
JPL Publication 99-003

The Terrestrial Planet Finder (TPF):
A NASA Origins Program to Search for Habitable Planets

The TPF Science Working Group
Edited by C.A. Beichman, N.J. Woolf, and C.A. Lindensmith

May, 1999

http://tpf.jpl.nasa.gov/



Prepared by the TPF Science Working Group

Roger Angel, University of Arizona, Steward Observatory
Dana Backman, Franklin & Marshall College
Charles Beichman, Infrared Processing and Analysis Center, 

Jet Propulsion Laboratory
Robert Brown, Space Telescope Science Institute
Alan Dressler, Carnegie Institution of Washington
Suzan Edwards, Smith College
Malcolm Fridlund, European Space Agency, ESTEC
Dan Gezari, NASA Goddard Space Flight Center
James Kasting, Pennsylvania State University
Doug Lin, University of California, Santa Cruz
Jonathan Lunine, University of Arizona/Lunar and Planetary Laboratory
Geoffrey Marcy, University of California, Berkeley and 

San Francisco State University
Jean-Marie Mariotti (deceased), European Southern Observatory
Kenneth Nealson, Jet Propulsion Laboratory
Tobias Owen, University of Hawaii, Institute of Astronomy
Anneila Sargent, California Institute of Technology
Cornelius Schalinski, Deutsches Zentrum für Luft- und 

Raumfahrt (DLR)
Michael Shao, Jet Propulsion Laboratory
Frank Shu, University of California, Berkeley
Diane Wooden, NASA Ames Research Center
Neville Woolf, University of Arizona

The research described in this publication was carried out in part by the
Jet Propulsion Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space Administration.

Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, does not constitute or imply its
endorsement by the United States government or the Jet Propulsion
Laboratory, California Institute of Technology.

ii

Terrestrial Planet Finder



Acknowledgements

Pre-Project Manager:  Gary Parks
Pre-Project Scientist:  Charles A. Beichman
Pre-Project Mission Scientist:  Neville Woolf
System Engineer:  Christian Lindensmith
Project Technologist:  Daniel Coulter
Production Coordinator:  Dion Horn
Publication Team:  Kathy Austin, Mary Bothwell, Willis Goss, Ken Gowey,
Christopher Hawley, Jim Jackson, Kristy Kawasaki, Laïla Lalami, Cecelia
Lawshe, Peter Lawson, Sunjay Moorthy, Harman Smith, and Sugi Sorensen.

The members of the TPF Science Working Group note with sadness the
passing of Jean-Marie Mariotti. His friendship, his enthusiasm for the
search for habitable planets, and his contributions to astronomical
interferometry will be greatly missed.

Appendix A: Signal to Noise Calculations

iii





v

Table of Contents

1 Executive Summary 1

Science Goals  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1

Illustrative Mission Concept  . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

Technology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4

Community Involvement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5

Programmatic Considerations  . . . . . . . . . . . . . . . . . . . . . . . . . . .5

2 Introduction 7

Goals and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7

Relationship of TPF to Other Programs  . . . . . . . . . . . . . . . . . . .10

Overview of this Report  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

3 Extrasolar Terrestrial Planets: 
Present Status and Future Prospects 13

Detection Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

Doppler Measurements  . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

Astrometry  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

Transits and Microlensing . . . . . . . . . . . . . . . . . . . . . . . . . . .16

Direct Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17

Doppler Results to Date  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17

Interpretation of Planetary-Mass Companions  . . . . . . . . . . . . . .18

Detection Efficiency and Selection Effects  . . . . . . . . . . . . . . .18

Companion Masses  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

Companion Orbits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .19

Multiple Planets  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .20

Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .21

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .21



4 Indicators of Life: Detection of Life 
via Remote Sensing 23

Development of Life  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .24

Remote Sensing and the Search for Life  . . . . . . . . . . . . . . . . . .26

Atmospheric Composition as an Indicator of Life  . . . . . . . . . . . .26

Significance of Ozone  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .28

Planets Resembling the Early Earth  . . . . . . . . . . . . . . . . . . . . . .31

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .34

5 Zodiacal Dust in our Own and 
Other Planetary Systems 37

The Local Zodiacal Cloud  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .38

Dust Sources  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .38

Zodiacal Cloud Density Versus Time  . . . . . . . . . . . . . . . . . . .40

Wakes and Other Signs of Planets  . . . . . . . . . . . . . . . . . . . .40

Possible Self-Limitation of Zodiacal Cloud Density  . . . . . . . . .41

Zodiacal Dust Around Other Stars  . . . . . . . . . . . . . . . . . . . . . . .41

Cold Dust in the Kuiper Belts of Other Stars  . . . . . . . . . . . . .41

Hot Dust and Inner Gaps  . . . . . . . . . . . . . . . . . . . . . . . . . . .42

Prospects for Improved Knowledge of the Zodiacal Clouds  . . . . .44

Far Infrared Observations  . . . . . . . . . . . . . . . . . . . . . . . . . . .44

Interferometric Observations  . . . . . . . . . . . . . . . . . . . . . . . .44

Other Techniques  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45

Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46

6 Design, Sensitivity, and Operation 
of the TPF Interferometer 49

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .49

The Case for Interferometry  . . . . . . . . . . . . . . . . . . . . . . . . .49

Introduction to Interferometry and Nulling  . . . . . . . . . . . . . .51

The TPF Interferometer  . . . . . . . . . . . . . . . . . . . . . . . . . . . .52

Factors Affecting the Sensitivity of TPF  . . . . . . . . . . . . . . . . . . .52

Simulations of Planet Detection with TPF  . . . . . . . . . . . . . . . . . .55

The Role of Chopping  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .55

Interferometer Configurations for TPF  . . . . . . . . . . . . . . . . . . . .58

Sensitivity of TPF for General Imaging  . . . . . . . . . . . . . . . . . . . .60

vi

Terrestrial Planet Finder



Application of TPF for High Spectral Resolution Observations  . . .62

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

7 Target Stars for 
Planet Searches 65

The Nearby Stars  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66

Constraints on the Target Stars . . . . . . . . . . . . . . . . . . . . . . . . .67

Necessary Observations in Advance of TPF: 
The Nearby Star Database  . . . . . . . . . . . . . . . . . . . . . . . . . . . .70

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

8 Probing the Central Arcsecond: 
General Astrophysics with TPF 73

Star and Planetary System Formation and 
Evolution with TPF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .73

The Nearest Stellar and Planetary Nurseries  . . . . . . . . . . . . . .74

Massive Star Formation  . . . . . . . . . . . . . . . . . . . . . . . . . . . .78

Evolution of Planetary Systems  . . . . . . . . . . . . . . . . . . . . . . .79

Targets and Integration Times  . . . . . . . . . . . . . . . . . . . . . . .80

Understanding the Formation of Interstellar Dust, 
the Building Blocks of Planets . . . . . . . . . . . . . . . . . . . . . . . . . .80

Origin of Dust in the Interstellar Medium  . . . . . . . . . . . . . . .80

Dust Formation in AGB Stars  . . . . . . . . . . . . . . . . . . . . . . . .82

Dust from Supernovae . . . . . . . . . . . . . . . . . . . . . . . . . . . . .82

Starburst Galaxies and Buried AGN at the 
Epoch of Peak Star Formation . . . . . . . . . . . . . . . . . . . . . . . . . .82

Starburst Galaxies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .82

IR Interferometry of AGNs  . . . . . . . . . . . . . . . . . . . . . . . . . .84

Cosmological Deep Surveys and 
Confusion Noise  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .86

9 Illustrative Science Mission 87

Overall Mission Concept  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87

Planet Survey  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87

Spectroscopic Follow-Up Program  . . . . . . . . . . . . . . . . . . . . . .88

General Astrophysical Imaging  . . . . . . . . . . . . . . . . . . . . . . . . .88

Allocation of TPF Observing Time  . . . . . . . . . . . . . . . . . . . . . . .89

Table of Contents

vii



10 Progress Toward 
Astronomical Nulling 91

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .91

Introduction to Nulling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .92

Roadmap Toward TPF Nulling Performance  . . . . . . . . . . . . . . . .93

Recent Laboratory and Telescope 
Demonstrations of Nulling  . . . . . . . . . . . . . . . . . . . . . . . . . . . .96

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .96

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .97

11 Feasibility of a 
Planet Finder Mission 99

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .99

The TPF Instrument  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .101

Array Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .102

Collector Telescopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .102

Central Beam-Combining Subsystems  . . . . . . . . . . . . . . . . . . .104

Cophasing Subsystem  . . . . . . . . . . . . . . . . . . . . . . . . . . . .104

Nulling and Imaging Subsystems  . . . . . . . . . . . . . . . . . . . .105

Detection Subsystem  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .107

Operations During Observations  . . . . . . . . . . . . . . . . . . . . . . .108

Spacecraft System Configuration and Design  . . . . . . . . . . . . . .109

Passive Cooling and Thermal Design  . . . . . . . . . . . . . . . . . . . .112

TPF Formation Flying  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .113

Contamination  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .115

Integration and Test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .116

Orbit Trades: L2 vs. Earth-Trailing  . . . . . . . . . . . . . . . . . . . . . .118

Launch Vehicle Packing and System Deployment  . . . . . . . . . . .119

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .122

12 Technology for the 
Terrestrial Planet Finder 123

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .123

TPF Technology Roadmap  . . . . . . . . . . . . . . . . . . . . . . . . . . . .124

Technology Precursors for TPF . . . . . . . . . . . . . . . . . . . . . . . . .125

Ground-Based Infrared Interferometers  . . . . . . . . . . . . . . . .125

Space Missions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .127

viii

Terrestrial Planet Finder



TPF Technologies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .130

Large Lightweight Cryogenic Optics Technology . . . . . . . . . .130

Cryogenic Active Optical System Technology  . . . . . . . . . . . .131

Pathlength Control  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .131

Detector Technology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .132

Metrology Technology  . . . . . . . . . . . . . . . . . . . . . . . . . . . .132

Interferometer System Technologies  . . . . . . . . . . . . . . . . . .133

Passive Cooling Technology  . . . . . . . . . . . . . . . . . . . . . . . .135

Precision Formation Flying  . . . . . . . . . . . . . . . . . . . . . . . . .135

Pointing, Stabilization, and Vibration 
Control Technology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .135

Orbit  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .138

13 The Development of the 
Terrestrial Planet Finder Mission 139

Defining the TPF Mission and Configuration  . . . . . . . . . . . . . .139

Schedule and Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .140

Near-Term Plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .141

Potential for International Collaboration  . . . . . . . . . . . . . . . . .141

Community Involvement  . . . . . . . . . . . . . . . . . . . . . . . . . . . .142

14 A Long-Term Program for Finding 
Life Beyond the Solar System 143

A Appendix A: 
Signal to Noise Calculations 147

Target Properties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .147

Interferometer Properties  . . . . . . . . . . . . . . . . . . . . . . . . . . . .149

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .152

B Appendix B: 
Additional Contributors and Credits 153

C Appendix C: 
Acronyms 157

Table of Contents

ix



List of Tables

1.1 Illustrative Properties of a TPF Observatory Concept  . . . . . . . . . . . . .3

1.2 Time Requirements for Various Configurations 
of TPF to Observe Terrestrial Planets . . . . . . . . . . . . . . . . . . . . . . . . .4

2.1 Scientific and Technological Precursors to TPF . . . . . . . . . . . . . . . . .10

3.1 Orbits of Some Planetary-Mass Companions  . . . . . . . . . . . . . . . . .18

4.1 Properties of Planets and the Search for Life Using 
Remote Sensing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .27

5.1 Illustrative Properties of a “1 Zodi” Cloud  . . . . . . . . . . . . . . . . . . .38

5.2 Relative Strength of Sources of Zodiacal 
Dust Near the Earth  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39

6.1 Time Requirements for Various Configurations of 
TPF to Observe Terrestrial Planets . . . . . . . . . . . . . . . . . . . . . . . . . .53

6.2 TPF Nulling Configurations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .58

7.1 Illustrative Samples of Main Sequence Target Stars  . . . . . . . . . . . . .67

9.1 Illustrative Scientific Utilization Plan for TPF  . . . . . . . . . . . . . . . . . .88

10.1 Required Nulling Performance  . . . . . . . . . . . . . . . . . . . . . . . . . . . .92

10.2 Requirements for Achieving a Deep Null  . . . . . . . . . . . . . . . . . . . .93

10.3 Nulling development for TPF  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .94

11.1 Trade Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .100

11.2 Principal Mission Development Issues.  . . . . . . . . . . . . . . . . . . . . .101

11.3 Mass and Power Summaries. . . . . . . . . . . . . . . . . . . . . . . . . . . . .111

11.4 Launch Vehicles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .120

12.1 TPF Precursors will Make Significant Contributions 
to Key TPF Technologies.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124

A.1 Properties of Target Planet.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .148

A.2 Properties of Zodiacal Cloud  . . . . . . . . . . . . . . . . . . . . . . . . . . . .148

A.3 Interferometer Observing System . . . . . . . . . . . . . . . . . . . . . . . . .149

A.4 Signal and Noise Sources at 1 AU and 5 AU.  . . . . . . . . . . . . . . . .152

x

Table of Contents: List of Tables



List of Figures

1.1 TPF and its precursor missions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5

3.1 A schematic representation of recent detections 
of companion objects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

3.2 Radial velocity measurements have been used to infer the presence of 
multiple planets orbiting Ups Andromedae.  . . . . . . . . . . . . . . . . . .15

3.3 Distribution of Msin(i ) values for substellar 
candidates up to 15 MJ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .19

3.4 The sensitivity of astrometric and Doppler searches 
for planet-mass objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .20

4.1 A phylogenetic tree of life . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .25

4.2a Underwater volcanic vents are home to some of 
the most primitive life forms on Earth  . . . . . . . . . . . . . . . . . . . . . .25

4.2b A micrograph of a thin section through a thermophilic, 
anaerobic archaeo  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .25

4.3 The oxygen concentration in the Earth’s atmosphere 
from 4.5 billion years ago to today  . . . . . . . . . . . . . . . . . . . . . . . .25

4.4 A microphotograph of cyanobacteria . . . . . . . . . . . . . . . . . . . . . . .26

4.5 Spectral lines in the mid-infrared could be used 
to characterize the atmosphere of a planet  . . . . . . . . . . . . . . . . . .28

4.6 Model calculations show the effect of various trace 
gases on the Earth’s thermal spectrum . . . . . . . . . . . . . . . . . . . . . .29

4.7 Model calculations show the plausible thermal 
spectra for the prebiotic Earth  . . . . . . . . . . . . . . . . . . . . . . . . . . . .33

5.1 The surface area of the debris produced by the 
collision of two large asteroids  . . . . . . . . . . . . . . . . . . . . . . . . . . .40

5.2 The ratio of dust disk to stellar luminosity as a 
function of age for a number of stars  . . . . . . . . . . . . . . . . . . . . . .41

5.3 COBE results for the 25 µm zodiacal emission and 
numerical simulations of dust in the solar system  . . . . . . . . . . . . . .42

5.4 A sub-mm image from the JCMT showing emission 
from the dust disk of ε Eridani and a comparison 
to the objects in our own solar system . . . . . . . . . . . . . . . . . . . . . .44

5.5 HST/NICMOS images of the dust disks around 
the star HR 4796A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45

6.1 The spectral energy distributions of the Sun and 
the Earth as seen from 10 pc  . . . . . . . . . . . . . . . . . . . . . . . . . . . .50

6.2 The expected signal from an Earth-like planet in a 
105 s integration period  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .55

6.3 The emission from an exozodiacal cloud observed 
face-on and as observed through the TPF 
transmission pattern  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

Table of Contents: List of Figures

xi



6.4 The time series produced as TPF rotates around its 
axis while observing an extra-solar planet  . . . . . . . . . . . . . . . . . . .56

6.5 A reconstruction of a TPF observation of a 
terrestrial planet 10 pc away  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .57

6.6 A reconstruction of a planetary system at 10 pc 
containing Venus, Earth, and Mars analogs  . . . . . . . . . . . . . . . . . .57

6.7 Simulated spectrum of a terrestrial planet as 
observed by TPF in a ~15 d integration time  . . . . . . . . . . . . . . . . .57

6.8 A simulation of the Earth-Venus-Mars system showing 
the advantages of a chopped configuration  . . . . . . . . . . . . . . . . . .58

6.9 Sample interferometer configurations with 
and without chopping  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .59

6.10 A simulation of the Earth-Venus-Mars system 
as seen by a system consisting of two
3-element interferometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

6.11 A model for the emission from a disk 
around a young star  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61

7.1 Histograms illustrate the variation of sample size 
and composition as a function of distance 
and operational constraints  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66

7.2 Brightness and angular scale for the habitable zone 
for Earth-size planets around stars within 15 pc  . . . . . . . . . . . . . . .68

7.3 The effect of excess photon noise from the 
companion star on the integration time.  . . . . . . . . . . . . . . . . . . . .69

7.4 The effect of interferometer baseline on target 
selection for planet searches  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .70

7.5 Integration time as a function of 
exo-zodiacal emission  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

8.1 Simulated TPF observations of a protostar  . . . . . . . . . . . . . . . . . . .75

8.2 Spectrum of protostar W33A from the 
ISO-SWS spectrometer  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .77

8.3 A spectrum from ISO of the dust surrounding 
a pair of dying stars  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .81

8.4 A simulated TPF image of milli-arcsec structure 
of the wind emanating from an AGB star  . . . . . . . . . . . . . . . . . . .82

8.5 An HST image of SN1987A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .83

8.6 Centaurus A in the radio, IR, and visible . . . . . . . . . . . . . . . . . . . . .84

8.7 Calculations of the integral source count for 
galaxies seen at 12 µm  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85

10.1 The experimental configuration used at the 
MMT for nulling observations  . . . . . . . . . . . . . . . . . . . . . . . . . . . .95

xii

Table of Contents: List of Figures



10.2 Observations at the MMT demonstrate nulling 
on the stars α Tau and α Ori  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .96

10.3 An interferometer at JPL has demonstrated 
nulling in the visible to 1 part in 25,000 
in the laboratory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .97

11.1 Array geometry showing optical paths to 
the combiner  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .103

11.2 Collector optics schematic showing a 
possible arrangement of beam transfer 
and steering mirrors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .104

11.3 Beam combiner layout  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105

11.4 Nulling beamsplitter with rooftop prisms  . . . . . . . . . . . . . . . . . . .106

11.5 The transmission pattern on the sky of the 
dual-Bracewell configuration  . . . . . . . . . . . . . . . . . . . . . . . . . . . .107

11.6 Flight paths during data acquisition for planet 
detection and imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .108

11.7 Artist’s rendering of the TPF reference design  . . . . . . . . . . . . . . . .109

11.8 Spacecraft detail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .110

11.9 Propellant mass as a function of rotation period 
for planet observations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .112

11.10 Schematic of a passive cooling system that will 
readily satisfy TPF requirements  . . . . . . . . . . . . . . . . . . . . . . . . . .113

11.11 TPF formation and communications schematic  . . . . . . . . . . . . . . .114

11.12 Effects of contamination on reflective 
and emissive surfaces  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .115

11.13 TPF sketch shown in an existing thermal 
vacuum test chamber  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .117

11.14 Schematic of integrated optical system test setup . . . . . . . . . . . . .118

11.15 Trajectory options for TPF  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .119

11.16 The launch and deployment sequence for 
a TPF concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .121

11.17 Fairing & payload module options  . . . . . . . . . . . . . . . . . . . . . . . .122

12.1 TPF Technology Development Roadmap  . . . . . . . . . . . . . . . . . . . .125

12.2 Artist’s rendering of the Keck interferometer 
in its final form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .126

12.3 NASA’s Space Infrared Telescope Facility  . . . . . . . . . . . . . . . . . . . .127

12.4 NASA’s Space Technology 3 separated spacecraft 
demonstration mission  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .128

12.5 NASA’s Space Interferometry Mission  . . . . . . . . . . . . . . . . . . . . . .129

12.6 One concept for NASA’s Next Generation 
Space Telescope  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .130

Table of Contents: List of Figures

xiii



12.7 Mirror technologies in development for NGST  . . . . . . . . . . . . . . .131

12.8 Schematic of  high dynamic-range optical delay line  . . . . . . . . . . .132

12.9 Simulated reconstructed image data for a 
simplified interferometer  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .134

12.10 Half-scale NGST sunshade deployment 
demonstration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .136

13.1 Technological precursors to TPF  . . . . . . . . . . . . . . . . . . . . . . . . . .140

14.1 Requirements, sketch, and simulated results 
from an enhanced version of TPF with a 
spectral resolution of ~1000  . . . . . . . . . . . . . . . . . . . . . . . . . . . .145

14.2 Requirements, sketch, and simulated results 
from a visible light constellation capable of 
imaging an extrasolar Earth-like planet  . . . . . . . . . . . . . . . . . . . .146

Terrestrial Planet Finder

xivxiv


