. General Features of Optical Isotope Shifts
5.2. Parametric Method
5.3. Specific Mass Shifts
5.4. Field Shifts and |¢(0)?
5.5. Field Shifts and Nuclear Deformation Effects
5.6. Calculations of 8(r%)
Appendix: Compilations of Data
References

Chapter 8
Excitation of Atoms by Impact Processes
H. Kleinpoppen and A. Scharmann

1. Introduction . . . . . . .
2. Electron Impact Excitation
2.1. Cross Sections and Excitation Functions
2.2. Linear Polarization of Impact Radiation
2.3. Electron-Photon Angular Correlations
3. Heavy-Particle Impact Excitation . . .

3.1. Excitation of Atomic Hydrogen and Hehum fons . . .

3.2. lon Impact Excitation of Other Atoms

3.3. Excitation from Atom-Atom Collisions
4. Conclusions

References

242
242
249
252
255

263
265
265
269
282
284
284
287
287
287
290
292
293
295
296
296
301
305
306
312
318
319
320

329
330
330
337
349
362
363
369
379
384
386



Contents of Part A 1X

Chapter 9
Perturbed Fluorescence Spectroscopy
W. Happer and R. Gupta

1. Introduction . . . . . . . . ... L 0L Lo 391
2. Theory . . . . . . . .. e e e 397
2.1. The Production of Fluorescent Light by Polarized Excited Atoms . . . 397
2.2. Evolution of the Excited Atoms . . . . . . . . . . . . ... ... 399
2.3. Excitationof Atoms . . . . . . . ... L. oo 401
3. Excitation Mechanisms . . . . . . . . . . . ... ..o L 401
3.1. Direct Optical Excitation . . . . . . . . . . . . . . . . .. ... 401
3.2. Stepwise Optical Excitation . . . . . . . . . . . . . . . .. ... 403
3.3, Cascade Optical Excitation . . . . . . . . . . . . . ... .. .. 403
3.4. Particle Beam Excitation . . . . . . . . . . . . . ... .. ... 405
3.5. Beam-Foil Excitation . . . . . . . . . . .. . .. ... ... 409
3.6. Collisions with Excited Polarized Atoms . . . . . . . . . . . . .. 409
4. Basic Spectroscopic Methods . . . . . . . ..o 00000 oL 410
4.1. Radio-Frequency Spectroscopy (Optical Double Resonance) . . . . . . 410
4.2. Level-Crossing Spectroscopy . . . . . . . . . « . . . .. oo 414
4.3. Decoupling and Anti-Level-Crossing Spectroscopy . . . . . . . . . . 416
4.4. Light-Modulation Spectroscopy . . . . . . . . . . . . . . . .. 421
4.5. Transient Light-Modulation Spectroscopy . . . . . . . . . . . . .. 423
5. Experimental Considerations . . . . . . . . . . . . . ... ... 425
S.1. LightSources . . . . . . . . . . ..o o o 425
5.2. Detectors . . . . . . . . ..o e e e e e e .. 430
5.3. Sample Containers . . . . . . . . . . . ... oL . 433
5.4. Optical Filters, Polarizers, Retardation Plates . . . . . . . . . . .. 434
S§.5. MagneticFields . . . . . . . . . . L0000 .. 438
5.6. ElectricFields . . . . . . . . . . . . . ... . ... 438
5.7. Radio-Frequency Sources . . . . . . . . . . . . . . .. ... - 439
5.8. Signal-Processing Equipment . . . . . . . . . . .. .. .. L. 440
6. A Case Study: Rubidium . . . . . . . . . . ... ... ... 442
6.1. The PStates . . . . . . . . . . . . . e e e e e e 442
6.2. The §States . . . . . . . . . . . . . .. 447
63. The DStates . . . . . . . . . . . . . . oo 449
6.4. The FStates . . . . . . . . . . . . . . .. 458
6.5. The G and Higher Angular Momentum States . . . . . . . . . . . . 459
References and Notes . . . . . . . . . . . . . . . . . ... ... .. 460
Chapter 10

Recent Developments and Results of the Atomic-Beam Magnetic-
Resonance Method

Siegfried Penselin

1. Introduction . . . . . . . . . . ... . ... . 463

2. Hyperfine-Structure Measurements of Highly Refractory Elements . . . . . 465
2.1. Beam Production . . . . . . . . . . . . .. ... 465
2.2. Results of Measurements Using the Rotating-Target Method . . . . 469

3. rf Transitions in the hfs of Metastable Atomic States Detected by Laser
Fluorescence . . . . . . . . . . . ... .o e e e 475



X Contents of Part A

4. Precision Measurements of the hfs of Stable Isotopes . . . . . . . . . . .
4.1. Elimination of Systematic Errors and Precision hfs Measurements of Alkali
AOMS . . . . . e e e e e e e e e e e e e e e e e e e
4.2. Hexadecapole Interaction in the hfs of Free Atoms . . . . . . . . . .
43. gyFactorof Li . . . . . . . . . .. oo

5. hfs Measurements of Radioactive Isotopes (Off-Line and On-Line)
References . . . . . . . . . . . oo o e e

Chapter 11
The Microwave-Optical Resonance Method
William H. Wing and Keith B. MacAdam

1. Introduction
1.1. Method . . . . . . . . . . . . . e e e
1.2. Classification of Fine Structure . . . . . . . . . . . . . .. . ...
1.3. Rate-Equation Treatment of Line Shape

2. Experiments in Lowly Excited States . . . . . . . . . . ... . .. ..
2.1. Fine Structure of Hydrogen and Hydrogenlike Atoms . . . . . . . . .
2.2. Relativistic Fine Structure of Helium, Other Atoms, and Molecules . . .

3. Experiments in Highly Excited States . . . . . . . . . . . ... .. ..
3.1. Electrostatic and Relativistic Fine Structure of Helium Rydberg States
3.2, Apparatus . . . . . L L L Lo Lo e e e e e e e e e e
3.3. Experimental Results in Helium . . . . . . . . .. . . .. .. ..
3.4, Series Regularities . . . . . . . . . . . . . .. 0oL
3.5. Measurements in Other Atoms
References

Chapter 12

Lamb-Shift and Fine-Structure Measurements on One-Electron
Systems

H.-J. Beyer

1. Introduction . . . . . . . . . . L. Lo oo e .
1.1. Scopeof the Article . . . . . . . . . .. . ... ... ..
1.2. The Fine Structure of Hydrogenic Systems . . . . . . . . . . . . .
1.3. Structure of the Article . . . . . . . . . . . .. ..

2. Optical Investigations . . . . . . . . . . .
2.1, InterferometricWork . . . . . . .. . . . ... ...,
2.2. Saturation Spectroscopy
2.3. Ground-State Lamb Shift . . . . . . . . . .. .. ... L.

3. Slow-Beam and Bottle-Type Investigations
3.1. Signalsand Signal Shapes . . . . . . . . ... .. ... ...
3.2. Slow-Beam Experimentson H, D, n=2
3.3. Bottle-Type Experiments

4. Fast-Beam Investigations . . . . . . . . . . . ... ... ......
4.1. Measurement of the Stark Quenching Lifetime of 2§
4.2. Anisotropy of the 2§ Quenching Radiation

483

483
485
485
486
487

491
491
493
494
499
499
508
509
509
514
515
521
523
524

529
529
530
533
534
534
537
537
538
538
545
551
567
567
571



Contents of Part A xi

4.3. Quantum Beat Experiments . . . . . . . . . . . . . . ... ... 573
4.4. Quenching by Simulatedrf Fields . . . . . . . . ... ... R 578
4.5, rf Experiments . . . . . . . . . ... ... 579
4.6. Separated ¢f Field Experiments . . . . . . . . . . ... 0L 584
4.7, Laser Experiments . . . . . . . . . . . . .. ... 589
S.Results . . . . . . L. e e 589
5.1. Lamb-Shift and Fine-Structure Measurements ., . . . . . . . . . ., 589
5.2. Lamb-Shift Intervals withj >3 . . . . . . . . . . . ... .. ... 508
5.3. The Fine-Structure Constanta . . . . . . . . . . . . « . . . . .. 598
References and Notes . . . . . . . . . . . . . . . ... 600
Chapter 13

Anticrossing Spectroscopy
H.-J. Beyer and H. Kleinpoppen

1. Introduction . . . . . . . . . .. ..o e 607
2. Theory of Anticrossing Signals . . . . . . . . . . . . . .. ... ... 609
3. Experimental Studies of Anticrossing Signals . . . . . . . . . . . .. .. 611
3.1. Anticrossings Induced by External Perturbations . . . . . . . . . .. 612
3.2. Anticrossings Induced by Internal Perturbations . . . . . . . . . .. 625
3.3. Anticrossings Induced by Combined Internal and External Perturbations . 632
References . . . . . . . . . . ..o e e e 636
Chapter 14

Time-Resolved Fluorescence Spectroscopy
J. N. Dodd and G. W. Series

1. Introduction: Coherence and Superposition States . . . . . . . . . . . 639
1.1 Simple Theory of Quantum Beats . . . . . . . . . . . . . . . . .. 640
1.2. Methods of Preparation into Superposition States: Sudden Perturbations 643
1.3. Steady-State Excitation and Modulated Excitation: Applications . . . . 643
1.4. Coherences between Different Atoms . . . . . . . . . . . . . .. 645

2. Pulsed Excitation: Lifetimes and Quantum Beats . . . . . . . . . . . .. 648
2.1. Early Observations of Quantum Beats . . . . . . . . . .. .. .. 649
2.2. Excitation by Light, Theory: Geometrical Characteristics . . . . . . . 651
2.3. Superposition States of Mixed Parity . . . . . . . . . ... .. .. 662

3. Pulsed (Stepped) Magnetic and ElectricFields . . . . . . . . . . . . .. 664
3.1. Pulsed MagneticFietd . . . . . . . . . . . . ... ... ... 664
32. PulsedElectricField . . . . . . . . . .. .. ... .. ... .. 667
3.3. Pulsed Radio-Frequency Field . . . . . . . . . . . . .. .. ... 667

4. Resolution within the Natural Width . . . . . . . . . . . . . . . . .. 669
4.1. Theory . . . . . . .« o i e e e e e 669
4.2. Practicalitiesand Examples . . . . . . . . . . . . . .. ... 672
4.3. Conceptual Problems . . . . . . . . . . . . .. ... 673

S. ConcludingRemarks . . . . . . . . . . . . . . ... 674

References . . . . . . . . . . . . ... e 675



X1t Contents of Part A

Chapter 15
Laser High-Resolution Spectroscopy
W. Demtroder

1. Introduction . . . . . . . . . . . e e e e e e e e e e e 679
2. Laser Linewidth, Stability,and Tuning . . . . . . . . . . . . . .. .. 681

2.1. Multimode and Single-Mode Operations . . . . . . . . . . . . . . . 681
2.2. Wavelength Stabilization . . . . . . . . .. . ... ... 683
2.3. Continuous Wavelength Tuning . . . . . . . . . . . . ... ... 685
2.4. Wavelength Calibration . . . . . . . . . . . . ... ... . ... 686
3. Atomic Spectroscopy with Multimode Lasers . . . . . . . . . . . . .. 687
3.1. Optical Pumping with Lasers . . . . . . . . . . . . .. .. ... 687
3.2. Stepwise Excitation and Excited-State Spectroscopy . . . . . . . . . 688
3.3. Laser Photodetachment . . . . . . . . . . . . . . . . ... ... 691
3.4, Spectroscopy of Atomic LaserMedia . . . . . . . .. ... . ... 691
3.5. High-Sensitivity Absorption Spectroscopy . . . . . . . . . . . . . . 692
4. Doppler-Free Laser Spectroscopy . . . . . « v v v v v v 00 0o 693
4.1. Laser Spectroscopy in Collimated Atomic Beams . . . . . . . . . . . 693
4.2. Saturation SPectroscopy . . . . . . . . oo e . e w e e e s 697
4.3. Doppler-Free Two-Photon Spectroscopy . . . . . . . . . . . . . . 700
4.4. Laser Optical Double-Resonance Spectroscopy . . . . . . . . . . . 704
4.5. Polarization SPectroscopy . . . . .+ « « . 4 e e e e e e e 707
4.6. The Ultimate Resolution Limit . . . . . . . . . .. . ... ... 708
Referencesand Notes . . . . . . . . . . . v v i v vt e e e e 710

INDEX XXV



