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‘And the stars look very different today.’
Space Oddity - David Bowie



Cover by Julien Alday
To visualize outer space and immense manifestations such as solar erup-
tions, French illustrator Julien Alday manipulates photographic elements
by shooting oxidation of metallic plates. In recording a small chemical reac-
tion, he ultimately depicts events on a cosmic scale. From top to bottom the
graphical elements represent the Gaia spacecraft downlinking data to Earth,
the Earth and its magnetosphere, the Sun and the solar wind.
http://www.julienalday.com

http://www.julienalday.com


Table of contents vii

Table of contents
Page

Chapter 1. Introduction 1
1.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Astrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Gaia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Charge-Coupled Device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Radiation damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.6 The Gaia CTI mitigation strategy . . . . . . . . . . . . . . . . . . . . . . . . 20
1.7 This thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.8 Lessons learned and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Chapter 2. Electrode level Monte Carlo model of radiation damage effects on
astronomical CCDs 31

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2 Model description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2.1 Simulation process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.2.2 Effective charge capture and release probabilities . . . . . . . . . . 37
2.2.3 Charge density distribution modelling . . . . . . . . . . . . . . . . . 40
2.2.4 CCD illumination history . . . . . . . . . . . . . . . . . . . . . . . . 42

2.3 Radiation tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.4 Model verification and comparison to experimental data . . . . . . . . . . 46

2.4.1 Model comparison to analytical prediction . . . . . . . . . . . . . . 48
2.4.2 Model comparison to experimental data . . . . . . . . . . . . . . . . 49

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Chapter 3. The impact of CCD radiation damage on Gaia astrometry part I
Image location estimation in the presence of radiation damage 61

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.2 Overall methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.3 Generating Gaia-like observations . . . . . . . . . . . . . . . . . . . . . . . 65

3.3.1 How Gaia observes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3.2 Construcing a Gaia-like reference image . . . . . . . . . . . . . . . . 67
3.3.3 Monte Carlo simulations of observations . . . . . . . . . . . . . . . 68
3.3.4 Simulation of the CTI effects . . . . . . . . . . . . . . . . . . . . . . . 69

3.4 The Gaia image location estimation procedure . . . . . . . . . . . . . . . . 72
3.4.1 Observation model: scene . . . . . . . . . . . . . . . . . . . . . . . . 72
3.4.2 Maximum-likelihood estimation of the image parameters . . . . . . 73
3.4.3 First image parameter estimates and LSF model . . . . . . . . . . . 74
3.4.4 Iterative image parameter and LSF model improvement . . . . . . 74



viii Table of contents

3.5 Theoretical and actual limit to the image location accuracy . . . . . . . . . 76
3.5.1 Definition of the astrometric Cramér-Rao bound . . . . . . . . . . . 76
3.5.2 Location independent error and standard deviation . . . . . . . . . 78
3.5.3 CTI-free location bias results per magnitude . . . . . . . . . . . . . 79
3.5.4 CTI-free location accuracy per magnitude . . . . . . . . . . . . . . . 80
3.5.5 Radiation damage intrinsic uncertainty increase . . . . . . . . . . . 82
3.5.6 Radiation induced image location bias . . . . . . . . . . . . . . . . . 84
3.5.7 Comparison with experimental data . . . . . . . . . . . . . . . . . . 84
3.5.8 Damaged location estimation standard errors . . . . . . . . . . . . 85

3.6 CTI effects mitigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.6.1 Potential alternative approaches . . . . . . . . . . . . . . . . . . . . 87
3.6.2 A complete forward modelling approach . . . . . . . . . . . . . . . 89
3.6.3 Testing the forward modelling approach . . . . . . . . . . . . . . . 91
3.6.4 Current best CDM candidate . . . . . . . . . . . . . . . . . . . . . . 91
3.6.5 The forward modelling approach initialization . . . . . . . . . . . . 93
3.6.6 Image location bias and accuracy recovery . . . . . . . . . . . . . . 95
3.6.7 Image flux bias recovery . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.9 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Chapter 4. The impact of CCD radiation damage on Gaia astrometry part II
Effect of image location errors on the astrometric solution 107

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.2.1 Generating Gaia-like observations . . . . . . . . . . . . . . . . . . . 109
4.2.2 Charge transfer inefficiency model . . . . . . . . . . . . . . . . . . . 113
4.2.3 Simulating the astrometric solution . . . . . . . . . . . . . . . . . . . 124

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
4.3.1 How a constant bias would affect the astrometric solution . . . . . 135
4.3.2 Detailed model results . . . . . . . . . . . . . . . . . . . . . . . . . . 136
4.3.3 Residual based correction . . . . . . . . . . . . . . . . . . . . . . . . 138
4.3.4 Disturbing stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
4.4.1 Implications for the scientific performance of Gaia . . . . . . . . . . 140
4.4.2 CTI mitigation in Gaia . . . . . . . . . . . . . . . . . . . . . . . . . . 143

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

Chapter 5. Stress-testing a fast analytical Charge Transfer Inefficiency model 147
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.2 Charge Distortion Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.2.1 Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
5.2.2 Usage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.3 Gaia CCD design and operation . . . . . . . . . . . . . . . . . . . . . . . . 153
5.4 Experimental tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154



Table of contents ix

5.4.1 Experimental test setup . . . . . . . . . . . . . . . . . . . . . . . . . 154
5.4.2 The test dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.4.3 Modelling the CDM input signal . . . . . . . . . . . . . . . . . . . . 155

5.5 Model-data comparison methodology . . . . . . . . . . . . . . . . . . . . . 156
5.5.1 Comparison procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 156
5.5.2 Determination of the best-fitting CDM parameters . . . . . . . . . . 156
5.5.3 Calibration schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
5.6.1 The best agreement achievable . . . . . . . . . . . . . . . . . . . . . 158
5.6.2 Calibration on a per magnitude basis . . . . . . . . . . . . . . . . . 161
5.6.3 Calibration on a per CCD basis . . . . . . . . . . . . . . . . . . . . . 162

5.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.7.1 Experimental instabilities . . . . . . . . . . . . . . . . . . . . . . . . 165
5.7.2 The CDM performance in the context of the Gaia approach to CTI

mitigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
5.7.3 Calibrating CDM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.8 Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . . . . . 170

Chapter 6. Digging supplementary buried channels: Investigating the notch
architecture within the CCD pixels on ESA’s Gaia satellite 173

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
6.2 The Gaia CCD pixel architecture . . . . . . . . . . . . . . . . . . . . . . . . 176
6.3 The SBC Full Well Capacity issue . . . . . . . . . . . . . . . . . . . . . . . . 180

6.3.1 Measurements on irradiated CCDs . . . . . . . . . . . . . . . . . . . 180
6.3.2 Measurements on non-irradiated CCDs . . . . . . . . . . . . . . . . 182

6.4 FPR measurements: Model to Data comparison . . . . . . . . . . . . . . . 185
6.4.1 Principles of the FPR measurement . . . . . . . . . . . . . . . . . . . 185
6.4.2 Selection of the experimental data . . . . . . . . . . . . . . . . . . . 187
6.4.3 Generation of the synthetic data . . . . . . . . . . . . . . . . . . . . 188
6.4.4 Comparison results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
6.4.5 Discussion of FPR measurements . . . . . . . . . . . . . . . . . . . . 194

6.5 Pocket pumping measurements . . . . . . . . . . . . . . . . . . . . . . . . 195
6.6 Comparison of Radiation Campaigns 3 and 4 test data from the same CCDs 198
6.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

6.7.1 Non-functional SBC statistics and predictions . . . . . . . . . . . . . 200
6.7.2 Impact on the Gaia image location accuracy . . . . . . . . . . . . . . 205

6.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
6.9 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

Bibliography 212
List of acronyms 218
Nederlandse samenvatting 221
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