Alexander J. Dunning

Coherent Atomic
Manipulation and Cooling

Interferometric Laser Cooling and Composite
Pulses for Atom Interferometry

Doctoral Thesis accepted by
the University of Southampton, UK

@ Springer



Contents

1 Imtroduction. ............ ... .. .. 0.0t
1.1 An Introduction to Atom Interferometry . .................

1.2 Thesis Roadmap. . ........ ... ... ... . ... .. .......
References . . ... oot e e

2 Coherent Manipulation and Interferometry. . ................
2.1 Raman Transitions . . . .. ...... ...ttt nnnennennn
2.1.1 3-Level System and the Rabi Frequency . ... .........

2.12 The Momentum Operator . . .....................

2.1.3 The 3-Level Hamiltonian. . . .....................

2.1.4 Effective Two-Level System
2.1.5 The Dressed State Approach

2.1.6 Solutions to the Two-Level TDSE . ... .............

2.2 The Bloch Sphere Picture . . . . ...

2.2.1 Time Evolution of the Density Matrix. . . ... .........

2.2.2 The Optical Bloch Equations
2.2.3 The Bloch Vector. .. .....
2.2.4 The Coherent Pulse Toolkit .

2.3 Velocity-Selective Atom Interferometry. .. ................

2.3.1 The Ramsey Interferometer .
2.3.2 Velocity-Dependent Phase . .
24 Rubidium-85................
2.4.1 Atomic Structure . .......
2.4.2 Dipole Transitions .. ... ..
2.4.3 Raman Transitions . . ... ..
References ......... e

Rubidium MOT and Experimental Procedures . ..............

3.1 Principles of Magneto-Optical Trapping . .................

32 MOTLasers ................
3.2.1 Cooling and Repump Lasers

AN L W=

10
12
12
15
16
17
19
19
20
21
23
25
25
27
28
28
31
33
37

39
39
41
41

xiii



Xiv

Contents

322 Beam Switching. . .. ...t 42
323 DepumpBeam. .............ciiiiiiinneer... 44

33 MOTChamber. . . ... .o e ie e 44
331 OpticalFields . .......... ... ... . . ..., 45
332 MagneticFields . . ...............uvvn.... 46

3.4 Imaging and Detection . .....................c...... 48
3.5 Preparation and Readout Sequence . . . ................... 49
3.5.1 MolassesCooling. ............coiiiiveennnn.. 50
352 State Preparation . ............ ...ttt 51
353 StateReadout. . ............ ... ..t 52

3.6 MOT Characterisation. . . . . ... v v v e e e iviiiinnnen. .. 52
36.1 SizeandShape ................. ... ... 53
3.6.2 ExpansioninFree-Fall ......................... 54
References .. ... ... . . . . . . . . 55
Raman Pulse Generation . ............. e 57
41 OVeIVIEW. . . .t 57
42 LaserBeam SOUICE. . ... ......coiiinnnnenennennnnnn. 59
4.3 Microwave Frequency Shift. .......................... 59
4.3.1 Acousto-Optical Modulator . .. ................... 60
4.3.2 Electro-Optical Modulator . . . . ................... 60
4.3.3 Phase and Frequency Control. . ................... 61

4.4 EOM-Output Carrier Removal . . ....................... 64
4.5 EOM-Output Sideband Removal ....................... 66
4.5.1 Mach-Zehnder Interferometer. . . ... ... ............ 67

4.6 Power Amplification. . .. ........... ... ... .. ... ... ... 69
47 Pulse Generation . .................tiiiiiin 70
4.8 Direction Switching . . . .............. ... ... ......... 71
481 PockelsCell ............... .. .. .. ... 0. 71

49 Beam Shaping . .. ......... ... ... 72
References .. ... . . 74
Raman Pulse Characterisation . .......................... 77
5.1 Velocity-Insensitive Raman Pulses . . .................... 77
511 Zeeman Structure. .. ...............uiiii.... 78
512 LightShifts.......... .. ... ... . ... . .......... 80
5.1.3 Spectral Pulse Profile . . ........................ 84
514 RabiFlopping ............. ... .. 87

5.2 Velocity-Sensitive Raman Pulses .. ..................... 92
5.2.1 Raman Velocimetry . .......................... 92
522 RabiFlopping . .......... ... ... .. .. .......... 95

53 Conclusion ......... ... ... 96

References . ........c . i 97



Contents XV

6 Composite Raman Pulses . ... ........................... 99
6.1 Composite Pulse Visualisation . . ................ P 100
6.1.1 Notation . .................. 0., 102
6.1.2 SystematicErrors. ................... .. ....... 102
6.1.3 Pulse Fidelity. . ............. ... ... .......... 103
6.2 Rotary SpinEchoes . ................. ... .. ... .. .... 104
6.3 Composite Inversion Pulses . . ......................... 107
63.1 ot —ot L. 107
6.3.2 T — T 113
6.3.3 Temporal Evolution . .......................... 116
6.3.4 Predicted Temperature-Dependent Performance . ....... 117
6.4 An Alternative to Composite Pulses . . .. ................. 118
65 Conclusion ............................ e 119
References . ........ . i 120
7 Interferometric Cooling . ............................... 123
7.1 Proposed Cooling Scheme. . .......................... 124
72 Ramsey Fringes . . ........ ... ... . ... .. ... ... 127
7.2.1 Light-Pulse Atom Interferometer Phase . . ... ......... 128
7.2.2 Fringe Measurements . .. ... ........etuuteann..n 129
73 Depump Pulses .. ........ ..., 132
7.4 Modulation of the Velocity Distribution .. ................ 133
7.4.1 AnalysisoftheData.............. ... ... ....... 136
7.4.2 Sources of Unwanted Heating . . . ................. 137
7.5 Preliminary Demonstration of Cooling . .................. 139
7.5.1 Immediate Future Improvements. . ................. 140
7.6 Coherent Enhancements in Interferometric Cooling. . ......... 141
7.6.1 Frequency-Independent Interferometric Cooling . . ... ... 142

7.6.2 Coherent Amplification of a Velocity-Selective
Impulse. . .. ... .. 143
7.7 ConcluSion . . ........uuvuinmemneenneannnn. P, 144
References . ... ... ... . i 145
8 Conclusions . . ........ ... . ... . 147
Reference . .. ... .. ittt 149
Appendix A: Theory Supplements . . ... ...................... 151

Appendix B: Numerical Model. . . ........................... 159



