
Telescope	  architectures	  

University	  of	  Arizona	  	  
January	  23,	  2013	  

Dr.	  James	  Breckinridge	  
Adjunct	  Professor	  

College	  of	  OpGcal	  Sciences	  
jbreckin@opGcs.arizona.edu	  	  

Lecture	  2	  

1	  



Thursday,	  January	  23,	  2014	  
•  Work	  breakdown	  structure	  

•  Telescope	  system	  architectures	  
–  Filled,	  segmented,	  sparse,	  interferometers	  

•  Requirements	  development	  
–  Science	  measurements,	  technology	  risk	  map	  science	  
into	  realized	  engineering	  

*******	  

•  Diameter	  increases	  angular	  resoluGon	  
•  Area	  increases	  radiaGon	  collected	  –	  more	  power	  
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Today 

Today 



Science	  measurement	  	  
objecGves	  

FuncGonal	  Requirements	  

System	  architecture	  

Risk	  assessment	  
(technology,	  cost	  &	  schedule)	  

Implement	  
• 	  	  Design	  effort	  
• 	  	  Technology	  program	  
• 	  	  Cost	  and	  schedule	  studies	  

Point	  design	  

Assess	  progress	  

Build	  (detail	  design,	  fab,	  	  
test,	  align,	  calibrate)	  

No	  

Yes	  

Yes	  

No	  

Space	  science	  system	  	  
development	  flow	  

Rebalance	  the	  system	  requirements	  to	  	  
manage	  performance,	  cost	  and	  schedule	  



How	  do	  we	  build	  a	  large,	  complicated	  system?	  

•  Create	  a	  work-‐breakdown	  structure	  (WBS)	  
•  Assign	  personnel	  to	  jobs	  in	  the	  WBS	  you	  know	  
they	  can	  do	  –	  or	  accept	  responsibility	  to	  do	  

•  Create	  a	  work	  plan	  with	  schedule,	  cost	  and	  
performance	  
– Develop	  a	  list	  of	  tasks	  that	  need	  to	  be	  done	  
– NegoGate	  with	  your	  team	  who	  is	  going	  to	  do	  
which	  task	  

– Ask	  each	  one	  how	  long	  it	  will	  take	  them	  to	  do	  
their	  tasks	  and	  what	  the	  cost	  is	  
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What	  is	  a	  work	  break	  down	  structure?	  

•  IdenGfies	  all	  tasks	  required	  
•  Presents	  tasks	  in	  a	  format	  aligned	  with	  doing	  the	  
work	  

–  talent,	  skill	  level	  and	  so`ware	  &	  equipment	  

•  Provides	  a	  structure	  for	  the	  schedule	  
•  Every	  WBS	  is	  different	  because	  no	  two	  telescopes,	  
instruments,	  staffing	  and	  faciliGes	  are	  the	  same.	  

•  Create	  a	  WBS	  to	  enable	  you	  to	  manage	  success	  	  of	  
the	  project/task	  

•  Now	  you	  have	  a	  plan	  to	  move	  forward	  
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Mission	  development	  
•  Create	  ideas	  for	  new	  missions	  to	  make	  new	  high	  
priority	  measurements	  

•  Develop	  jusGficaGon	  for	  the	  mission	  

–  Performance,	  schedule,	  cost	  
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Where	  do	  we	  start?	  
•  Develop	  system	  requirements	  

•  Divide	  the	  system	  up	  into	  manageable	  subsystems	  
–  Work	  break-‐down	  structure	  	  

•  One	  person’s	  subsystem	  is	  another	  person’s	  system.	  	  

Mechanisms
Focus
Mirror support

Structure
Level 3

Primary mirror
Secondary mirror
Tertiary

Optics
Level 3

SNR
Thermal

Radiometry
Level 3

Pointing &
control

Calibration & Test

Telescope
Level 2

Instrument
Level 2

Focal plane
Level 2

Communication

Flight system
Level 1
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Example	  WBS	  
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Ray trace design
3.1

Optical Fab & Test
3.2

Optical Thin Films
3.3

Diffraction analysis
3.4

Technology
development

3.5

Integration &
Calibration

3.6

Telescope Optics
3.0

Each	  box	  is	  assigned	  a	  leader	  &	  given	  a	  $$	  budget	  	  
to	  accomplish	  work	  

Tasks	  accept	  work	  from	  others,	  provide	  addiGonal	  	  
work	  and	  then	  makes	  deliveries	  of	  his	  product	  



Project	  Milestones	  
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1.  Mission	  concept	  review	  (MCR)	  
•  Science	  clearly	  stated	  measurement	  

concept	  
2.  System	  definiGon	  review	  (SDR)	  
3.  Preliminary	  design	  review	  (PDR)	  

•  Assembly	  drawings	  
4.  CriGcal	  design	  review	  (CDR)	  

•  Detail	  design	  complete	  ready	  to	  “cut	  
metal	  (glass)”	  

5.  Pre-‐ship	  readiness	  review	  



How	  do	  we	  create	  a	  
“point	  design”	  
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Telescope	  aperture	  
•  Cannot	  always	  afford	  a	  monolith	  

– Replace	  the	  sGffness	  needed	  for	  an	  opGcal	  
telescope	  with	  electronics	  	  
• Wavefront	  sensing	  &	  control	  
• OpGcal	  metrology	  

•  Segmented	  

•  Sparse	  	  
•  Interferometry	  

– SpaGal	  interferometry	  

– Temporal	  frequency	  interferometry	  (FTS)	  
11	  



Segmented	  telescopes	  

5/22/12	   12	  



Segmented	  primary	  mirrors	  
•  A	  segmented	  primary	  mirror	  is	  used	  for	  several	  reasons:	  	  

–  A	  single	  monolithic	  mirror	  is	  too	  heavy	  for	  a	  cost-‐effecGve	  
ground	  or	  space	  telescope	  	  

–  The	  telescope	  needs	  to	  fold	  up	  to	  occupy	  a	  smaller	  volume	  
for	  those	  launch	  vehicles	  that	  are	  volume-‐shroud	  
constrained	  (inexpensive!)	  

–  FabricaGon	  of	  the	  segmented	  large	  primary	  mirror	  can	  be	  
achieved	  with	  ease	  and	  speed	  

–  The	  aperture	  is	  too	  large	  to	  launch	  all	  in	  one	  piece	  and	  
mirror-‐sats	  with	  assembly	  in	  space	  is	  used	  to	  make	  the	  
telescope	  
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Segment	  the	  primary	  mirror	  (pupil)	  
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Kringsis given by Ksegments = 3Krings Krings +1( )

The side length l  of the hexagon required for an 
equivalent circular area D is given by



Alignment	  issues	  

•  The	  surface	  of	  each	  segment	  is	  an	  off	  axis	  
secGon	  of	  a	  conic	  (parabola	  or	  hyperbola)	  	  

•  Each	  segment	  has	  its	  own	  opGcal	  axis	  

•  These	  axes	  all	  need	  to	  be	  aligned	  collinearly	  
•  Each	  curved	  surface	  needs	  to	  lie	  on	  an	  
imaginary	  conic	  surface	  to	  within	  a	  few	  
microns	  error	  
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Segment	  radii	  of	  curvature	  tolerance	  
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Tolerance	  on	  the	  radius	  
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Tolerance	  on	  the	  radius	  of	  curvature	  match	  of	  the	  	  
segments	  depends	  on	  the	  field	  of	  view	  required	  
Figure	  shows	  a	  pupil	  plane	  of	  diameter	  D	  and	  two	  image	  planes.	  	  
One	  image	  plane,	  indicated	  by	  focal	  length	  f1,	  is	  shorter	  than	  the	  	  
second	  focal	  plane	  of	  focal	  length	  f2..	  The	  image	  plane	  scale	  for	  	  
the	  two	  focal	  lengths	  is,	  of	  course,	  different;	  one	  focal	  plane	  is	  	  
shown	  larger	  than	  the	  other.	  The	  chief	  ray	  makes	  angle	  with	  the	  	  
axis	  for	  image	  plane	  formed	  by	  focal	  length	  f1,	  and	  the	  chief	  ray	  	  
makes	  angle	  with	  the	  axis	  for	  the	  image	  plane	  formed	  at	  focal	  	  
length	  f2.	  As	  an	  example,	  we	  will	  consider	  a	  parGcular	  case.	  	  
Assume	  the	  following	  system	  parameters:	  
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Tolerance	  on	  the	  radius	  of	  curvature	  match	  of	  the	  	  
segments	  depends	  on	  the	  field	  of	  view	  required	  
The	  segmented	  mirror	  has	  an	  outside	  diameter	  D	  of	  10	  m.	  
The	  effecGve	  focal	  length	  (EFL)	  of	  the	  telescope	  is	  60	  m.	  
There	  are	  no	  off-‐axis	  aberraGons.	  
We	  use	  an	  8192×8192	  pixel	  focal	  plane.	  	  
The	  field	  of	  view	  radius	  in	  units	  of	  pixels	  is	  equals	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5,792	  pixels.	  	  
The	  pixels	  are	  4-‐μm	  pitch	  in	  size,	  so	  the	  field	  of	  view	  	  
radius	  r,	  center	  to	  edge	  at	  the	  image	  plane	  is	  23.2	  mm.	  	  

The	  diameter	  d	  of	  the	  diffracGon	  spot	  is	  given	  by	  	  

	  	  .	  	  
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Tolerance	  on	  the	  radius	  of	  curvature	  match	  of	  the	  	  
segments	  depends	  on	  the	  field	  of	  view	  required	  

If	  r1	  and	  r2	  are	  the	  heights	  (radius	  from	  the	  axis	  to	  the	  corners)	  	  
of	  the	  image	  for	  the	  system	  with	  focal	  length	  f1,	  and	  for	  the	  system	  	  
with	  focal	  length	  f2,	  respecGvely,	  then	  we	  can	  write	  

If	  we	  assume	  that	  an	  image	  quality	  analysis	  will	  allow	  for	  the	  	  
4-‐μm	  square	  pixel	  to	  have	  an	  allowable	  error	  of	  0.2	  pixels,	  	  
then	  the	  allowable	  shear	  error	  between	  the	  two	  planes	  is	  	  
0.8	  μm	  at	  maximum,	  	  

r1 − r2 = Δr = 0.8 µm !



	  It	  is	  reasonable	  to	  assume	  that	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ;	  therefore,	  	  

	  	  .	  	  
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Tolerance	  on	  the	  radius	  of	  curvature	  match	  of	  the	  	  
segments	  depends	  on	  the	  field	  of	  view	  required	  

We	  see	  that	  	  

Δr = r
f
⋅ Δf ,  then Δf = f

r
⋅ Δh !

< f > − fk < 2.0 mm !

Discuss	  the	  spaGal	  staGonarity	  of	  the	  image	  



Segmented	  telescopes	  

•  JWST	  
•  Keck	  1	  and	  Keck	  2	  
•  Next	  generaGon	  16	  meter	  (ACCESS)	  

•  Others	  
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Object Optics 
(filter) 

Image 

M
TF

 
1.0- 

0.0- 
Normalized	  spaGal	  frequency	  	  

1.0	  

The	  telescope	  is	  a	  spaGal	  frequency	  filter	  
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M
TF
	  

1.0
-‐	  

0.0
-‐	   SpaGal	  frequency	  

0.0	   0.5	   1.0	  

Spatial frequency 
cutoff  = 

 1
λ ⋅ f #

The	  modulaGon	  transfer	  funcGon	  (MTF)	  is	  
related	  to	  the	  autocorrelaGon	  of	  the	  pupil	  

Assumes	  a	  	  
diffracGon-‐limited	  	  
system	  



Sparse	  apertures	  

A B

C D
ξ

η
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•  Redundant	  
•  Non-‐redundant	  
•  Smallest	  
telescopes	  to	  
reconstruct	  
filled	  aperture	  
angular	  
resoluGon	  

a<8	  m	  

8>a>50	  m	  

a>50m	  



Sparse	  aperture	  telescope	  =>	  PSF?	  
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Astronomers	  recognized	  in	  the	  mid-‐1960s	  that	  an	  expensive	  	  
single	  large-‐aperture	  opGcal	  telescope	  could	  be	  divided	  	  
into	  a	  series	  of	  less-‐expensive	  smaller	  apertures	  coherently	  	  
interconnected	  to	  provide	  nearly	  the	  same	  performance	  	  
as	  that	  given	  by	  the	  large	  single	  aperture.	  The	  penalty	  	  
was	  in	  more-‐extensive	  ground	  data	  processing	  to	  	  
reconstruct	  an	  image	  and	  extensive	  real-‐Gme	  controls	  	  
so`ware	  and	  hardware	  to	  maintain	  the	  alignment	  of	  the	  	  
telescope	  subsystems.	  Radio	  astronomers	  implemented	  it	  	  
first	  followed	  25	  years	  later	  by	  opGcal	  astronomers.	  



Sparse	  aperture	  telescope	  =>	  PSF?	  
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In	  a	  sparse-‐aperture	  telescope	  we	  increase	  the	  size	  	  
of	  the	  gaps	  between	  the	  reflecGng	  surfaces	  of	  a	  	  
segmented	  telescope	  to	  expand	  the	  aperture	  and	  	  
increase	  the	  angular	  resoluGon.	  In	  this	  way,	  we	  obtain	  	  
higher	  angular	  resoluGon	  but	  sacrifice	  the	  	  
radiaGon-‐gathering	  area	  of	  the	  pupil,	  which,	  in	  turn	  	  
reduces	  the	  system	  sensiGvity	  at	  higher	  spaGal	  frequencies.	  	  



Sparse	  aperture	  telescope	  (pupils)	  

ξ
A’	   A	  

1	  
I	


-‐a	   +a	   +3a	   +5a	  

D	  

A	  A’	  

T ξ,η( ) = circ 2aξ,2aη[ ]+ circ 2aξ,2a η − 4a( )⎡⎣ ⎤⎦



The	  modulaGon	  transfer	  funcGon	  (MTF)	  
is	  the	  autocorrelaGon	  of	  the	  pupil	  

MTF	  =	  1.	  

0	   SpaGal	  frequency	   η
C

Since	  they	  do	  not	  overlap	  the	  pupil	  is	  said	  	  
to	  be	  minimally	  redundant	  



Sparse	  aperture	  telescope	  =>	  PSF?	  
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Sparse-‐aperture	  opGcal	  systems	  are	  characterized	  in	  	  
terms	  of	  redundant	  and	  nonredundant	  apertures,	  	  
aperture	  fill	  factor,	  and	  beam	  recombinaGon	  geometries.	  	  
An	  example	  of	  a	  nonredundant	  aperture	  is	  shown	  labeled	  	  
D	  on	  the	  lower	  right	  in	  this	  figure.	  This	  aperture	  is	  	  
characterisGc	  of	  the	  MSI.	  	  



Sparse	  aperture	  telescope	  =>	  PSF?	  
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In	  theory,	  aperture	  D	  in	  this	  figure	  can	  deliver	  the	  same	  	  
informaGon	  to	  the	  focal	  plane	  as	  can	  the	  filled	  aperture	  A.	  
To	  acquire	  the	  same	  informaGon	  as	  that	  acquired	  by	  	  
aperture	  A,	  the	  two	  areas	  in	  aperture	  D	  are	  moved	  about	  	  
inside	  the	  aperture	  confines	  of	  A	  and	  the	  signals	  are	  added	  	  
a`er	  detecGon.	  In	  this	  manner	  informaGon	  at	  all	  baselines	  	  
and	  azimuths	  are	  obtained;	  however,	  the	  noise	  levels	  in	  the	  	  
image	  are	  higher.	  	  



Sparse	  aperture	  equivalent	  resoluGon	  

•  Aden	  Meinel	  in	  1970	  was	  the	  first	  astronomer	  
to	  recognize	  the	  potenGal	  of	  aperture	  
synthesis	  to	  opGcal	  astronomy	  

•  Marcel	  Golay	  was	  the	  first	  opGcal	  scienGst	  that	  
there	  exists	  a	  set	  of	  a	  minimum	  number	  pupil	  
topographies	  needed	  to	  fill	  the	  	  	  	  	  	  	  	  	  	  	  pupil	  
plane	  

•  These	  are	  called	  Golay	  apertures	  

5/22/12	   32	  

 ξ ,η



DiluGon	  factor	  
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The	  aperture	  is	  said	  to	  be	  dilute	  because	  it	  is	  not	  	  
filled,	  and	  a	  diluGon	  factor	  D	  is	  defined	  as	  the	  raGo	  	  
of	  the	  area	  of	  the	  smaller	  apertures	  to	  the	  area	  of	  	  
the	  larger	  aperture	  being	  synthesized.	  The	  diluGon	  	  
factor	  D	  is	  o`en	  referred	  to	  as	  fill	  factor.	  	  

D =
Ai

1

i=n

∑
Aencircled



PSF	  for	  Sparse	  apertures	  

 
Ii (x, y) = F t2 (ξ,η){ } ⊗ IO x, y( )



Sparse	  aperture	  	  
deployable	  

space	  telescope	  
design	  by	  Aden	  

Meinel	  
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Sparse	  telescope	  image	  quality	  
•  We numerically simulate the image formation process 

using several sparse aperture pupil topographies.  
•  Several parameters impact the image quality restored from 

an extended, white-light, broadband scene of low & 
intermediate contrast as found in planetary & satellite 
surfaces, resolved images of stellar surfaces and images of 
the Earth’s surface.  These are: 

•  Scene contrast (which restricts signal to noise) 
•  Pupil shape and it's resulting optical transfer function 
•  Frequency (U-V) domain coverage 
•  Spectral bandwidth 
•  Phasing errors between primary aperture mirror elements 
•  Detector full-well 
•  Exposure time 



OpGmized	  two-‐dimensional	  arrays	  

Golay	  described	  point	  arrays	  having	  compact	  
nonredundant	  autocorrelaGons	  
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20	  %	  Contrast	  

Exposure =
1

fill factor
⎛
⎝⎜

⎞
⎠⎟
X

 
Pupil Description FF % by 

area 
Detected 
photons 
required 

Exposure 
time 
relative to 
filled 

Exposure 
in sec 

Exponent 

1 filled 100 1,300 1 0.00065 - 
2 Touching  29.6 90,000 234 0.152 4.48 
3 Necklace + 5 

arms 
30.1 80,000 204 0.132 4.43 

4 5 arms 18.6 108,000 446 0.290 3.63 
5 3 arm Y 20.2 90,000 343 0.223 3.65 
6 Golay 12 7.5 2.0E+06 20,568 13.37 3.83 
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10	  %	  scene	  contrast	  

Exposure =
1

fill factor
⎛
⎝⎜

⎞
⎠⎟
X

Pupil Description FF by 
% 
Area 

Detected 
Photons 
Required 

Exposure 
relative to 
filled 

Exposure 
time (sec) 

Exponent 

1 filled 100 6,000 1 0.003 - 

2 Touching  44.2 135,000 50.9 0.153 4.81 

3 Necklace + 5 51.7 76,500 24.7 0.074 4.86 

4 5 arms 33.7 145,000 71.7 0.215 3.93 

5 3 arm Y 33.6 92,000 45.6 0.136 3.50 

6 Ring of 6 + 3 
arms 

48.5 59,000 20.3 0.061 4.15 
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5%	  input	  scene	  contrast	  

Exposure =
1

fill factor
⎛
⎝⎜

⎞
⎠⎟
X

Pupil Description FF % by 
area 

Detected 
photons 
required 

Exposure 
relative to 

filled 

Exposure 
time (sec) 

Exponent 

1 Filled 100 23,400 1 0.0177 - 
2 Touching 61.8 90,000 6.22 0.073 3.80 
3 Necklace

+5 arms 
56.0 100,000 7.63 0.089 3.50 

4 Annulus 74.2 104,000 5.99 0.070 6.00 
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Image	  quality	  effects	  

•  It turns out that sparseness is only one factor. 

•  The overriding factor is the ability to deconvolve the sparse image in the 
presence of noise. Each pupil has its own characteristics, best described by 
its MTF.  

•  When the MTF becomes low, noise corrupts those spatial frequencies, 
requiring a higher than expected signal-to-noise ratio to successfully 
deconvolve the image.  

•  In order to solve this primary problem, a combination of both a 
“cooperative” pupil and a reasonable fill factor is required. 
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Fellge{	  Dis(advantage)	  in	  opGcs	  

•  First assume that we are imaging the scene with a filled aperture, and that pixel 
A receives n photons.  The best signal to noise ratio is obtained by assuming 
that each photon is recorded and then the statistical distribution of the noise is 
Poisson, or 

•  Then let us assume we are imaging the same scene with a sparse aperture, 
which has the characteristically high side lobes. Pixel A then records N 
photons, where the upper case N is used for sparse aperture imaging.  The 
signal to noise ratio of this measurement is  

SNRbest =
n
n

SNRSparseAperture =
N
N
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Conclusions	  (1)	  	  

•  1,000 detected photons may be adequate for a filled pupil but much larger 
numbers are required to enable deconvolution for sparse apertures.  For 
example the annulus at 40,000 detected photons is equivalent in quality to the 
filled pupil at only 1,000 detected photons.	


•  Pupils which have holes in U-V coverage at low spatial frequencies are 
incapable of producing quality imagery.  Notice the images for the 17 element 
necklace.	


•  Nearly non-redundant pupils with MTF’s which are very low in places produce 
poor images in the presence of noise.  Compare the images of the 21 non-
redundant pupil (next to bottom) between the 1,000 and the 40,000 cases.  This 
failure is due to random noise overwhelming information located at low MTF. 
All Golay designs will be vulnerable unless the elements are increased in size 
to overlap in the UV plane.	


•  An annulus can be mimicked by a string of circles.	
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Conclusions	  (2)	  

•  20% contrast requires a fill factor of 30% and 100,000 
detected photons. 

•  10% contrast requires a fill factor of 40% and 100,000 
detected photons. 

•  5% contrast requires a fill factor of 50% and 100,000 detected 
photons. 



Where	  do	  we	  start?	  
•  Develop	  system	  requirements	  

•  Divide	  the	  system	  up	  into	  manageable	  subsystems	  
–  Work	  break-‐down	  structure	  	  

•  One	  person’s	  subsystem	  is	  another	  person’s	  system.	  	  

Mechanisms
Focus
Mirror support

Structure
Level 3

Primary mirror
Secondary mirror
Tertiary

Optics
Level 3

SNR
Thermal

Radiometry
Level 3

Pointing &
control

Calibration & Test

Telescope
Level 2

Instrument
Level 2

Focal plane
Level 2

Communication

Flight system
Level 1

46	  



Tuesday,	  January	  28,	  2014	  
•  The	  NASA	  process	  –	  technology	  

– New	  missions	  require	  new	  measurements	  &	  
most	  new	  measurements	  require	  new	  
technology	  
•  Thermal	  IR,	  High	  angular	  resoluGon,	  high	  contrast,	  UV	  

– “we	  know	  the	  theory-‐it	  will	  work!”	  	  -‐	  Too	  much	  
risk	  of	  failure	  
•  ExcepGon	  is	  very	  low	  cost	  cube	  sat	  experiments	  

– Technology	  development	  metrics	  
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Tuesday,	  January	  28,	  2014	  

•  Challenges	  to	  space	  operaGon	  
– RadiaGon	  (sun,	  fields,	  ions	  and	  parGcles)	  
– Thermal	  

– ElectrostaGcs	  
– Launch	  vibraGon	  
– PoinGng	  and	  control	  
– The	  sun,	  earth	  &	  the	  moon	  “get	  in	  the	  way”	  

– Mismatched	  system	  engineering	  
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Interferometry	  
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interferometer	  aperture	  

51	  

•  What	  kind	  of	  
aperture	  are	  you	  
going	  to	  build?	  

•  Angular	  
resoluGon	  is	  
more	  important	  
than	  power	  at	  
the	  image	  plane	  

a<8	  m	  

8>a>50	  m	  

a>50m	  

A B

C D
ξ

η



Michelson	  Interferometer	  

52	  10.	  Interferometer	  figures	  

Source	  

Ground	  glass	  
sca{ers	  light	  

Mirror	  1	  

Mirror2	  

Phase	  compensator	  

Beamspli{er	  with	  coaGng	  

Viewer	  sees	  fringes	  

5/30/10	  4:48	  PM	  
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Source	  
Lens	  1	  

Mirror	  1	  

Mirror	  2	  

Phase	  
compensator	  

Beamspli{er	  with	  coaGng	  

Fringes	  

Two	  images	  of	  the	  
source	  (one	  for	  
each	  path)	  

Lens	  2	  

V = c
V = c V = c

V = c

M2	  

M1	  

Looking	  back	  into	  
the	  interferometer	  
wave	  packet	  M1	  is	  	  
delayed	  in	  phase	  	  
compared	  to	  M2	  

P1	  

P2	  

5/30/10	  4:48	  PM	   10.	  Interferometer	  figures	  
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Young’s	  double	  slit	  experiment	  
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Sunlight	  

Opaque	  screen	  
with	  one	  	  
pinhole	   Opaque	  screen	  

with	  two	  	  
pinhole	  

ObservaGon	  	  
screen	  

P0	  

P1	  

P2	  
θ

L	  



Fizeau	  Interferometer	  

Lens	  A	  Mask	  with	  	  
2	  holes	  

Focal	  	  
plane	  

St
ar
lig
ht
	  

He	  took	  Young’s	  WHITE-‐LIGHT	  double	  	  
slit	  experiment	  and	  used	  its	  principles	  	  
for	  astronomy	  
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A	  

A’	  

B	  

B’	  
d	  

C	  

C’	  

Michelson’s	  WHITE	  LIGHT	  Interferometer	  	  
1920	  



Michelson’s	  Interferometer	  @	  100-‐inch	  
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