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Key	
  Cyc-­‐3	
  STOP	
  Assessments	
  

•  Inclined	
  GEO	
  Orbit	
  introduces	
  variable	
  Earth	
  thermal	
  loads	
  
–  SensiKve	
  to	
  the	
  Observatory’s	
  Earth	
  orbit	
  posiKon	
  and	
  aNtude.	
  	
  

•  Assess	
  impact	
  on	
  the	
  WFI	
  PSF	
  EllipKcity	
  stability	
  margins	
  
–  Evaluate	
  at	
  WFI	
  Imager	
  focal	
  plane	
  
–  Evaluate	
  at	
  a	
  fixed	
  a?tude	
  with	
  margin	
  on	
  Earth	
  loads	
  on	
  WFI	
  radiator	
  	
  
–  Evaluate	
  for	
  a	
  worst-­‐slew	
  with	
  worst	
  case	
  Earth	
  loads	
  on	
  WFI	
  radiator	
  

•  For	
  the	
  Coronagraph	
  Team	
  
–  Provide	
  moKons	
  and	
  shapes	
  (Zernike’s)	
  of	
  the	
  T1	
  and	
  T2	
  mirrors	
  as	
  a	
  
funcKon	
  of	
  Kme	
  

–  Provide	
  above	
  for	
  a	
  fixed	
  a?tude	
  case	
  (at	
  worst	
  angle	
  for	
  Earth	
  thermal	
  
disturbances	
  to	
  the	
  Telescope)	
  

–  Slew	
  cases	
  are	
  of	
  much	
  less	
  interest,	
  given	
  the	
  long	
  (2	
  week?)	
  fixed	
  
aNtudes	
  expected	
  during	
  CG	
  OperaKons	
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Key	
  Cyc-­‐3	
  Ji2er	
  Assessments	
  

•  Assess	
  Impact	
  of	
  RWA	
  VibraKons	
  on	
  LOS/WFE	
  Stability	
  Margins	
  
–  Assess	
  LOS/WFE	
  stability	
  margins	
  at	
  Telescope	
  Intermediate	
  Focus	
  to	
  
provide	
  best	
  inputs	
  to	
  the	
  ji_er-­‐sensiKve	
  Coronagraph	
  Instrument	
  

–  Assess	
  performance	
  with/without	
  D-­‐struts	
  (+	
  fine	
  balance	
  RWAs	
  in	
  
some	
  cases)	
  

–  Provide	
  LOS	
  x/y	
  	
  and	
  WFE	
  ji_er	
  vs	
  frequency	
  (and	
  by	
  harmonic)	
  
–  Provide	
  LOS	
  x/y	
  ji_er	
  vs	
  frequency	
  broken	
  out	
  by	
  Telescope	
  RB,	
  T1,	
  and	
  
T2	
  contributors	
  	
  

–  Provide	
  cumulaKve	
  LOS	
  x/y	
  and	
  WFE	
  by	
  opKc	
  for	
  worst	
  wheel	
  speed	
  
–  Provide	
  LOS	
  x/y	
  and	
  WFE	
  cumulaKve	
  PSDs	
  for	
  worst	
  wheel	
  speed	
  

•  Provide	
  above	
  to	
  the	
  Coronagraph	
  Team	
  to	
  aid	
  in	
  Low	
  Order	
  
WaveFront	
  Sensing	
  and	
  Control	
  (LOWFS/C)	
  system	
  
development	
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WFI	
  PSF	
  EllipFcity	
  Stability	
  and	
  WFE	
  Stability	
  Requirements	
  

•  From	
  the	
  April	
  2013	
  WFIRST	
  SDT	
  Report,	
  the	
  PSF	
  EllipKcity	
  
Requirement,	
  driven	
  by	
  Weak	
  Lensing,	
  is:	
  
–  PSF	
  ellipKcity	
  (Ixx-­‐Iyy,	
  2*Ixy)/	
  (Ixx	
  +	
  Iyy)	
  known	
  to	
  ≤	
  4.7x10-­‐4	
  rms	
  (shape/
color	
  filters	
  only)	
  

–  The	
  requirement	
  is	
  to	
  be	
  stable	
  to	
  this	
  level	
  over	
  1	
  integraKon	
  Kme	
  …	
  
per	
  the	
  SDT	
  report,	
  the	
  nominal	
  WL	
  imaging	
  integraKon	
  Kme	
  is	
  184	
  s	
  

–  We	
  have	
  not	
  yet	
  allocated	
  this	
  to	
  lower	
  levels,	
  so	
  all	
  margin	
  factors	
  
presented	
  are	
  relaKve	
  to	
  the	
  full	
  budget	
  

•  The	
  WFE	
  stability	
  requirement	
  is	
  provisionally	
  broken	
  down	
  to	
  
Ji_er	
  and	
  Drij:	
  
–  Total	
  is	
  1	
  nm	
  rms	
  over	
  a	
  HLS	
  imaging	
  integraKon	
  (April	
  Report)	
  
–  Ji_er	
  =	
  0.707	
  nm	
  …	
  (only	
  assessed	
  at	
  Telescope	
  Focus	
  in	
  Cyc-­‐3)	
  
–  Drij	
  =	
  0.707	
  nm	
  over	
  one	
  WL	
  imaging	
  integraKon	
  Kme	
  (184s	
  )	
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Observatory	
  Ji2er	
  Requirements	
  

•  The	
  Observatory	
  PoinKng	
  Spec	
  is	
  20	
  mas	
  rms/axis,	
  rss’d	
  to:	
  
–  Ji2er	
  =	
  14.0	
  masec	
  rms/axis	
  	
  (≥2	
  Hz,	
  uncontrolled	
  by	
  Observatory)	
  
–  Drij	
  =	
  14.3	
  masec	
  rms/axis	
  (<2Hz,	
  controlled	
  by	
  Observatory)	
  

•  The	
  Coronagraph	
  Team	
  is	
  anKcipaKng	
  LOWFS/C	
  	
  of	
  the	
  14	
  
mas	
  rms/axis	
  Ji_er	
  to	
  ≤1.6	
  mas	
  rms/axis,	
  with	
  a	
  goal	
  in	
  the	
  
≤0.8	
  mas	
  rms/axis	
  range	
  
–  Realizing	
  the	
  former	
  requires	
  knowledge	
  of	
  Observatory	
  ji_er	
  vs	
  
frequency,	
  and	
  both	
  may	
  benefit	
  if	
  Observatory	
  Ji_er	
  margins	
  are	
  
large	
  

–  Results	
  today	
  address	
  both	
  Ji_er	
  margins	
  and	
  Ji_er	
  frequency	
  
characterisKcs,	
  and	
  are	
  assessed	
  at	
  Telescope	
  Intermediate	
  Focus	
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Cyc-­‐3	
  STOP	
  Results	
  Overview	
  

•  Stability	
  of	
  WFI	
  Imager	
  PSF	
  ellipKcity	
  and	
  WFE	
  have	
  
significant	
  margins	
  even	
  for	
  a	
  STOP	
  WFI	
  Worst-­‐Slew	
  case	
  
–  x9	
  margin	
  on	
  WFE	
  drij	
  rqt	
  (0.707	
  nm	
  drij/184s	
  at	
  WFI	
  Focus)	
  
–  x108	
  margin	
  on	
  PSF	
  ellipKcity	
  total	
  rqt	
  (4.7	
  e-­‐4/184s	
  at	
  WFI	
  Focus)	
  

•  T1/T2	
  PosiKon/Shape	
  StabiliKes	
  for	
  STOP	
  Fixed-­‐ANtude	
  case	
  
–  T1	
  dominant	
  shape	
  Zernike	
  is	
  focus,	
  ~0.2	
  nm	
  Δ	
  over	
  12	
  hours	
  
–  T2	
  dominant	
  shape	
  Zernike	
  is	
  focus,	
  ~7	
  pm	
  Δ	
  over	
  4	
  hours	
  	
  
–  T1/T2	
  moKons	
  are	
  all	
  sub-­‐micron	
  over	
  24	
  hours	
  
–  All	
  results	
  well-­‐received	
  by	
  the	
  Coronagraph	
  Team	
  

•  MUF	
  (Model	
  Uncertainty	
  Factor)	
  x3	
  included	
  in	
  all	
  above	
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Cyc-­‐3	
  Ji2er	
  Results	
  Overview	
  

•  LOS	
  Ji_er	
  (from	
  RWA)	
  at	
  Telescope	
  Intermediate	
  Focus:	
  	
  
–  Peak	
  LOS	
  Ji_er	
  ≤	
  4	
  masec	
  rms/axis	
  

•  x	
  3.6	
  margin	
  on	
  HLS	
  14	
  masec	
  rms/axis	
  ji_er	
  reqt	
  (at	
  10	
  Hz	
  wheel	
  speed)	
  
•  Otherwise,	
  ji_er	
  ≤	
  2	
  masec	
  rms/axis	
  over	
  0-­‐50	
  Hz	
  wheel	
  speed	
  range	
  

•  WFE	
  Ji_er	
  (from	
  RWA)	
  at	
  Telescope	
  Intermediate	
  Focus:	
  	
  
–  Peak	
  WFE	
  ji_er	
  ≤0.114	
  nm	
  

•  x	
  6.2	
  margin	
  on	
  WFE	
  ji_er	
  rqt	
  of	
  0.707	
  nm	
  (at	
  26	
  Hz	
  wheel	
  speed)	
  
•  Otherwise,	
  WFE	
  ji_er	
  ≤	
  0.06	
  nm	
  over	
  0-­‐50	
  Hz	
  wheel	
  speed	
  range	
  

•  Above	
  values	
  for	
  spec	
  RWA,	
  and	
  D-­‐strut	
  Forward	
  OpKcs	
  Assy	
  mounts	
  

•  MUF	
  of	
  2.48(<20Hz)	
  to	
  5.86	
  (>40	
  Hz)	
  is	
  included	
  in	
  above	
  results	
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Structural/Thermal/OpFcal	
  Performance	
  (STOP)	
  	
  
Integrated	
  Model	
  Analyses	
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•  All	
  performance	
  assessed	
  at	
  the	
  Focal	
  Plane	
  of	
  the	
  WFI	
  Imager	
  
•  DescripKon	
  of	
  Fixed	
  ANtude	
  and	
  Worst-­‐Slew	
  Thermal	
  Cases	
  (p.	
  9-­‐14)	
  
•  StabiliKes	
  of	
  WFI	
  WFE	
  and	
  PSF	
  EllipKciKes	
  for	
  Fixed	
  ANtude	
  and	
  

Worst	
  Slew	
  Cases	
  (p.	
  15-­‐16)	
  
•  Telescope	
  T1/T2	
  PosiKon	
  and	
  Shape	
  stabiliKes	
  (p.	
  17-­‐20)	
  
•  STOP	
  Assessment	
  Summary	
  (p.	
  21)	
  

NOTE:	
  MUF	
  of	
  3	
  included	
  in	
  all	
  STOP	
  results	
  shown	
  



Worst	
  Fixed	
  ANtude	
  and	
  Slew	
  Thermal	
  Cases	
  Overview	
  

•  Use	
  Chris	
  Hirata’s	
  Thermal	
  Triage	
  Cases	
  
–  See	
  next	
  page	
  …	
  20	
  cases	
  envelope	
  pure	
  Pitch/Roll	
  variaKons,	
  
and	
  then	
  choose	
  Azimuth	
  to	
  maximize	
  or	
  minimize	
  Earth	
  inputs	
  
to	
  Telescope	
  Aperture	
  or	
  WFI	
  Radiators	
  

•  Worst	
  Fixed	
  ANtude	
  Case:	
  (selected	
  BEFORE	
  triage	
  results)	
  

–  Pick	
  one	
  case	
  that	
  has	
  near	
  worst-­‐case	
  angles	
  of	
  Telescope	
  LOS	
  
and	
  WFI	
  Radiator	
  normal	
  relaKve	
  to	
  the	
  orbit	
  plane	
  so	
  that	
  
maximum	
  Earth-­‐driven	
  thermal	
  disturbances	
  result	
  

•  Worst-­‐Slew	
  Case:	
  (selected	
  AFTER	
  triage	
  results)	
  
–  Pick	
  Case	
  with	
  ho_est	
  WFI	
  OpKcal	
  Bench	
  (OB)	
  and,	
  at	
  point	
  
where	
  OB	
  is	
  ho_est,	
  slew	
  to	
  Case	
  with	
  coldest	
  OB	
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The	
  Cyc-­‐3	
  Hirata	
  Files	
  
•  20	
  Cases	
  provide	
  a	
  triage	
  of	
  thermal	
  aNtudes	
  for	
  Beta	
  =	
  11°	
  Orbit	
  
•  Cases	
  C1	
  through	
  C5	
  in	
  each	
  of	
  2	
  Tables	
  Set	
  Observatory	
  Pitch/Roll	
  

–  C1	
  has	
  Sun	
  normal	
  to	
  Solar	
  Arrays	
  …	
  0°	
  Pitch	
  and	
  0°	
  Roll	
  
–  C2	
  points	
  Telescope	
  LOS	
  towards	
  the	
  Sun	
  …	
  -­‐33.5°	
  Pitch	
  and	
  0°	
  Roll	
  
–  C3	
  points	
  Telescope	
  LOS	
  away	
  from	
  the	
  Sun	
  …	
  +33.5°	
  Pitch	
  and	
  0°	
  Roll	
  
–  C4	
  rolls	
  Telescope	
  about	
  Telescope	
  LOS	
  …	
  0°	
  Pitch	
  and	
  12.5°	
  Roll	
  
–  C5	
  rolls	
  Telescope	
  about	
  Telescope	
  LOS	
  …	
  0°	
  Pitch	
  and	
  -­‐12.5°	
  Roll	
  

•  “Hot”	
  Table	
  Cases	
  Set	
  Azimuth	
  for	
  C1-­‐C5	
  to	
  Maximize	
  Earth	
  Inputs	
  
–  V1	
  subcases	
  maximize	
  input	
  to	
  WFI	
  radiators	
  
–  V2	
  subcases	
  maximize	
  input	
  to	
  Telescope	
  aperture	
  

•  “Cold”	
  Table	
  Cases	
  Set	
  Azimuth	
  for	
  C1-­‐C5	
  to	
  Minimize	
  Earth	
  Inputs	
  
–  V1	
  subcases	
  minimize	
  input	
  to	
  WFI	
  radiators	
  
–  V2	
  subcases	
  minimize	
  input	
  to	
  Telescope	
  aperture	
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Worst	
  Fixed-­‐ANtude	
  Thermal	
  Case	
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Ø  Pitch	
  and	
  Roll	
  
‒  Sun	
  normal	
  to	
  Solar	
  Array	
  
‒  Pitch	
  =	
  0°,	
  Roll	
  =	
  0°	
  
‒  Pitch/Roll	
  extreme	
  cases	
  from	
  C.	
  Hirata	
  had	
  not	
  been	
  explored	
  when	
  this	
  case	
  was	
  

chosen	
  

Ø  Azimuth:	
  (rotaKon	
  about	
  normal	
  to	
  the	
  Solar	
  Array)	
  
	
  

‒  Sets	
  Telescope	
  LOS	
  	
  	
  38.9°off	
  the	
  orbit	
  plane	
  (γLOS)	
  
•  This	
  is	
  as	
  close	
  as	
  is	
  currently	
  allowed	
  given	
  stray	
  light	
  constraints	
  
•  Maximizes	
  orbital	
  variaKon	
  of	
  Earth	
  load	
  into	
  the	
  Telescope	
  barrel	
  

‒  Simultaneously	
  sets	
  WFI	
  radiators	
  normal	
  33.92°off	
  the	
  orbit	
  plane	
  (γRad)	
  
•  The	
  closest	
  approach	
  of	
  the	
  normal	
  to	
  the	
  orbit	
  plane	
  that	
  must	
  be	
  tolerated	
  to	
  

accommodate	
  HLS/WL	
  observaKons	
  is	
  47.5°(April	
  2013	
  SDT	
  Final	
  Report),	
  so	
  
significant	
  margin	
  in	
  assessing	
  WL	
  PSF	
  EllipKcity	
  stability	
  

•  Full	
  range	
  of	
  WFI	
  radiator	
  angles,	
  down	
  to	
  0°,	
  	
  explored	
  in	
  Worst	
  Slew	
  and	
  Triage	
  
cases	
  



Worst	
  Fixed-­‐ANtude	
  Orbit	
  Graphic	
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S/C	
  “X”	
  =	
  red	
  axis	
  
S/C	
  “Y”	
  =	
  green	
  axis	
  
S/C	
  “Z”	
  =	
  blue	
  axis	
  (poinKng	
  to	
  Sun)	
  

View	
  is	
  from	
  the	
  Sun	
  

28.5°inclined	
  GEO	
  staKonary	
  orbit	
  
175°RAAN	
  
11°Beta	
  Angle;	
  near	
  Beta	
  =	
  0,	
  but	
  no	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  eclipse	
  (April	
  1,	
  2023,	
  00:21	
  UTC)	
  



WFI	
  Worst-­‐Slew	
  Thermal	
  Case	
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Ø  VariaKon	
  in	
  gradient	
  between	
  WFI	
  OB	
  Top	
  and	
  OB	
  Bo_om	
  temperatures	
  was	
  
looked	
  at,	
  over	
  all	
  20	
  Hirata	
  Triage	
  Cases	
  

	
  

Ø  ANtude	
  resulKng	
  in	
  biggest	
  Top/Bo_om	
  OB	
  gradient	
  and	
  warmest	
  OB	
  Top	
  
temperature	
  was	
  selected	
  as	
  the	
  Hot	
  Case	
  for	
  the	
  WFI	
  Worst-­‐Slew	
  Case	
  
‒  33.5°pitch	
  away	
  from	
  the	
  Sun,	
  no	
  LOS	
  roll,	
  γRad	
  =	
  0°(in the orbit plane)	
  
‒  163.6	
  K	
  OB	
  top,	
  -­‐0.8	
  K	
  gradient	
  to	
  OB	
  bo_om	
  	
  
	
  

Ø  ANtude	
  resulKng	
  in	
  smallest	
  Top/Bo_om	
  OB	
  gradient	
  and	
  coldest	
  OB	
  Top	
  
temperature	
  was	
  selected	
  as	
  the	
  	
  Cold	
  Case	
  for	
  the	
  WFI	
  Worst-­‐Slew	
  Case	
  
‒  33.5°pitch	
  towards	
  the	
  Sun,	
  no	
  LOS	
  roll,	
  γRad	
  =	
  48.4°(out of the orbit plane) 
‒  163.0	
  K	
  OB	
  top,	
  -­‐0.5	
  K	
  gradient	
  to	
  OB	
  bo_om	
  

Ø  Instantaneously	
  switch	
  from	
  Hot	
  to	
  Cold	
  aNtude	
  at	
  Ho_est	
  Point	
  for	
  WFI	
  OB	
  and	
  
track	
  hourly	
  for	
  at	
  least	
  12	
  hours	
  (total	
  of	
  23	
  hours	
  analyzed)	
  



•  Pitch	
  =	
  -­‐33.5	
  
•  Roll	
  =	
  0	
  
•  Azimuth	
  maximizes	
  

WFI	
  Rad	
  Earth	
  input	
  

•  Cold	
  ANtude	
  
•  Pitch	
  =	
  -­‐33.5°(to Sun)	
  
•  Roll	
  =	
  0	
  
•  Azimuth	
  minimizes	
  WFI	
  

Radiator	
  Earth	
  input	
  

•  γLOS	
  =	
  -­‐40.49	
  
•  γRad	
  =	
  0	
  

•  γLOS	
  =	
  38.90°	
  
•  γRad	
  =	
  48.39°	
  

•  Hot	
  ANtude	
  
•  Pitch	
  =	
  33.5°(away   
                        from Sun)	
  
•  Roll	
  =	
  0	
  
•  Azimuth	
  maximizes	
  WFI	
  

Radiator	
  Earth	
  input	
  

•  γLOS	
  =	
  40.49°	
  
•  γRad	
  =	
  0°	
  

WFI	
  Worst-­‐Slew	
  Orbit	
  Graphic	
  (Hot	
  ANtude	
  shown	
  above	
  Cold)	
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28.5°Inclined	
  GEO	
  staKonary	
  orbit	
  
175°RAAN	
  
11°Beta	
  Angle;	
  near	
  Beta	
  =	
  0,	
  but	
  no	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  eclipse	
  (April	
  1,	
  2023,	
  00:21	
  UTC)	
  



WFE	
  and	
  PSF	
  EllipFcity	
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Ø  ΔWFE	
  	
  worst	
  rate	
  0.041	
  nm/184s	
  
Ø  ΔWFE	
  drij	
  allocaKon	
  (0.707	
  nm/184s)	
  

easily	
  met	
  at	
  worst	
  rate	
  
Ø  Margin	
  factor	
  (worst	
  rate)	
  	
  x17	
  

	
  
	
  
Ø  PSF	
  EllipKcity	
  =	
  sqrt(rss(e1,e2))/sqrt2	
  
Ø  Worst	
  rate	
  =	
  1.6	
  e-­‐6/184s	
  
Ø  PorKon	
  of	
  total	
  PSF	
  EllipKcity	
  Stability	
  

Budget	
  (≤4.7e-­‐4/184	
  s)	
  consumed	
  at	
  
worst	
  rate	
  is	
  very	
  small!	
  

Ø  Margin	
  factor	
  (worst	
  rate)	
  =	
  x290	
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Ø  ΔWFE	
  	
  worst	
  rate	
  ~0.077	
  nm/184s	
  
Ø  ΔWFE	
  drij	
  allocaKon	
  (0.707	
  nm/184s)	
  

easily	
  met	
  at	
  worst	
  rate	
  
Ø  Margin	
  factor	
  (worst	
  rate)	
  	
  x9	
  

	
  
Ø  PSF	
  EllipKcity	
  =	
  sqrt(rss(e1,e2))/sqrt2	
  
Ø  Worst	
  rate	
  =	
  4.3	
  e-­‐6/184s	
  (hour	
  7)	
  
Ø  PorKon	
  of	
  total	
  PSF	
  EllipKcity	
  Stability	
  

Budget	
  (≤4.7e-­‐4/184	
  s)	
  consumed	
  at	
  
worst	
  rate	
  is	
  very	
  small!	
  

Ø  Margin	
  factor	
  (worst	
  rate)	
  =	
  x108	
  



T1	
  Rigid	
  Body	
  MoFons	
  Over	
  24	
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  for	
  STOP	
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Ø  T1 position is 
very stable in the 
inclined GEO 
orbit, fixed-
attitude case, 
even with 
maximum Earth 
flux variation into 
the Telescope 

 
Ø  Well-received by 

Coronagraph 
Team 
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T2	
  Rigid	
  Body	
  MoFons	
  Over	
  24	
  Hours	
  for	
  STOP	
  Fixed	
  A?tude	
  Case	
  

Ø  T2 position is 
similarly stable 

 
Ø  Well-received by 

Coronagraph 
Team 
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  Zernike	
  Amplitudes	
  Over	
  24	
  Hours	
  for	
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  A?tude	
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Ø  T1 WFE is also 
very stable 

Ø  Dominant term is 
focus, ~0.2 nm Δ 
over 12 hours 
(easily correctable 
by LOWFS/C) 

Ø  Other low order 
WFE terms <20 
pm over 12 hours 

Ø  Well received by 
Coronagraph 
Team 
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T2	
  Zernike	
  Amplitudes	
  Over	
  24	
  Hours	
  for	
  STOP	
  Fixed	
  A?tude	
  Case	
  

Ø  T2 WFE is even 
more stable 

Ø  Dominant term is 
focus, ~7 pm Δ 
over 4 hours 
(easily correctible 
by LOWFS/C) 

Ø  Other low order 
WFE term 
negligible 

Ø  Well received by 
Coronagraph 
Team 



STOP	
  Assessment	
  Summary	
  

•  The	
  STOP	
  results	
  are	
  summarized	
  in	
  detail	
  on	
  p.2	
  
•  They	
  show	
  excellent	
  WFI	
  PSF	
  EllipKcity	
  stability	
  and	
  solid	
  
WFI	
  WFE	
  stability	
  margins,	
  the	
  best	
  DRM	
  results	
  that	
  we	
  
have	
  seen	
  (even	
  for	
  the	
  worst-­‐slew	
  case)	
  
–  	
  x9	
  margins	
  on	
  WFI	
  WFE	
  drij	
  stability	
  rqt	
  

•  x25	
  be_er	
  than	
  HST	
  WFE	
  variaKons,	
  which	
  can	
  be	
  ±30	
  nm	
  over	
  an	
  orbit	
  

–  x108	
  margins	
  on	
  WFI	
  PSF	
  EllipKcity	
  total	
  stability	
  rqt	
  

•  The	
  T1/T2	
  Shape/PosiKon	
  StabiliKes,	
  from	
  fixed-­‐aNtude	
  
case,	
  are	
  viewed	
  posiKvely	
  by	
  the	
  Coronagraph	
  Team	
  
–  Zernike	
  instability	
  dominated	
  by	
  focus	
  at	
  a	
  fracKon	
  of	
  a	
  
nanometer	
  to	
  a	
  few	
  picometers	
  range	
  over	
  24	
  hours	
  

–  Sub-­‐micron	
  rigid	
  body	
  moKon	
  ranges	
  over	
  24	
  hours	
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Structural/VibraFon/OpFcal	
  Performance	
  	
  
(aka	
  “Ji2er”)	
  Integrated	
  Model	
  Analyses	
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•  All	
  Performance	
  Assessed	
  at	
  the	
  Telescope’s	
  Intermediate	
  Focus	
  
•  Ji_er	
  Analysis	
  AssumpKons	
  	
  	
  (p.	
  23)	
  
•  RWA-­‐induced	
  LOS	
  and	
  WFE	
  Ji_er	
  (p.	
  24-­‐25)	
  
•  Ji_er	
  Assessment	
  Summary	
  (p.	
  26)	
  
•  Ji_er	
  and	
  STOP	
  Future	
  Cyc-­‐3	
  Work	
  (p.	
  27-­‐28)	
  
•  Credits!	
  
	
  

NOTE:	
  A	
  MUF	
  of	
  x2.48(<20Hz)	
  to	
  x5.86	
  (>40	
  
Hz),	
  with	
  a	
  linear	
  variaKon	
  between	
  these	
  
frequencies,	
  is	
  included	
  in	
  all	
  Ji_er	
  results	
  



AssumpFons	
  for	
  Ji2er	
  Analyses	
  
•  Observatory	
  Modal	
  Structural	
  Model	
  (Nastran;	
  Cory	
  Powell):	
  

–  Major	
  parKcipaKng	
  masses	
  represented	
  with	
  realisKc	
  sKffnesses	
  suitable	
  for	
  flight	
  loads	
  
–  IsolaKon	
  mounts	
  represented	
  (Telescope	
  D-­‐struts;	
  residual	
  vectors	
  used)	
  
–  Fuel	
  slosh	
  omi_ed	
  from	
  this	
  run	
  (no	
  ji_er	
  impact	
  expected)	
  
–  Open	
  OBA	
  door	
  and	
  both	
  HGAs	
  on	
  gimbals	
  excluded	
  (lien)	
  
–  Outputs:	
  	
  normal	
  modes	
  to	
  200	
  Hz	
  provided	
  to	
  Dynamics	
  Response	
  Model	
  

•  Reduced	
  Dynamics	
  Response	
  Model	
  (Matlab;	
  Carl	
  Blaurock	
  and	
  Alice	
  Liu):	
  
–  Modal	
  damping	
  (0.25%)	
  applied	
  to	
  all	
  structural	
  modes	
  	
  	
  
–  RWA	
  isolaKon	
  modeled	
  as	
  disturbance	
  shaping	
  filter	
  	
  

•  10	
  Hz,	
  10%	
  damping	
  (needed	
  to	
  increase	
  from	
  5%	
  b/c	
  close	
  to	
  ji_er	
  modes),	
  2-­‐
decade	
  floor	
  

–  Disturbance	
  input:	
  HR14-­‐75	
  RWAs	
  (standard	
  spec	
  balancing)	
  
–  Responses	
  ≤2	
  Hz	
  are	
  in	
  ACS	
  control	
  bandpass,	
  and	
  not	
  included	
  in	
  ji_er	
  esKmates	
  
–  Outputs:	
  Rigid	
  body	
  moKons	
  (as	
  a	
  funcKon	
  of	
  frequency	
  to	
  200	
  Hz)	
  of	
  Telescope	
  opKcal	
  

elements	
  (T1,	
  T2),	
  WFI	
  opKcal	
  elements	
  (F1,	
  M3,	
  F2,	
  FPA),	
  and	
  Telescope	
  intermediate	
  
focus	
  center	
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Ø  Without	
  D-­‐struts	
  we	
  do	
  not	
  meet	
  our	
  LOS	
  
Ji_er	
  spec	
  of	
  14	
  mas	
  rms/axis	
  

Ø  With	
  the	
  D-­‐struts,	
  Peak	
  LOS	
  Ji_er	
  is	
  <4	
  mas	
  
rms/axis	
  at	
  ~10	
  Hz	
  
Ø  x3.6	
  margin	
  on	
  14	
  mas	
  rms/axis	
  rqt	
  
Ø  Otherwise	
  ≤	
  2	
  mas	
  rms/axis	
  0-­‐50	
  Hz	
  

(ignoring	
  10%	
  factor),	
  a	
  x7.2	
  margin	
  
Ø  Fine	
  balance	
  wheels	
  reduce	
  Peak	
  LOS	
  Ji_er	
  

from	
  4	
  to	
  3	
  mas	
  rms/axis	
  
Ø  Peak	
  now	
  at	
  25	
  Hz	
  (worst	
  wheel	
  changes)	
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Ø  D-­‐struts	
  provide	
  valuable	
  margin	
  relaKve	
  to	
  
meeKng	
  our	
  WFE	
  Ji_er	
  spec	
  of	
  0.707	
  nm	
  
‒  D-­‐struts	
  reduce	
  Peak	
  WFE	
  Ji_er	
  to	
  0.114	
  

nm,	
  increasing	
  margins	
  from	
  x2.3	
  to	
  x6.2	
  
‒  Performance	
  off-­‐peak	
  improves	
  from	
  2	
  

nm	
  to	
  ~0.55	
  nm,	
  	
  over	
  0-­‐50	
  rev/s	
  range	
  
‒  But,	
  WFE	
  is	
  not	
  assessed	
  at	
  WFI	
  FPA	
  

‒  Fine	
  balance	
  wheels	
  provide	
  some	
  off-­‐peak	
  
ji_er	
  reducKons,	
  but	
  none	
  at	
  the	
  peak	
  (peak	
  is	
  
from	
  a	
  harmonic,	
  not	
  affected	
  by	
  fine	
  balance)	
  



Ji2er	
  Assessment	
  Summary	
  

•  The	
  Ji_er	
  results	
  are	
  summarized	
  in	
  detail	
  on	
  p.	
  3	
  

•  Significant	
  margins	
  on	
  RWA-­‐induced	
  Ji_er	
  are	
  predicted:	
  

–  Peak	
  LOS	
  Ji_er	
  ≤	
  4	
  masec	
  rms/axis,	
  	
  x3.6	
  margin	
  on	
  14	
  mas	
  rms/axis	
  
LOS	
  ji_er	
  rqt	
  

–  Peak	
  WFE	
  ji_er	
  ≤	
  0.114	
  nm,	
  x	
  6.2	
  margin	
  on	
  0.707	
  nm	
  WFE	
  ji_er	
  rqt	
  
•  But	
  only	
  evaluated	
  at	
  Telescope	
  Intermediate	
  Focus	
  

–  Margins	
  almost	
  x2	
  be_er	
  at	
  all	
  other	
  speeds	
  out	
  to	
  50	
  Hz	
  

•  D-­‐struts	
  criKcal	
  to	
  Ji_er	
  performance	
  

•  MUF	
  of	
  2.48(<20Hz)	
  to	
  5.86	
  (>40	
  Hz)	
  is	
  included	
  in	
  all	
  results!	
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Future	
  Cyc-­‐3	
  Work	
  (Ji2er)	
  
•  Add	
  HGAs	
  and	
  Open	
  Door	
  to	
  Nastran	
  FEM	
  
•  HGA	
  disturbance	
  to	
  be	
  evaluated	
  for	
  WFE/LOS	
  ji_er	
  impacts	
  

–  Single	
  step	
  response	
  to	
  understand	
  response	
  amplitude	
  and	
  
component	
  frequencies	
  (modes)	
  

–  RealisKc	
  HGA	
  command	
  profile	
  
•  Step	
  rate	
  range	
  in	
  steps/second	
  is	
  a	
  criKcal	
  parameter	
  

–  Bounding	
  HGA	
  responses	
  
•  D-­‐struts	
  

–  Verify	
  model	
  against	
  Honeywell	
  data	
  
•  RW	
  Isolators	
  

–  Use	
  physical	
  isolator	
  model	
  that	
  will	
  more	
  accurately	
  capture	
  
gyroscopic	
  coupling	
  

•  Re-­‐run	
  for	
  LOS/WFE	
  for	
  both	
  Telescope	
  Intermediate	
  Focus	
  
and	
  WFI	
  FPA	
  (la_er	
  a	
  goal)	
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Future	
  Cyc-­‐3	
  Work	
  (STOP)	
  
•  1K	
  WFI	
  OpKcal	
  Bench	
  grad/bulk	
  dT	
  	
  (in	
  work)	
  
•  WFI	
  Cooldown	
  (in	
  review)	
  

–  Aimed	
  at	
  informing	
  I&T	
  and	
  error	
  budget	
  development	
  
–  Both	
  LOM-­‐based,	
  and	
  x-­‐validaKon	
  with	
  SigFit	
  
–  SigFit	
  can	
  be_er	
  capture	
  high-­‐order	
  deformaKons	
  around	
  opKcal	
  
mounts	
  

•  Gravity-­‐release	
  (in	
  review)	
  
–  Aimed	
  at	
  informing	
  I&T	
  and	
  error	
  budget	
  development	
  

•  Considering	
  a	
  fixed-­‐aNtude	
  eclipse	
  case	
  
–  Is	
  the	
  target	
  to	
  assess	
  thermal/structural	
  dynamic	
  disturbances,	
  
or	
  deformaKons/moKons	
  of	
  opKcal	
  elements?	
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Cycle-­‐3	
  Integrated	
  Modeling	
  (IM)	
  Team	
  
(Roll	
  the	
  Credits!)	
  

29 

Ø OpKcal	
  Model	
  
•  Bert	
  Pasquale,	
  David	
  Vaughnn	
  

Ø Linear	
  OpKcal	
  Model	
  (LOM)	
  GeneraKon	
  
•  Joe	
  Howard	
  

Ø Structural	
  Design/Model/Analysis	
  
•  Cory	
  Powell	
  (Andrew	
  Jabola)	
  …	
  both	
  staKc	
  and	
  dynamic	
  

Ø Thermal	
  Design/Model/Analysis	
  
•  Hume	
  Peabody	
  (Carson	
  McDonald)	
  

Ø 	
  Structural/Thermal	
  Mapping	
  
•  Hume	
  Peabody	
  (TD)	
  
•  Cory	
  Powell	
  (Nastran	
  Thermal	
  Analyzer	
  linear	
  interpolaKons)	
  

Ø 	
  LOM-­‐based	
  WFE/LOS/PSF	
  Model/Analysis	
  	
  
•  Carl	
  Blaurock	
  (NightSky	
  Systems)	
  
•  Alice	
  Liu	
  
•  Includes	
  RWA	
  disturbance	
  inputs	
  

Ø Payload/Instrument	
  Systems	
  
•  Dave	
  Content,	
  Cliff	
  Jackson	
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TentaKve	
  AFTA	
  MUF	
  vs	
  Frequency	
  Curve	
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RW	
  LOS/WFE	
  by	
  OpKc	
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•  Result for AFTA-WFIRST IM Cyc-3 Telescope LOS jitter (T1 contributor only) 
•  Total jitter spec is shown: 14 mas rms/axis 
•  RW 3 chosen as representative worst wheel disturbance input location 
•  A MUF of 2.48(<20Hz) to 5.86 (>40 Hz) is included in values shown 
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•  Result for AFTA-WFIRST IM Cyc-3 Telescope LOS jitter (T2 contributor only) 
•  Total jitter spec is shown: 14 mas rms/axis 
•  RW3 chosen as representative worst wheel disturbance input location 
•  A MUF of 2.48(<20Hz) to 5.86 (>40 Hz) is included in values shown 
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LOS	
  MoFon	
  over	
  24	
  Hours	
  for	
  STOP	
  Fixed	
  A?tude	
  Case	
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Blue	
  	
  	
  	
  =	
  x-­‐axis	
  
Green	
  =	
  y-­‐axis	
  

Ø  Max	
  uncorrected	
  (no	
  
ACS)	
  WFI	
  LOS	
  drij	
  rate	
  
is	
  ~0.15	
  mas/min	
  

	
  
Ø  This	
  low	
  rate	
  is	
  easily	
  

correcKble	
  by	
  S/C	
  ACS	
  
to	
  meet	
  the	
  14	
  masec	
  
rms/axis	
  drij	
  (≤2	
  Hz)	
  
poinKng	
  requirement	
  

	
  

Time (s) x 104 



Carrier	
  CG	
  Latch	
  Point	
  StabiliFes	
  for	
  STOP	
  Fixed	
  A?tude	
  Case	
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Ø  Total Translations 
 

Ø  No thermal control of 
Carrier in Cyc-3 



Wide	
  Field	
  Instrument	
  Thermal	
  Model	
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FEM	
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wfirst-DRM0-Jitter-V5-resvec200Hz.bdf 
300,687 nodes; 403,817 elements 
Per ACWG, LOS/WFE is at telescope exit (intermediate focus), 
represented by node 500004 spidered from IC. 

Intermediate focus 
500004 
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Solar Array/Sun Shade 

WF Instrument 
and Radiators 
Cycle 3 

OBA 

Spacecraft Bus and 
serviceable Modules 

Instrument Carrier 
(Yellow) 
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Coronagraph	
  (CG)	
  Layout	
  Overview	
  
•  No	
  Coronagraph	
  design	
  for	
  Cyc-­‐3	
  
•  Thermal	
  model	
  has	
  a	
  radiaKve	
  CG	
  enclosure	
  at	
  fixed	
  temp	
  (293	
  K)	
  
•  Structural	
  model	
  has	
  the	
  CG	
  enclosure	
  supported	
  kinemaKcally	
  at	
  3	
  

Carrier	
  latch	
  points,	
  similarly	
  to	
  the	
  WFI:	
  

•  Telescope	
  Intermediate	
  Focus	
  reference,	
  used	
  for	
  LOM	
  to	
  assess	
  
Telescope	
  LOS	
  Ji_er,	
  is	
  on	
  next	
  page	
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Orbit	
  (C.	
  Hirata)	
  …	
  RAAN	
  185° for Cyc-3	
  



WFIRST-­‐AFTA’s	
  Central	
  Line	
  of	
  Sight	
  (LOS)	
  Field	
  of	
  Regard	
  (FOR)	
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+54˚	
  

Keep-Out 
 Zone 

Observing Zone 

Keep-Out  
Zone 

SNe 
Fields 

SNe 
Fields 

+126˚	
  

Galactic Bulge 
(Available 

twice yearly) 

SNe Fixed 
Fields be ±20˚ 
off one of the 
Ecliptic Poles, 
±15˚ Roll about 
LOS from 90˚ - 
110˚ 

Microlensing can 
observe Inertially 
Fixed Fields in the 
Galactic Bulge 
(GB) for 72 days 
twice a year  

WL/ BAO-RSD/ 
GO/Coronagraph 
Surveys can be 
optimized within 
the full Observing 
Zone 

Observing Zone:  
54˚-126˚ Pitch off Sun 
Line 
360˚ Yaw about Sun Line 
±10˚ Roll about LOS 
(off max power roll*)   
* Larger roll allowed for 
SNe 
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Cases	
  Chosen	
  for	
  IM	
  Thermal	
  Runs	
  
•  Orbital	
  VariaKon	
  Case	
  (fixed	
  aNtude)	
  
•  Worst	
  Case	
  Slew	
  Pair	
  
•  Caveat	
  

–  Cases	
  are	
  run	
  to	
  equilibrium	
  at	
  one	
  fixed	
  aNtude	
  …	
  in	
  reality	
  
there	
  is	
  a	
  1	
  degree	
  moKon	
  of	
  the	
  Earth	
  around	
  the	
  Sun	
  each	
  day,	
  
so	
  the	
  equilibrium	
  is	
  never	
  reached	
  

–  This	
  needs	
  to	
  be	
  considered,	
  parKcularly	
  for	
  the	
  CG	
  cases	
  where	
  
1-­‐2	
  weeks	
  may	
  be	
  spent	
  at	
  one	
  poinKng,	
  but	
  the	
  slow	
  changes	
  in	
  
flux	
  distribuKon	
  should	
  not	
  be	
  an	
  issue	
  for	
  the	
  Observatory’s	
  
thermal	
  and	
  poinKng	
  control	
  systems	
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RotaKon	
  Axes	
  and	
  Order	
  of	
  OperaKons	
  
•  The	
  iniKal	
  Observatory	
  aNtude	
  prior	
  to	
  rotaKons	
  is	
  shown	
  in	
  C0V0;	
  
•  All	
  rotaKons	
  follow	
  the	
  right	
  hand	
  rule;	
  
•  The	
  three	
  rotaKon	
  axes	
  are	
  the	
  vector	
  normal	
  to	
  the	
  gold	
  colored	
  

solar	
  array	
  (+Z	
  out	
  of	
  the	
  array;	
  for	
  Azimuth),	
  the	
  Telescope	
  LOS	
  
vector	
  (+X	
  out	
  of	
  the	
  aperture;	
  for	
  Roll),	
  and	
  the	
  vector	
  defined	
  by	
  
the	
  right	
  hand	
  rule	
  of	
  the	
  previous	
  two	
  vectors	
  (+Y;	
  for	
  Pitch);	
  

ü  Azimuth	
  rotaKons	
  (about	
  +Z)	
  are	
  
first,	
  rotaKng	
  the	
  Observatory	
  
about	
  the	
  Sun	
  line;	
  

ü  Pitch	
  rotaKons	
  (about	
  +Y)	
  are	
  
second,	
  poinKng	
  the	
  Telescope	
  LOS	
  
towards	
  (-­‐Pitch)	
  or	
  away	
  (+Pitch)	
  
from	
  the	
  Sun;	
  

ü  Roll	
  rotaKons	
  (about	
  +X)	
  are	
  third,	
  
rotaKng	
  the	
  Observatory	
  about	
  the	
  
Telescope	
  LOS	
  

+X	
  

C0V0	
  has	
  no	
  
rotaKons	
  from	
  base	
  

orbit	
  aNtude	
  	
  

+Y	
  

+Z	
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Hot	
  C1V1	
  –	
  C5V2	
  Hirata	
  Table	
  

Hot	
  
Hot	
  
Hot	
  
Hot	
  
Hot	
  
Hot	
  
Hot	
  
Hot	
  
Hot	
  
Hot	
  

Hot	
  Cases	
  prioriKze	
  Azimuth	
  to	
  maximize	
  Earth	
  input	
  to	
  WFI	
  Radiators	
  
(V1)	
  or	
  to	
  Telescope	
  Aperture	
  (V2),	
  for	
  given	
  Pitch	
  and	
  Roll	
  values	
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Blue is fixed attitude orbit case; Tan is hot case of the worst-case slew pair. 
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C5V2	
  

C5V1	
  

C4V1	
  

C4V2	
  

C3V1	
  

C3V2	
  

C2V2	
  

C2V1	
  

C1V2	
  

C1V1	
  

C0V0	
  

Hot	
  Cases	
  

HOT	
  CASES	
  

C0V0	
  has	
  no	
  
rotaKons	
  from	
  base	
  

orbit	
  aNtude	
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Cold	
  C1V1	
  –	
  C5V2	
  Hirata	
  Table	
  

Cold	
  
Cold	
  
Cold	
  
Cold	
  
Cold	
  
Cold	
  
Cold	
  
Cold	
  
Cold	
  
Cold	
  

Cold	
  Cases	
  prioriKze	
  Azimuth	
  to	
  minimize	
  Earth	
  input	
  to	
  WFI	
  Radiators	
  
(V1)	
  or	
  to	
  Telescope	
  Aperture	
  (V2),	
  for	
  given	
  Pitch	
  and	
  Roll	
  values	
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Tan is cold case of the worst-case slew pair. 
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C5V2	
  

C5V1	
  

C4V1	
  

C4V2	
  

C3V1	
  

C3V2	
  

C2V2	
  

C2V1	
  

C1V2	
  

C1V1	
  

C0V0	
  

Cold	
  Cases	
  

C1V1	
  

C1V2	
  

COLD	
  CASES	
  

C0V0	
  has	
  no	
  
rotaKons	
  from	
  base	
  

orbit	
  aNtude	
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STOP	
  Small	
  PerturbaKon	
  Linear	
  Analysis	
  Flow	
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Payload Structural 
Model 

TD + Nastran 
Thermal Analyzer 

Observatory 
Thermal Model 

TD 

Thermal 
Analysis 

Temperature 
Profiles 

Thermo-elastic Analysis 
relative to 293 K 

Map Temps to 
Nastran Grid Points 

NASTRAN 

Nastran Thermal 
Load Cases 

Motions of optical element 
surface grid points 

Thermal Desktop (TD) 

NASTRAN 

Payload 
Optical Model 

ΔWFE, ΔLOS, 
ΔPSF_ellipticity 

Process surface grid point inputs to confirm RB 
motions; calculate Zernikes 4-11; Convolve both 

with LOM; process WFE to estimate PSF_ellipticity 
Intermediate 

Result 

Analysis / 
Process 

Discipline 
Model 

Final Result 

MATLAB w/ DOCS 

RBE-3 optical element 
rigid body motions 

Linear Optical Model (LOM) w/
Local Optical Coord Systems 

CODE-V 



v112113_c 

AFTA-­‐WFIRST	
  Ji_er	
  Modeling/Analysis	
  Flow	
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Observatory 
Optical Model 

Observatory 
Modal  Structural 

Model 
Normal Modes 

Analysis 

LOS/WFE 
Sensitivity 

Analysis 

Eigenvectors 
and 

Eigenvalues 

Linear Optical 
Model (LOM) 

Co
ry

 P
ow

el
l 

Jo
e 

H
ow

ar
d 

Mechanical 
Disturbances 

(RWAs; HGAs) 

Reduced 
Dynamics Model 

Telescope  LOS Jitter          
[2-to-100 Hz] 

Integrated jitter vs wheel 
speed, and cumulative jitter vs 
frequency for set wheel speed. 

Intermediate 
Result 

Analysis / 
Process 

Discipline 
Model 

Final Result 

A
lic

e 
Li

u,
  C

ar
l 

Bl
au

ro
ck

 

Re-use in ≤2 Hz 
ACS Fine 

Pointing Control 
(Drift) Analysis 

Re-use in ≤2 Hz 
ACS Fine 

Pointing Control 
(Drift) and 

STOP Analyses 

Time  or 
Frequency-

Domain Analysis 



Fine	
  PoinKng	
  Analysis	
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Eigenvectors 
and 

Eigenvalues 

ACS Model Time-domain 
Analysis LOS 

Simulink 

Alice and Carl 

Simulink 

Er
ic

 S
to

ne
ki

ng
 

Linear Optical 
Model (LOM) 

Intermediate 
Result 

Analysis / 
Process 

Discipline 
Model 

Final Result 

Cory Powell (Andrew Jabola, 
Miguel Polanco) 

Joe Howard, Carl Blaurock 

{Preliminary} 



Cyc-­‐3	
  Payload	
  Design	
  Highlights	
  
•  ~270K telescope 

•  WF Channel 2.1um detector cutoff 

•  Passive WFI thermal design 

•  ≤120 K WF Channel focal plane temp (117 K in model) 
•  WFI Optical Bench (OB) ~163 K, cooled top and 

bottom via heat pipes 

•  Instrument Carrier thermally uncontrolled (MLI wrap) 

•  Coronagraph volume at 293 K (radiative coupling only) 

•  Initial IFU end to end design (no thermal analysis) 
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