
Contents

1 Introduction and motivation 5

1.1 Molecular Ions in Quantum Technology............................................................. 9

1.2 Methods for creating and storing cold molecules and molecular ions................... 10

1.3 Motivation for the present work............................................................................ 11

1.3.1 Rotational state excitations when cooling molecular ions............................13

1.3.2 Prospects of using diatomic molecular ions for Ramsey like rotational
interferometry ............................................................................................ 14

1.4 Thesis structure......................................................................................................... 15

2 Theoretical methods 17

2.1 Rigid rotor .............................................................................................................. 17

2.2 Internal Dynamics of Diatomic Molecules........................................................... 19

2.2.1 The Born-Oppenheimer Approximation.................................................. 19

2.2.2 Interaction with an electric field ............................................................ 21

2.3 Approximations to the rovibrational Hamiltonians............................................... 24

2.3.1 Rigid Rotor Approximation...........................................................................24

2.3.2 Effective Rotor Approximation.....................................................................25

2.4 Time evolution............................................................................................................ 27

1

https://d-nb.info/1304134954


2

3 Numerical methods 29

3.1 Representation of wave functions and operators..................................................... 30

3.1.1 Discrete Variable Representation (DVR)....................................................... 31

3.1.2 Finite Basis Representation (FBR)............................................................... 35

3.1.3 Uncoupled m-representation........................................................................... 36

3.1.4 Coupled m-representation.............................................................................. 37

3.1.5 Effective application of angular potential operators in the FBR-representation 3

3.2 Time propagation......................................................................................................... 39

4 Sympathetic Cooling and Rotational Excitation 43

4.1 The basic concept of sympathetic cooling of molecular ions...............................44

4.2 Model of the atom-molecule interaction ................................................................ 45

4.2.1 Classical collisions..........................................................................................46

4.2.2 Quantum rotations..........................................................................................49

4.2.3 Modeling the electric field originating from the atomic ion.......................53

4.3 Single collisions........................................................................................................... 56

4.3.1 Model validity ................................................................................................ 57

4.3.2 Polar molecular ions....................................................................................... 59

4.3.3 Apolar molecular ions.................................................................................... 68

4.4 Modeling a complete cooling cycle..........................................................................74

4.4.1 Averaging over the impact parameter .........................................................74

4.4.2 Energy and and population transfer............................................................75

4.5 Results for a complete cooling cycle .......................................................................77

4.5.1 Cooling time scales.......................................................................................... 77

4.5.2 Accumulated excitation for polar molecular ions...................................... 79

4.5.3 Accumulated excitation for apolar molecular ions...................................... 80

4.6 Conclusions and Outlook ......................................................................................... 84



3

5 Rotational State Interferometry using Diatomic Molecular Ions 87

5.1 Introduction................................................................................................................. 87

5.2 Presenting the Interferometer...................................................................................88

5.3 Theoretical framework...............................................................................................90

5.4 Results.......................................................................................................................... 94

5.4.1 Performance of the Effective Rotor Approximation.................................. 94

5.4.2 Creating a rotational wave packet by a single femtosecond laser pulse 97

5.4.3 Creating and Probing Rotational Wavepackets Using a Sequence of
Two Femtosecond Laser Pulses.................................................................. 101

5.4.4 Prospect of measuring the polarizability anisotropy.................................104

5.5 Conclusions and Outlook ........................................................................................106

6 Conclusions and outlook 109

Appendices 113

Appendix A Born-Oppenheimer Approximation 115

Appendix B Multipole Expansion 119

Appendix C Inertia Tensor 123

Appendix D Polynomials 125

D.1 Legendre polynomials..............................................................................................125

D.2 Chebyschev polynomials...........................................................................................127

Appendix E Approximation Methods 129

E.1 Perturbation Theory.................................................................................................129

E.2 Adiabatic picture.......................................................................................................130

E.2.1 Obtaining the expansion coefficients.........................................................130

E.2.2 The Berry and dynamical phases............................................................... 134



4

E.2.3 The matrix element ..................................................................................... 135

E.2.4 Basis set comparison..................................................................................... 135

Appendix F Evaluation of integrals 137

F.1 Evaluation of f(K) = JT432cosue"3rtanudu.............................................................137

F.2 Evaluation of (62)cc................................................................................................ 138

F.3 Evaluation of (63)cc.................... 139

F.4 Evaluation of (68)cc................................................................................................ 139

F.5 Evaluation of {8El)cc............................................................................................. 139

F.6 An estimate of an average of <r(E) in the single ion cooling scenario .............. 140

List of Figures 141

List of Tables 147

References 148


