Contents

1 Quantum Optics and Entanglement. . . . ................ ... ... .
1.1 Introduction ............ ... ... ...
1.2 Quantum Mechanics. . ............ ... ... ... ... .. ... ....
1.3 Classical and Quantum Information . ......................
1.4 Bits and Qubits in Quantum Optics .. .....................

1.4.1 An Example: Spatial Qubits .. .....................
1.4.2 Types of Optical Qubits ..........................
1.5  Detecting and Quantifying Entanglement . . .. ...............
1.5.1 Bell-Type Inequalities. . .. ........................
1.5.2  Schmidt Decomposition, Schmidt Number . ...........
1.5.3 Negativity and the Positive Partial
Transpose Condition . . . ..........................
1.5.4 Entanglement Monotones and Entanglement
of Formation. . ....... ... ... ... . ... ... ... ... ...
1.5.5 Quantum Discord ............. ... ... ... ... ......
1.5.6 CONCUITENCE . . ..ottt e e
1577 Tangle...... ... ...
1.5.8 Entanglement Witnesses . .. .......................
1.6 Entanglement in Practice: Spontaneous Parametric
Down Conversion. . . ...,
1.6.1 The Biphoton State. .. ........... ... .. .. ... ....
1.6.2 Entanglement in SPDC .. ........... .. ... ... . ...
1.7 Other Sources of Single Photons and Entangled-Photon Pairs . . .
1.7.1 Atomic Cascades. .. ...............c. ...
1.7.2  Additional Atomic and Solid-State Sources. . ..........
1.7.3 Fiber and Photonic Crystal Sources. . ................
1.8 Qudits. . ... e
1.9  “Local Reality” and Bell-Type Inequalities. . ................
1.10 Classical Versus Quantum Correlations . ...................
1.11 State Discrimination in Quantum Mechanics . ...............
References. . .. ... .

11
12
13
15
17
17
17

18

19
21
22
23
24

ix



2

3

4

Contents

Two-Photon Interference .......... ... ... ... ... ... .. ... ... 49
2.1 Classical Interferometry .......... ... ... ... ... ... ...... 49
2.2 Correlation Functions . . .. .......... ... ... ... . .. . ... ... 51
2.2.1 First-Order Correlations. . ......................... 51
2.2.2 Second-Order Correlations . ....................... 55
2.3 Hanbury Brown and Twiss: Source Size from Correlation . . . . . . 57
2.4  From One-Photon to Two-Photon Interference............... 58
2.5 The Hong—Ou-Mandel Dip .............. ... ... ... ... ... 60
2.6 The Franson Interferometer. . ... ......................... 63
2.7  Double-Crystal Experiments and Induced Coherence . ......... 65
References. .. ... . . 69
Aberration and Dispersion Cancelation. . . .................. ... 71
3.1  Introduction: Cancelation of Optical Phase Distortions. . ... .. .. 71
3.2 Dispersion Cancelation. .. ................. ... .......... 71
3.2.1 Dispersion Cancelation . .......................... 73
3.2.2  Steinberg—Kwiat—Chiao Dispersion Cancelation . ... .. .. 74
3.2.3 Franson Dispersion Cancelation .................... 76
3.3 Separation of Even and Odd Orders. . ..................... 78
3.4  Aberration Cancelation in Interferometry .. ................. 80
3.4.1 Optical Aberration. . .. ...........ouiiiennnee.n.. 80
3.4.2 Even-Order Aberration-Cancelation. . ................ 82
3.4.3 Aberration Cancelation to All Orders ................ 85
3.4.4 Comparison with Dispersion Cancelation ............. 86
3.4.5 Physical Interpretation. . ... ............. ... ....... 87
References. . ... ... . . 89
Quantum Metrology . .. ......... ... .. . .. .. .. 91
4.1  Absolute Photon Sources .. ........ ... .. ... . ... 91
4.2  Absolute Calibration of Photon-Counting Detectors . . .. ... .. .. 92
4.3  Quantum Ellipsometry . .......... ... ... ... ... ... ... ... 94
4.3.1 Classical Ellipsometry. ........................... 94
4.3.2 Quantum Ellipsometry. .. ......................... 96
4.4  Quantum Optical Coherence Tomography . ................. 97
441 Classical OCT. . ... . 98
442 Quantum OCT . ..... ... ... .. ... .. ... . .. . ... .... 99
4.4.3 Mimicking Quantum OCT with Classical Light .. ... ... 101
4.5 Quantum Lithography and NOON States . . .. ............... 102
4.6  Phase Measurements and Fundamental Measurement Limits . ... 103
4.7  Frequency Measurements . . .................... ... ...... 108
4.8  Additional Applications in Metrology. .. ................... 109

References. . . ... . e 110



Contents Xi
5 Polarization Mode Dispersion. . . ............................. 113
5.1  Classical Versus Quantum Measurement of Polarization-
Dependent Dispersion. . .. .............. ... 113
5.2 Chromatic Dispersion and Polarization Mode Dispersion . . . . . . . 116
5.3 Classical PMD Measurement . . .......................... 118
54 Type A Quantum Measurement . .. ....................... 120
5.5 Type B Quantum Measurement . ......................... 125
5.5.1 Experimental Determination of PMD
for Compact Devices. . . ............. ... ... . ...... 128
References. . .. ... . 129
6 Ghost Imaging and Related Topics .. ...................... ... 131
6.1  Quantum Ghost Imaging. . . ...... ... ... ... ... ... ... .... 132
6.1.1 Conceptual Introduction . ......................... 132
6.1.2 A Quantitative Discussion. . ....................... 134
6.2  Classical Ghost Imaging. .. ......... ... ... ... ... ... .... 138
6.3  Aberration Cancelation in Imaging. . ...................... 140
6.3.1 Odd-Order Aberration-Cancelation
in Correlated-Photon Imaging . . .................... 140
6.3.2 Two-Object Imaging . ............................ 144
6.4  Ghost Imaging and Turbulence. . ......................... 146
6.5 Computational and Compressive Ghost Imaging . ............ 150
6.6  Quantum Illumination. . . .................... .. ......... 152
6.7 Quantum Holography . ... ... ... ... ... ... ... .. ... .... 153
6.8  Additional Topics in Ghost Imaging. . ..................... 155
References. . ... ... .. . 156
7 Quantum MICrosCoOpY . . . . .. ..ottt 159
7.1 Introduction . ............ .. ... 159
7.2 Resolution, Super-Resolution, and the Abbé Limit. ........... 161
7.3  The Standard Confocal Microscope . ...................... 163
7.4  Two-Photon Excitation Microscopy . ...................... 165
7.5  Correlations Versus Confocality . ......................... 167
7.6 Entangled-Photon Fluorescence Microscopy................. 169
7.7  The Correlation Confocal Microscope . .................... 170
7.7.1 “Unfolded” Two-Sample Description . ............... 170
7.7.2 “Folded” Description: Reduction to One Sample ... .... 173
7.8 Twin-Photon Confocal Microscopy . ...................... 174
7.8.1 Multiple Photons in Confocal Microscopy ............ 174
7.8.2 The Coincidence Rate and Point Spread Function. . . . . .. 176
7.9  Two-Frequency Quantum Microscope . .................... 180
7.10 Related Methods. . . ...... ... ... . ... ... . 181

References. . . ... . e 181



xii

Contents

8 Correlated and Entangled Orbital Angular Momentum . .........

8.1  Orbital Angular Momentum in Optics . ....................
8.2  Entangled OAM in Parametric Down Conversion ............
8.3 Supersensitive Angular Measurement . . .. ..................

8.3.1 Angular and Rotational Measurements . ..............

8.3.2 Rotational Measurements .........................
8.4  Edge Contrast Enhancement. ............................
8.5  Spiral Imaging, Symmetry Detection,

and Object Recognition . ............. ... ... . ... ........
References. . .. ... . .

9 Quantum Communication and Cryptography...................

9.1 Introduction .............. .. ... ..
9.2 Basic Principles . ........ . ...
9.3  Some Discrete QKD Protocols . . . ........................
9.3.1 The BB84 and E91 Protocols . .....................
9.3.2 B92 Two-State Protocol .. ........................
9.3.3 Six-State Protocol . . ...... ... ... .
9.34 Decoy State and SARG04 Protocols. ... .............
9.4  Continuous Variable QKD Schemes. ......................
9.5 Other Protocols. . . ........ . .
9.6 SeCUTity .. ...t
9.7 Related TOPICS . . . . oot i
9.7.1 Quantum Bit Commitment and Quantum
Oblivious Transfer. . .............................
9.7.2 Quantum Secret Sharing . .........................
9.7.3 Quantum Data Locking and Quantum
Enigma Machines . . .......... ... ... .. .. ... . ...
9.74 Quantum Burglar Alarm . ... ...... ... ... ... ... ...
References. . . ...

Appendix A: Review of Optics. . ......... ... .. ... ... ... ... . ...

Appendix B: Optical Fields in Quantum Mechanics. . .. .............

Appendix C: Optical Effects of Aberration and Turbulence . . .. ... ...

Appendix D: Phase Matching in Spontaneous Parametric

Down Conversion . . ................ ... ............

Appendix E: Vectorial Scattering Analysis of the Twin-Photon

MICroscope . .. ...... ..t

215



2 Springer
http://www.springer.com/978-3-319-46549-4

Quantum Metrology, Imaging, and Communication
Simon, D.5.; Jaeger, G.; Sergienko, AW,

2017, X, 273 p. 105 illus., 68 illus, in color., Hardcowver
ISEM: 978-3-319-46549-4



	Contents



