                                     High Resolution

                                   Infrared Imaging

                                                                          Martin Gregory Beckett

                                                                             Institute of Astronomy

and

                                                                              Cavendish Laboratory

                                                          Wolfson College - Cambridge

                                                                                                   October 1995

A dissertation submitted to the University of Cambridge for the degree of Doctor of Philosophy

Declaration

The research described in this dissertation was carried out between October 1991 and October 1995

under the supervision of Dr. Craig Mackay at the Institute of Astronomy and Cavendish Laboratory,

Cambridge.  The work described here is the author´s own and no part of it has been submitted for any

degree or qualification at any other university.

This thesis does not contain more than 60,0000 words.

Acknowledgements - Official

The major credit for the work in this thesis must go to my supervisor Craig Mackay for suggesting the

project, agreeing to buy the NICMOS device and generally knowing which way round a transistor

should go.

The highlight of any COAST project is the COAST team.  I would like to thank John 2 , Chris, Donald,

Pete, Graham, Roger and Craig, for the Friday afternoon sun bathing sessions in John´s office where I

learnt a great deal of physics, very little of which was to do with COAST.

Acknowledgements - Unofficial

Since this is the only part of the thesis that anyone is ever going to read I should point out that this

volume contains no useful information, except for the cartoons.  The extremely useful lists detailing

which wire is connected to which plug, are in the COAST technical manual.  The software is in the very

large volume accompanying the technical manual, I would appreciate someone reading this as it

involved quite a lot of work.

And now the list of people I didn´t forget to include:

Since I am the last student of my year to submit, I can whinge about all the people who left me out of

their acknowledgements.  But I would like to say thanks to Geraint, Peter, Karl, Kate, Julia, and

Amanda.

In the Institute I would especially like to thank Margaret, a constant source of useful gossip and even

more useful grants.

The radio astronomy coffee breaks where I spent approximately 1000 hours and without which this

thesis could probably have been finished on time.  In particular, the contribution of Richard Saunders to

the atmosphere of the group cannot be underestimated.

A big thank you to Julie for the commas.

Finally, I wrote this thesis in a Windows word processor and I was the first person I know to do so.

I now realise why everyone else used TeX.

Outline

Chapter one examines why high spatial resolution images are important and how to obtain them.  The

                         historical and technical background to interferometry is described.

Chapter two explains the physics and technology of infrared detectors  It also describes the difference in

                         operation of visible and infrared systems in a way which would be useful for astronomers

                         familiar with visible CCD systems.

Chapter three is the detailed design, construction and operation of the NICMOS device and the camera

                         produced for COAST.  It also contains the results of the studies into the NICMOS device

                         performance.

Chapter four explains the COAST infrared system and the modifications to the existing visible

                         telescopes.  The performance of COAST in the infrared is examined along with a discussion of

                         its efficiency and a prediction of  the limiting magnitude

Chapter five describes the collection and processing of COAST data and the results of the limited

                         astronomical measurements made with the instrument in the infrared.

Chapter six is a conclusion of the work described here and contains some suggestions for future

                         directions of COAST.

Contents

1. High Resolution  Imaging -------------------------------- ------------------------------- 1

       1.1 Introduction -------------------------------- -------------------------------- ----------------------------- 1

       1.2 Why high resolution? -------------------------------- -------------------------------- ------------------ 1

       1.3 Why is it difficult? -------------------------------- -------------------------------- --------------------- 2

       1.4 Interferometry -------------------------------- -------------------------------- --------------------------- 3

       1.5 Why infrared? -------------------------------- -------------------------------- --------------------------- 6

       1.6 Astronomy -------------------------------- -------------------------------- ------------------------------- 8

              1.6.1 Photospheres of cool stars. -------------------------------- -------------------------------- --------------- 8

              1.6.2 Circumstellar material. -------------------------------- -------------------------------- ------------------- 9

              1.6.3 Young stars in molecular clouds. -------------------------------- -------------------------------- ------- 9

              1.6.4 Quasars -------------------------------- -------------------------------- -------------------------------- ----- 9

       1.7 Conclusion -------------------------------- -------------------------------- ----------------------------- 10

2. Infrared Detector  Technology -------------------------------- ---------------------- 11

       2.1 Detecting photons -------------------------------- -------------------------------- -------------------- 11

       2.2 Measuring the Signal -------------------------------- -------------------------------- ---------------- 13

              2.2.1 Photoconductive effect -------------------------------- -------------------------------- ------------------- 13

              2.2.2 Photovoltaic effect -------------------------------- -------------------------------- ------------------------ 13

       2.3 Array detectors -------------------------------- -------------------------------- ----------------------- 14

              2.3.1 Array advantages -------------------------------- -------------------------------- ------------------------- 14

              2.3.2 Array design -------------------------------- -------------------------------- ------------------------------ 15

              2.3.3 Structure of Hybrid Arrays -------------------------------- -------------------------------- -------------- 19

              2.3.4 Differences between IR-Arrays and CCDs -------------------------------- ---------------------------- 20

       2.4 Array Parameters -------------------------------- -------------------------------- --------------------- 23

              2.4.1 Number of pixels -------------------------------- -------------------------------- ------------------------- 23

              2.4.2 Filling factor -------------------------------- -------------------------------- ------------------------------ 23

              2.4.3 Quantum efficiency -------------------------------- -------------------------------- ---------------------- 24

              2.4.4 Well capacity -------------------------------- -------------------------------- ------------------------------ 24

              2.4.5 Uniformity and Linearity -------------------------------- -------------------------------- ---------------- 25

              2.4.6 Read noise -------------------------------- -------------------------------- -------------------------------- - 25

              2.4.7 Dark current -------------------------------- -------------------------------- ------------------------------- 25

       2.5 Conclusion -------------------------------- -------------------------------- ----------------------------- 26

3. Camera -------------------------------- -------------------------------- ---------------------- 27

       3.1 Choice of detector -------------------------------- -------------------------------- -------------------- 27

              3.1.1 Wavelength Range -------------------------------- -------------------------------- ----------------------- 27

              3.1.2 Detector Format -------------------------------- -------------------------------- -------------------------- 28

              3.1.3 Detector Material -------------------------------- -------------------------------- ------------------------- 28

       3.2 Available Devices -------------------------------- -------------------------------- -------------------- 29

              3.2.1 SBRC -------------------------------- -------------------------------- -------------------------------- ------- 30

              3.2.2 NICMOS -------------------------------- -------------------------------- -------------------------------- --- 30

       3.3 NICMOS Array -------------------------------- -------------------------------- ---------------------- 31

              3.3.1 Detector layer -------------------------------- -------------------------------- ----------------------------- 32

              3.3.2 Unit Cell -------------------------------- -------------------------------- -------------------------------- --- 33

              3.3.3 Multiplexor -------------------------------- -------------------------------- -------------------------------- 33

              3.3.4 Output amplifier -------------------------------- -------------------------------- -------------------------- 35

       3.4 Hardware -------------------------------- -------------------------------- ------------------------------ 35

              3.4.1 Dewar - Cryogenics -------------------------------- -------------------------------- ---------------------- 35

              3.4.2 Controller -------------------------------- -------------------------------- -------------------------------- -- 39

              3.4.3 Interface -------------------------------- -------------------------------- -------------------------------- --- 40

              3.4.4 Control Computer -------------------------------- -------------------------------- ------------------------ 42

       3.5 Operation -------------------------------- -------------------------------- ------------------------------ 42

              3.5.1 RISC microcode -------------------------------- -------------------------------- -------------------------- 43

              3.5.2 Readout scheme -------------------------------- -------------------------------- --------------------------- 44

              3.5.3 Reading sub-arrays -------------------------------- -------------------------------- ----------------------- 46

              3.5.4 Pixel Readout -------------------------------- -------------------------------- ----------------------------- 47

       3.6 Performance -------------------------------- -------------------------------- --------------------------- 50

              3.6.1 Quantum Efficiency -------------------------------- -------------------------------- ---------------------- 50

              3.6.2 Gain -------------------------------- -------------------------------- -------------------------------- -------- 51

              3.6.3 Read Noise -------------------------------- -------------------------------- -------------------------------- 55

              3.6.4 Dark Current -------------------------------- -------------------------------- ------------------------------ 59

              3.6.5 Linearity -------------------------------- -------------------------------- -------------------------------- --- 59

              3.6.6 Detector bias and well capacity -------------------------------- -------------------------------- --------- 61

              3.6.7 Persistence -------------------------------- -------------------------------- -------------------------------- - 62

              3.6.7 Amplifier luminescence -------------------------------- -------------------------------- ----------------- 63

              3.6.8 Amplifier luminescence -------------------------------- -------------------------------- ----------------- 63

       3.7 Readout mode -------------------------------- -------------------------------- ------------------------ 65

       3.8 Conclusion -------------------------------- -------------------------------- ----------------------------- 68

4. COAST -------------------------------- -------------------------------- ---------------------- 69

       4.1 Description of COAST -------------------------------- -------------------------------- -------------- 69

              4.1.1 Site layout -------------------------------- -------------------------------- -------------------------------- - 69

              4.1.2 Number of telescopes -------------------------------- -------------------------------- -------------------- 70

              4.1.3 Telescopes -------------------------------- -------------------------------- -------------------------------- - 71

              4.1.4 Path compensation -------------------------------- -------------------------------- ----------------------- 71

              4.1.5 Autoguider -------------------------------- -------------------------------- -------------------------------- 72

              4.1.6 Visible / Infrared selection -------------------------------- -------------------------------- -------------- 73

       4.2 COAST beam combination -------------------------------- -------------------------------- --------- 74

              4.2.1 Image-plane, all-together -------------------------------- -------------------------------- ---------------- 75

              4.2.2 Pupil plane, pair-wise -------------------------------- -------------------------------- -------------------- 79

              4.2.3 Fringe tracking -------------------------------- -------------------------------- --------------------------- 81

              4.2.4 Conclusion -------------------------------- -------------------------------- -------------------------------- 81

       4.3 COAST structure -------------------------------- -------------------------------- --------------------- 82

              4.3.1 General Layout -------------------------------- -------------------------------- --------------------------- 82

              4.3.2 Infrared beam combiner -------------------------------- -------------------------------- ----------------- 86

              4.3.3 Beam-Splitter design -------------------------------- -------------------------------- --------------------- 88

              4.3.4 Internal calibration and testing -------------------------------- -------------------------------- --------- 89

              4.3.5 Output arrangement -------------------------------- -------------------------------- ---------------------- 90

              4.3.6 Alignment -------------------------------- -------------------------------- -------------------------------- - 92

       4.4 Efficiency - Performance -------------------------------- -------------------------------- ------------ 94

              4.4.1 Flux losses. -------------------------------- -------------------------------- -------------------------------- 94

              4.4.2 Visibility  losses. -------------------------------- -------------------------------- ------------------------ 101

              4.4.3 Limiting magnitude -------------------------------- -------------------------------- -------------------- 104

       4.5 Conclusion -------------------------------- -------------------------------- ---------------------------- 107

5. Results -------------------------------- -------------------------------- --------------------- 108

       5.1 Visibility measurement -------------------------------- -------------------------------- ------------- 108

       5.2 COAST Status -------------------------------- -------------------------------- ----------------------- 109

       5.3 Astronomical observations -------------------------------- -------------------------------- --------- 109

       5.4 Internal calibration -------------------------------- -------------------------------- ------------------ 113

       5.5 Conclusion -------------------------------- -------------------------------- ---------------------------- 115

6. Conclusion -------------------------------- -------------------------------- --------------- 116

       6.1 Status -------------------------------- -------------------------------- -------------------------------- -- 116

       6.2 Improvements to COAST -------------------------------- -------------------------------- ---------- 117

              6.2.1 Enhanced Optical Coatings -------------------------------- -------------------------------- ----------- 117

              6.2.2 Fringe tracking -------------------------------- -------------------------------- ------------------------- 117

              6.2.3 Multi-wavelength observing -------------------------------- -------------------------------- ---------- 118

              6.2.4 K band operation -------------------------------- -------------------------------- ----------------------- 118

              6.2.5 Larger mirrors -------------------------------- -------------------------------- -------------------------- 119

              6.2.6 Better site -------------------------------- -------------------------------- -------------------------------- 119

Figures

        1.1: A two element interferometer -------------------------------- -------------------------------- ------- 4

        2.1:  Infrared detector materials -------------------------------- -------------------------------- -------- 12

        2.2:  Structure of a hybrid array -------------------------------- -------------------------------- ------- 18

        2.3:  Bucket analogy, linearity of CCD and DRO. -------------------------------- ------------------ 22

        3.1:  Cross section of NICMOS array -------------------------------- -------------------------------- 32

        3.2: Unit cell and equivalent circuit -------------------------------- -------------------------------- ---- 33

        3.3: Multiplexor schematic -------------------------------- -------------------------------- ------------- 34

        3.4:  Dewar cross-section -------------------------------- -------------------------------- --------------- 37

        3.5:  NICMOS-Astromed Interface schematic -------------------------------- ----------------------- 41

        3.6:  Timing diagram for full frame readout -------------------------------- ------------------------- 46

        3.7:  Double Correlated Sampling schematic -------------------------------- ------------------------ 49

        3.8:  Timing diagram for pixel readout -------------------------------- ------------------------------- 50

        3.9:  Variance curve schematic -------------------------------- -------------------------------- --------- 52

        3.10:  Variance plot for NICMOS array -------------------------------- ------------------------------ 54

        3.11:  Effect on read noise of DCS integration time -------------------------------- ---------------- 56

        3.12:  Histogram of noise values from one quadrant -------------------------------- ---------------- 57

        3.13:  Diagram of single line noise analysis -------------------------------- -------------------------- 58

        3.14:  Dark-Count rate -------------------------------- -------------------------------- ------------------ 59

        3.15:  Linearity of integrated signal and output -------------------------------- ---------------------- 60

        3.16:  NICMOS amplifier linearity -------------------------------- -------------------------------- ---- 61

        3.17:  Well capacity as function of detector bias -------------------------------- -------------------- 62

        3.18:  Extra signal from amplifier glow -------------------------------- ------------------------------- 64

       3.19:  Position of COAST output images -------------------------------- ----------------------------- 65

       3.20:  Timing of COAST four beam read -------------------------------- ----------------------------- 68

        4.1:  All-together, image plane combination scheme -------------------------------- ---------------- 76

        4.2:  Image plane combination with a parabolic mirror -------------------------------- ------------- 78

        4.3:  Image plane combination with spherical mirrors -------------------------------- -------------- 79

        4.4:  Pupil plane combination scheme -------------------------------- -------------------------------- - 80

        4.5:  Layout of COAST -------------------------------- -------------------------------- ----------------- 83

        4.6:  View of  telescopes -------------------------------- -------------------------------- ---------------- 85

        4.7: Inside the COAST optics lab -------------------------------- -------------------------------- ------ 85

        4.8:  Infrared beam combiner -------------------------------- -------------------------------- ----------- 86

        4.9:  View of  Infrared beam combiner -------------------------------- -------------------------------- 87

        4.10:  Diagram of picture -------------------------------- -------------------------------- --------------- 87

        4.11:  Beam-Splitter -------------------------------- -------------------------------- --------------------- 88

        4.12:  Path Trolley -------------------------------- -------------------------------- ----------------------- 88

       4.13:  Performance of beam-splitter and anti-reflection coatings -------------------------------- -- 89

        4.14:  Beam imaging arrangement -------------------------------- -------------------------------- ----- 91

        4.15:  List of paths through combiner -------------------------------- -------------------------------- - 93

        4.16:  Flux losses in the system -------------------------------- -------------------------------- -------- 95

5.1:  Fringes from a Lyr -------------------------------- -------------------------------- ----------------- 109

5.2:  Subtracted fringe pattern -------------------------------- -------------------------------- --------- 110

5.3:  Fringe visibility -------------------------------- -------------------------------- -------------------- 112

5.4:  Power spectrum of  a Lyr fringes -------------------------------- -------------------------------- 113

5.5:  Internal fringes formed on 3 baselines -------------------------------- -------------------------- 114

5.6:  Power spectrum of 3 baseline fringes -------------------------------- --------------------------- 114