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  Will	
  Discover	
  ~300	
  Earths	
  &	
  Super-­‐Earths
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Payload	
  Overview

u Four	
  idenacal	
  wide-­‐field	
  CCD	
  imaging	
  cameras
§ Straightforward	
  optical	
  design
§ Cameras	
  passively	
  cooled	
  in	
  a	
  stable	
  thermal	
  environment	
  
§ Heritage	
  MIT/LL	
  focal	
  plane	
  array
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PAYLOAD FOLDOUT 2

A/D

Camera Assembly (1 of 4)

Sampling Chain

Driver
Video Card Driver and I/F Card

CCD Video CCD Clocks

ARM Processor

Focal Plane Array

Detector Assembly

Bus connectors

Lens Assembly

Data Handling Unit

DAC FPGA

SIRF RCC Card

Athena SBC

192 GB Memory Card

DHU Power Card

1Payload Power

Virtex 5
FPGAs

CameraLink
Interface

1PAYLOAD BLOCK DIAGRAM

    
    

RCC

Full stacked 
images

12 images/day
per camera

Athena SBC

Housekeeping data
<0.1 GB/orbit

CCSDS headers, 3 GB

Margin
109%

Image data
16 GB/
orbit

Postage stamps
73 GB/orbit

192 GB Memory Card

92 GB

CCD (4096 x 4096 pixels)

10x10 pixel postage stamp

Camera Interface Card
2 second integration time

33.6 MB/image, 2 bytes/pixel

FPGA

16.8 MB/s

0.8 MB/s

1) Extract 10x10 pixel 
     "postage stamps"
2) Calculate attitude 
     o!set quaternion
3) Lossless compression

Postage Stamps
4% of data retained

1.9 MB/image 
retained

Data Relay
Downlink

Compress 
Data 2x

0.007 MB/s 0.032 MB/s

100 Mbps
To Ka-band

23 GB
23 GB
23 GB
23 GB .020 MB/s 

RCC

SEAKR DATA HANDLING UNIT

1) Stack 30 consecutive images
     60 second exposure time
     50 MB/image, 3 bytes/pixel
2) Calculate centroids of attitude 
      stars on each 2 second image

To S/C ACS
2 Hz Net Rate

4 Cameras
13.4 days

6PAYLOAD MASS & POWER TABLE

Lens Assembly

Lens Hood

Detector Assembly

Camera Mount

Single Camera Total

Total 4 Cameras

DHU & Harness

Total Payload

7.7

1.0

1.8

1.5

11.9

47.7

10.6

58.3

8.9

1.3

2.2

1.9

14.3

57.3

13.3

70.6

0.0

0.0

3.6

0.0

3.6

14.4

42.6

57.0

0.0

0.0

4.7

0.0

4.7

18.7

55.4

74.1

0.0

0.0

1.1

0.0

1.1

4.3

12.8

17.1

1.2

0.3

0.4

0.4

2.4

9.6

2.7

12.3

CBE
Mass
(kg)

Cont
Mass
(kg)

Total
Mass
(kg)

CBE
Power

(W)

Cont
Power

(W)

Total
Power

(W)

2

3CAMERA CROSS-SECTION
DETECTOR ASSEMBLY LENS HOODLENS ASSEMBLY

154 mm Focal Length
ƒ / 1.6

4096 by 4096 Pixels
16.8 Mpixels CCD Array

FPA 
Electronics

740 mm

308 mm

S-LAH64 S-LAH55 S-FPL51 S-NPH2 S-LAH55 S-LAH55 1.0
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0.00                      5                      10                    15                     20                    25                     30                    35                     40                     45                    50
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Design Goal: >90% Ensquared 
Energy in 60 m x 60 m Aperture

On Axis PSF

5.6° O" Axis PSF

15.9° O" Axis PSF
11° O" Axis PSF

60 m x 60 m Aperture
(4 x 4 pixels)

10 pixels

10
 pi

xe
ls

15.9°

LENS RAY TRACE 4bMIT/LL LOWER AND UPPER LENS BARRELS 4a 4cLENS IMAGE POINT-SPREAD FUNCTION

5aMIT/LL DETECTOR ASSEMBLY

LIGHT SHIELD

FPA

FPA ELECTRONICS

5bFOCAL PLANE ARRAY

5cMIT FOCAL PLANE ELECTRONICS

MIT/LINCOLN LAB
CCID-68 CCDs
PIXEL: 15 μm

20 arc seconds

u SEAKR	
  Data	
  Handling	
  Unit	
  (DHU)
§ FPGA	
  front-­‐end	
  processors	
  select	
  &	
  stack	
  “postage	
  stamps”	
  
around	
  target	
  stars

u Four	
  idenacal	
  wide-­‐field	
  CCD	
  imaging	
  cameras
§ Straightforward	
  optical	
  design
§ Cameras	
  passively	
  cooled	
  in	
  a	
  stable	
  thermal	
  environment	
  
§ Heritage	
  MIT/LL	
  focal	
  plane	
  array



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
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  Neighborhood

TESS	
  Wide	
  FOV	
  CCD	
  Camera
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  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

CCD	
  Package	
  &	
  Focal	
  Plane	
  Array	
  Photos	
  

u TESS	
  CCD	
  package	
  derived	
  from	
  
qualified	
  designs:
§ NASA	
  WFIRST
§ ESA	
  EUCLID

14

TESS Prototype
Package & CCID47

NASA WFIRST/ESA EUCLID 
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TESS Prototype
Package & CCID47

NASA WFIRST/ESA EUCLID TESS Prototype FPA

u Prototype	
  FPA	
  identical	
  to	
  flight	
  FPA
§ Identical	
  SiC	
  material	
  and	
  vendor
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TESS	
  Prototype	
  Cameras

15

Prototype	
  Unit	
  #1
§ Thermal	
  demonstration
§ Opera,onal	
  detector	
  
§ Thermal	
  vacuum	
  at	
  
operational	
  temperature
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  Neighborhood

TESS	
  Prototype	
  Cameras

15

Prototype	
  Unit	
  #1
§ Thermal	
  demonstration
§ Opera,onal	
  detector	
  
§ Thermal	
  vacuum	
  at	
  
operational	
  temperature

Prototype	
  Unit	
  #2
§ Vibration	
  demonstration
§ Detector	
  simulator	
  
§ GEVS	
  Workmanship



u Polychromaac	
  EEF	
  was	
  measured	
  over	
  temperature
§ Measurements	
  compare	
  well	
  with	
  predicUons
§ EEF	
  meets	
  specificaUon	
  over	
  >25°C	
  range
§ Predicted	
  lens	
  temperature	
  excursion	
  in	
  flight	
  is	
  ±	
  2°C

Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

TESS	
  Prototype	
  OpUcal	
  Performance	
  

16

EEF	
  =	
  Ensquared	
  
Energy	
  Fraction

90%



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

u Opacal	
  properaes	
  measured	
  interferometrically:	
  
§ Before	
  and	
  ager	
  10	
  thermal	
  cycles	
  from	
  ambient	
  to	
  -­‐90°C
§ Before	
  and	
  ager	
  vibraUon	
  at	
  GEVS	
  workmanship	
  levels
§ No	
  discernible	
  difference	
  idenUfied	
  ager	
  cycling

17

OpOcal	
  Alignment	
  is	
  Stable	
  Over	
  Thermal	
  and	
  VibraOon	
  Cycling

OpUcal	
  Alignment	
  Stability	
  of	
  Prototype	
  Cameras

Scales	
  on	
  X	
  &	
  Y	
  Axes:	
  500	
  units	
  =	
  30	
  microns

Post-­‐ThermalPre-­‐Thermal Difference
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  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Full	
  Size	
  Replica	
  of	
  TESS

18



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

How	
  TESS	
  Gets	
  Launch	
  Ready	
  By	
  2017...

u Simple	
  Mission	
  Design
§ HEO	
  assures	
  stable	
  instrument	
  operation	
  

• Anti-­‐sun,	
  fixed	
  inertial	
  pointing
• Infrequent	
  maneuvers

§ All	
  cooling	
  is	
  passive
§ Solar	
  panels	
  are	
  the	
  only	
  deployable

19

u Four	
  Identical	
  Cameras
§ Modest	
  aperture
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u Four	
  Identical	
  Cameras
§ Modest	
  aperture

u Simple	
  Payload	
  Interface	
  to	
  Orbital’s	
  Heritage	
  Bus
§ Cameras	
  bolt	
  in	
  place	
  with	
  no	
  critical	
  alignments



Transiting Exoplanet Survey Satellite

TESS	
  Mission	
  
Video

20

http://www.youtube.com/watch?v=mpViVEO-ymc

http://www.youtube.com/watch?v=mpViVEO-ymc
http://www.youtube.com/watch?v=mpViVEO-ymc
http://www.youtube.com/watch?v=mpViVEO-ymc
http://www.youtube.com/watch?v=mpViVEO-ymc


Transiting Exoplanet Survey Satellite

Why	
  TESS?
Why	
  Now?
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Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Small	
  Planets	
  and	
  Bright	
  Stars
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u Kepler:	
  The	
  most	
  common	
  
members	
  of	
  the	
  exoplanet	
  family	
  
are	
  Earths	
  and	
  Super-­‐Earths

u PopulaAon	
  of	
  characterizable	
  
Earths	
  and	
  Super-­‐Earths	
  is	
  
extremely	
  impoverished	
  

u Two	
  smallest	
  transiAng	
  
exoplanets	
  with	
  bright	
  hosts	
  were	
  
discovered	
  from	
  space:
§ Kepler-­‐21b:	
  Kepler	
  Team
§ 55	
  Cnc	
  e:	
  Co-­‐I	
  Josh	
  Winn
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u Kepler:	
  The	
  most	
  common	
  
members	
  of	
  the	
  exoplanet	
  family	
  
are	
  Earths	
  and	
  Super-­‐Earths

u PopulaAon	
  of	
  characterizable	
  
Earths	
  and	
  Super-­‐Earths	
  is	
  
extremely	
  impoverished	
  

u Two	
  smallest	
  transiAng	
  
exoplanets	
  with	
  bright	
  hosts	
  were	
  
discovered	
  from	
  space:
§ Kepler-­‐21b:	
  Kepler	
  Team
§ 55	
  Cnc	
  e:	
  Co-­‐I	
  Josh	
  Winn

Only	
  TESS	
  Can	
  Discover	
  the	
  
Earths	
  and	
  Super-­‐Earths	
  

TransiOng	
  the	
  Brightest	
  Stars



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

TESS	
  Enables	
  Atmospheric	
  CharacterizaUon

u TESS	
  will	
  idenafy	
  the	
  best	
  and	
  smallest	
  exoplanet	
  targets	
  
for	
  characterizaaon	
  of	
  atmospheres	
  using:
§ JWST
§ Extremely	
  Large	
  Telescopes	
  (ELTs)
§ Future	
  Exoplanet	
  Explorers,	
  Probes,	
  and	
  Large	
  Missions

24



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

TESS	
  Enables	
  Atmospheric	
  CharacterizaUon

25

Red	
  Lines	
  =	
  Model
Black	
  Points	
  =	
  Simulated	
  Data



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Imagine	
  TESS	
  Has	
  Found	
  30	
  New	
  Earth-­‐sized	
  	
  Planets...	
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Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Imagine	
  TESS	
  Has	
  Found	
  30	
  New	
  Earth-­‐sized	
  	
  Planets...	
  

>	
  100x	
  More	
  
Characterizable	
  Earths	
  
and	
  Super-­‐Earths	
  Than	
  

Known	
  Today...

26
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  You



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Extra	
  Slides
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Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

TESS	
  Planet	
  ValidaUon	
  and	
  Mass	
  Measurement
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Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Ground-­‐Based	
  Surveys	
  Through	
  2011

u Current	
  ground	
  surveys	
  
are	
  mature
§ >4	
  years	
  in	
  service
§ 85	
  Hot	
  Jupiters
§ 1	
  Neptune
§ 1	
  Sub-­‐Neptune

30
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Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Ground-­‐based	
  Discoveries	
  in	
  2012

u 29	
  new	
  hot	
  Jupiters

u No	
  new	
  Neptunes

u No	
  smaller	
  planets

u Discovery	
  rate	
  of	
  
Neptunes	
  is	
  1	
  every	
  
several	
  years

31

Planets Discovered by 
Ground-Based Transit Surveys

0 5 10 15 20
Orbital Period (days)

1

10

Pl
an

et
 ra

di
us

 (E
ar

th
 ra

di
i)

Earth (<1.25 Earth radii)   

Super-Earth (<2.0 Earth radii)   

Sub-Neptune (<3.0 Earth radii)   

2011 or earlier  
2012  



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Ground-­‐based	
  Discoveries	
  in	
  2012

u 29	
  new	
  hot	
  Jupiters

u No	
  new	
  Neptunes

u No	
  smaller	
  planets

u Discovery	
  rate	
  of	
  
Neptunes	
  is	
  1	
  every	
  
several	
  years
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No	
  Super-­‐Earth	
  or	
  Earth	
  Has	
  
Ever	
  Been	
  Detected	
  by	
  a	
  

Ground-­‐based	
  Transit	
  Survey
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u Fundamental	
  Limitaaon	
  of	
  Ground-­‐Based	
  Surveys	
  is	
  the	
  
Noise	
  Floor	
  from	
  the	
  Earth’s	
  Atmosphere
§ Smallest	
  Signal	
  Detected	
  is	
  3500	
  ppm	
  (HAT-­‐P-­‐11)
§ This	
  is	
  35X	
  the	
  Smallest	
  Signals	
  TESS	
  Will	
  Detect	
  (100	
  ppm)
§ Earth	
  is	
  80	
  –	
  330	
  ppm;	
  Super-­‐Earth	
  is	
  	
  330	
  –	
  1300	
  ppm

Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Ground-­‐based	
  Survey	
  LimitaUons
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  Neighborhood

Ground-­‐based	
  Survey	
  LimitaUons
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Ground-­‐based	
  Surveys	
  Cannot	
  Discover	
  Earths	
  and	
  Super-­‐Earths
Limited	
  to	
  sub-­‐Neptunes	
  only	
  for	
  the	
  very	
  smallest	
  stars	
  (M5-­‐M8)

TESS	
  Will	
  Discover	
  Earths	
  and	
  Super-­‐Earths
for	
  a	
  Wide	
  Range	
  of	
  Stars	
  (F,	
  G,	
  K,	
  &	
  M)	
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  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Planet	
  Radius	
  vs	
  Orbit	
  Period	
  for	
  TESS	
  Planets	
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Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

TESS	
  Wide	
  FOV	
  CCD	
  Camera

34

Characteristic Value

Effective Area 60 cm2

Lens Focal Ratio 1.6

CCD Focal Plane Array
(Frame Store Mode)

4 @ 2K x 2K pixels 
15 µm/pixel

Lens Focal Length 154 mm

Camera FOV 23° x 23°

Detector Assembly Lens Assembly Lens Hood



Discovering	
  New	
  Earths	
  and	
  Super-­‐Earths	
  in	
  the	
  Solar	
  Neighborhood

Photometry	
  Noise	
  Budget	
  for	
  TESS

u Noise	
  and	
  systemaac	
  errors	
  managed	
  through
§ Tests	
  (e.g.,	
  photometric	
  stability)
§ Measurement	
  of	
  key	
  characteris,cs
§ Simula,on	
  (ETEM)
§ Analysis

u TESS	
  has	
  significant	
  margin	
  on	
  systemaac	
  errors
§ Allocated	
  as	
  needed	
  over	
  lifecycle

35

brightness and CCD dark current, CCD readout 
noise, and residual systematic error. 

!e nominal count rate from a G5 star of 
I=10 in a TESS camera is 12,000 cts/second. 
!e readout noise is <20 electrons, and 
negligible dark current is expected at "ight 
temperatures. !e sky background in the TESS 
band is dominated by the zodiacal light, which is 
brightest in the ecliptic plane at the antisolar 
point (Aldering et al. 2001, Leinert et al. 1998). 
Unresolved background stars make up a second 
component, which peaks in the galactic plane. A 
review of Leinert et al. (1998) shows that a 
“typical” TESS #eld of moderate galactic latitude 
and moderate ecliptic latitude will result in a sky 
background of ~50 counts/s/pixel in the TESS 
cameras. Values 2–3x this will be seen in the 
ecliptic plane and in the galactic plane.

Table F-12 summarizes the contributions of 
various noise sources to the sensitivity of TESS 
observations of stars with magnitudes I=8 and 
I=10. !e contribution of shot noise to the total 
error exceeds that of the systematic noise "oor 
starting at I~=8.

Radiation and Cosmic Rays
!e low radiation levels in the TESS orbit 

result in minimal e$ects from particle radiation 
on the CCDs during the two-year mission. For 
~5 gm/cm2 Al equivalent shielding, end of 
mission charge transfer ine%ciency (CTI) will be 
~10-5 based on SPENVIS estimates for the non-
ionizing energy loss associated with the total 
integrated dose. !is CTI value has a negligible 
impact on TESS’s photometric error budget. 

!e impact of cosmic rays (CRs) on TESS 
photometry will be small. !e mean CR "ux of  
5 cm-2 s-1 means that one in fifteen 60-second 
postage stamp stacks will be affected by a CR. A 
CR deposits 80 e– per micron of depletion depth, 
for a maximum of 1.1x104 e–. As shown in Table 
F-13, for fainter stars (I≥8), the CR can be 
recognized and removed from the photometry, 
because the deposited charge creates a statistically-
significant change in the measured counts from 
the star. For brighter stars (I<8), the amount of 
charge deposited by 4±2 CRs hitting the postage 
stamp is a small part of the photometric error 
budget for the star. Finally, the impact of CRs is 
negligible, because they create an apparent 
brightening of a star, whereas TESS is looking for 
decreases in the star’s brightness.

Image Ghosts and Planets
Image ghosts, seen either as a di$use aura 

around bright star images or a point source on 
the opposite side of the optic axis, will have 
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PROPRIETARY INFORMATION
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Component
Capability in One HourCapability in One HourCapability in One Hour

Component Eclipse Start of HASO Majority of HASO
Camera Temperature Drift Rate 1.3 °C/hr 0.2 °C/hr 0.03 °C/hr
PSF Variations 7.6 ppm 1.3 ppm 0.2 ppm
Gain Variations 7.6 ppm 1.3 ppm 0.2 ppm
QE Variations 5.1 ppm 0.8 ppm 0.1 ppm
DVA 0.0 ppm 0.0 ppm 0.0 ppm
Slow pointing variations
(from Table G-29)

5.3 ppm 4.3 ppm 4.2 ppm

RSS total 13.1 ppm 4.7 ppm 4.2 ppm

Table F-10: Systematic error contributions from slow error 
sources. A scaling of 6 ppm/arc-sec of motion is assumed.

Component Allocation Capability (ppm in One Hour)Capability (ppm in One Hour)Capability (ppm in One Hour)Component Allocation Eclipse Start of HASO Majority of HASO
Total PPM 60 ppm
Quasi-static 0 arc-sec 0 0 0
Slow (Table F-10) 22 ppm 13.1 4.7 4.2
Fast (Table G-30) 31 ppm 10.1 14.8 6.1
Total RSS 38 ppm 16.5 15.5 7.4
Unallocated 46 ppm 57.7 58.0 59.5

Table F-11: Systematic error capability of S/C bus and payload.

Component Timescale System Allocation
Thermo-Mechanical Distortions of Camera Slow Payload 0.6 arc-sec
Camera Alignment Residual Fast Payload 4.0 arc-sec
Camera Noise Equivalent Angle (NEA) Fast Payload 2.0 arc-sec

Table F-9: Pointing error allocations to the TESS payload.

Table F-8: Pointing error and temperature allocation to the TESS 
spacecraft bus. A scaling factor of 6 ppm/arc-sec is assumed.

Component Timescale System Allocation
Temperature Drift Slow S/C Bus 2 °C/hour
Slow Pointing Error Slow S/C Bus 1.9 arc-sec
Fast Pointing Error/Jitter Fast S/C Bus 5.1 arc-sec
Total Pointing Error 5.5 arc-sec

Component Sub-Component Sub-Allocation Allocation
Total PPM 60 ppm
Quasi-Static Error 0 ppm
Slow Error PSF Variations 12 ppmSlow Error

Gain Variations 12 ppm
QE Variations 8 ppm
DVA 1 ppm
Slow Pointing Error 12 ppm
RSS of Slow Terms 22 ppm

Fast Error Fast/Jitter 31 ppm
RSS of Error 38 ppm
Unallocated Margin 46 ppm

Table F-7: Allocations in ppm to slow, fast, and quasi-static error 
sources. The CCD components to the slow error are broken out 
separately. A 2°C/hr temperature drift is assumed.
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