


Aperture Optical Sciences Inc.

• Founded in 2010

• Manufacturer of Aspheric Optics & 
Custom Optronic Systems, 
specializing in Silicon Carbide Optics

• Independent US-owned, Corporation 
located in Connecticut, USA

• Serving Aerospace and High Energy 
Laser Research markets.



Telescopes For Satellite Imaging And 
Laser Communications



Vertically Integrated Telescope Manufacturing 
Capabilities

• 17,000 ft2 Manufacturing Area 
• Plano and Aspheric Mirror 

Fabrication with Robotic & 
Conventional Polishing

• Clean-room Assembly
• Strong Metrology Resources



UNDERSTANDING OPTICAL TELESCOPE 
SPECIFICATIONS FOR IMAGING APPLICATIONS

Dave Aikens
4 August, 2020 12:00 EDT



There are 12 or so key parameters to specify an OTA

Parameter Typical Specification Range

Focal length 2000 - 5000 mm

Total Track (to FPA) 250 – 800 mm

Clear Aperture 200 - 500 mm

Obscuration 10 - 20% by area

Working f/# f/6 to f/10

Wavelength band PAN 0.45 - 0.8 µm (weighted)
Bands 0.4 – 1.0 um

Field of View (Full Field, diagonal) 1.0° - 3.0° diagonal

Stray light  ≤ 5 %

Thermal operating conditions -10C to + 40C (soak)
5C axial gradient

Distortion ≤ 1-2 %

Sensor geometry telecentric f/2 lenslets

Target WFE (or analogous MTF) ≥ 0.08 waves on station



Field of view, focal length, sensor size are all 
related

• The f# is the ratio of the focal length to the clear aperture
• The field of view is the arctangent of the ratio of sensor size and focal length
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Some parameters are CONOPS driven, others are derived 
from the CONOPS, and others are free variables for 
performance optimization

Parameter Typical Specification Range

Focal length 2000 - 5000 mm

Total Track (to FPA) 250 – 800 mm

Clear Aperture 200 - 500 mm

Obscuration 10 - 20% by area

Working f/# f/6 to f/10

Wavelength band PAN 0.45 - 0.8 µm (weighted)
Bands 0.4 – 1.0 um

Field of View (Full Field, diagonal) 1.0° - 3.0° diagonal

Stray light ≤ 5 %

Thermal operating conditions -10C to + 40C (soak)
5C axial gradient

Distortion ≤ 1-2 %

Sensor geometry telecentric f/2 lenslets

Target WFE (or analogous MTF) ≥ 0.08 waves on station

CONOPS
Derived
Free



CONOPS drives the OTA specifications
• Typically start with an altitude, a wave band, a GSD, a minimum 

swath length, and an envelope size
• Say 400km, 450-850 nm, 4.5 km swath, and 1m GSD, and 16U 

maximum size
• Size determines maximum aperture; 4U opening indicates 200 mm 

diameter clear aperture, maximum
• Swath length and GSD determine camera choice and focal length

• Each camera is discreet; no continuum of solutions
• 4.5km swath and 1m GSD requires 4.5k horizontal pixels
• There is a camera with 5k x 5k 4.5 um pixels – we’ll pick this to 

start 
• Altitude, GSD, swath, and pixel size determine EFL and FOV

• In this case, EFL is 1.8 m, FOV is 0.7 degrees horizontal
• f/# is the focal length/aperture, or in this case f/9
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Now we have our derived parameters nailed down

Parameter Typical Specification Range

Focal length 1800 mm

Total Track (to FPA) 400 mm

Clear Aperture 200 mm

Obscuration 10 - 20% by area

Working f/# f/9

Wavelength band PAN 0.45 - 0.85 µm

Field of View (Full Field, diagonal) 1.0° diagonal

Stray light  ≤ 5 %

Athermal Operating range - 10C to + 40C (soak)

Distortion ≤ 1-2 %

Sensor geometry telecentric f/2 lenslets

Target WFE (or analogous MTF) ≥ 0.08 waves

CONOPS
Derived
TBD



Design forms address different f/# and FOV requirements

From Smith, Modern Lens Design, 1st Ed. (1992)

• Earth-looking satellites tend to have 
similar requirements

• As a result, the same design forms 
come up as the best solutions
• Corrected Ritchey-Chretien
• Modified Dall-Kirkham
• Unobscured 3-mirror
• Schmidt Cass
• Maksutov

• In our example, we will choose the 
corrected Ritchey-Chretien

Typical range
Our example



The Cassegrain design variants are the first choice for 
most space telescopes

• The Cassegrain telescope is the primary workhorse of the 
telescope industry; flat field, modest FOV

• Parabola+Parabola – Mersenne

• Parabola+Hyperbola – Cassegrain

• Ellipse+Sphere – Dall-Kirkham (DK)

• Hyperbola+Hyperbola – Ritchey-Chretien (RC or RCT)

• Adding a refractive corrector in front allows a spherical 
primary with significant advantages - Catadioptrics

• Concave meniscus – Bowers/Maksutov

• Flat plate at the stop – Schmidt-Cass

• For larger apertures, only a refractive corrector in the back is 
possible

• Modified Dall-Kirkham

• Corrected Ritchey-Chretien



The early history; Priests and Monks

• An Italian Jesuit Niccolo Zucchi built a reflector telescope in 1616 but 
was unhappy with the image quality and went back to refractors

• French Priest and mathematician Marin Mersenne published drawings 
of a pair of parabolas in two configurations in 1636, long before either 
Gregory or Newton
• Most famous for the Mersenne prime numbers ( !" = 2" − 1)
• Published in his book about music, “Harmonie Universelle”
• Told not to bother building them by Descartes as “impractical”

• In 1672 a letter from Laurent Cassegrain, a Catholic Priest who taught 
high school physics, was published which describes the design in more 
careful detail
• Ridiculed as useless publicly by both Newton and Huygens

Mersenne, 1636
Cassegrain, 1672



Telescopes in the 18th century - William and Caroline Herschel

• William Herschel was the most renowned telescope maker of his 
time. 
• In 1779 he developed an alloy (79% copper, 21% tin) for 

telescope mirrors ; used for every telescope for 70 years
• In 1781 built a 6” Newtonian

• Discovered Uranus, the first planet discovered since  
antiquity and the only Solar planet discovered with a 
reflective telescope

• In 1783 built a 19” Herschelian (off-axis Newtonian)
• Discovered Magellenic clouds

• In 1789 built a 48” Herschelian
• The largest telescope in the world for 50 years
• Used to discover the 6th and 7th moons of Saturn

• Throughout his life, William worked with his sister Caroline, an 
astronomer in her own right
• Helped polish all the mirrors and documented observations
• Discovered eight new comets and two galaxies
• The first paid female astronomer



Reflector designs in the 20th Century

• George Willis Ritchey was an American telescope maker who worked with 
George Ellery Hale at Yerkes and Mt. Wilson
• Fell out when Hale refused to change the design of Mt. Wilson to a RCT

• Henry Chretien was a French Astronomer and Inventor of the anamorphic 
widescreen, used as the basis of the CinemaScope for movies

• Together they invented the Ritchey-Chretien telescope in 1927
• This telescope is the most common design for astronomy to this day
• Very expensive (two hyperbolas) but relatively wide field

• In 1928 Horace Dall proposed the Dall-Kirkham design using a point-testable 
elliptical primary and a spherical secondary to decrease cost
• Significantly worse performance than the RCT, but cheaper to make and 

easier to align

Ritchey’s first RCT, 1927 Portable DK, 1940’s



The Catadioptric variants

• In 1940 American astronomer James G. Baker proposed a Cassegrain
configuration of the Schmidt telescope

• A spherical variant was proposed simultaneously by Dimitri Maksutov
and Anton Bowers in 1941
• Uses a concave spherical meniscus corrector to zero spherical 

aberration
• Spherical primary

• “Spot” variant (also called a Gregory configuration) uses a silver coated 
spot on the meniscus corrector
• John Gregory patented the configuration for Perkin Elmer in 1957

• Most mid-range commercial telescopes up to 8” are one of these designs

Gregory-MaksutovBaker’s Schmidt-Cassegrain



Cats, Reflectors, and Refractors
• Refractors are excellent in the 50-100 mm diameter range

• At f/5 or 6, lots of collecting power
• Start to get long once efl > 500 mm
• Start to get a bit heavy once diameter > 100 mm
• Start to get expensive once diameter > 200 mm

• Catadioptric systems address the length problem
• Still an issue for weight and cost

• Reflective systems are substantially shorter for the given focal length
• At larger diameters, reflective solutions are also lighter and even 

cheaper than refractive
• There is a lot of overlap; some specific requirements can drive the design 

one way or another
Aperture in mm Refractor Catadioptric Reflector

< 50
50-100

100-150
150-200
200-300
300-400

> 400



Corrected RC and Modified DK

• Wynne and Rosen designed both the corrected RC and the modified 
DK in the 1940’s
• Two element correctors, both BK7
• Left the mirrors alone (still useable as-is) and added corrector 

lenses to expand DL field to 30 arcminutes
• Most fielded corrected RC’s are three-element correctors

• Float the mirrors away from the RCT form to balance aberrations
• Spectrum from 400 nm to 900 nm or larger
• Fields upwards of 1 degree full field at f/8

• Hubble Space Telescope,                                                                                
Keck, VLT, Subaru, Gemini,                                                                
etc. are all C-RCT’s

f/10, 1.2 deg C-RCT



The Ritchey-Chretien

• Hyperbolic primary and secondary
• Solved for focal length, coma, spherical and speed of primary
• f1 = PM FL, F = EFL, B = BFD, b = primary to focus,                       

D= separation and M = secondary mag, or F/f1

• Residual aberrations are astigmatism, 5th order coma and FC
• These are easily corrected with a two-element field lens



Solving the RCT equations in our case yields a great 

starting point for the design of the C-RCT

Define

• Aperture 200 mm

• EFL 1800 mm

• BFD 400 mm

• Separation D = 275

• R1 = -707.143

• R2 = -195.556

• k1 = -1.02205

• k2 = -2.408

Classic RCT, f = 1800 0.2 deg

Corrected RCT, f = 1800 1 deg



The corrected RCT meets all of our CONOPS and derived 
criteria, and has reasonable values for others

Parameter Typical Specification Range

Focal length 1800 mm

Total Track (to FPA) 400 mm

Clear Aperture 200 mm

Obscuration < 10% by area

Working f/# f/9

Wavelength band PAN 0.45 - 0.85 µm

Field of View (Full Field, diagonal) 1.0° diagonal

Stray light  ≤ 5 %

Athermal Operating range - 10C to + 40C (soak)

Distortion ≤ 2.1 %

Sensor geometry telecentric f/2 lenslets

Target WFE (or analogous MTF) ≥ 0.08 waves

CONOPS
Derived
C-RCT
TBD



The final requirement is the thermal soak and gradient

• Here we have a significant trade-off to make
• If there is a focus drive, we can use it to adjust focus over 

temperature
• Deal with axial gradients
• Deal with extremes in soak

• With no focus drive, we need to choose materials that will provide 
passive soak athermalization
• Will need to use thermal pipes for gradients



SiC metering and mirror material is fundamentally 
athermal for soak and insensitive to gradients

• SiC has a CTE of 2.4-2.5E-6/°C (about 10x better than Aluminum)
• Choosing the corrector materials for dn/dt and CTE and using low-

expansion spacers can make the telescope fundamentally athermal to 
soak

Athermal C-RCT, f = 1800 1 deg

20C       -10C      40C



The thermal requirement must be considered when 
choosing materials for the OTA

• Mirror Substrates
• Metering structure
• Back-end assembly mechanics
• Corrector lens spacers
• Corrector lenses

Typical materials and their CTE
( x10-6/°C )

Aluminum 23-24
Titanium 8.6
Fused Silica 9.0
Schott N-BK7 7.1
Ohara S-LAM54 5.7
Silicon Carbide 2.4
Invar 1.0
Zerodur 0.0
CFRP -0.14

Substrate
Structure
Both



Thermal discussion

• If there is no corrector, the best strategy is to make everything out 
of the same material
• Totally isothermal

• The only materials we have on our list that are both substrates and 
mechanical structures are
• SiC (2.4)
• Aluminum (23.5)
• Fused Silica (9)
• Of them, SiC has the lowest CTE and therefore least sensitive 

to gradients
• Choosing CFRP(-0.14) or Invar (1.0) and Zerodur (0.0) is pretty 

close
• Adding the corrector provides a new CTE (5-10) and a dn/dT 

which must also be optimized



Athermalization example: CubeSat 2U Telescope

C-RCT
EFL = 870
CA = 85
f/10.2
FOV > 1.76 deg

• Three cases
• Aluminum structure and substrates
• CFRP structure and Zerodur substrates
• SiC structure and substrates

• In each case, spacers and back-end assembly mechanics are Invar
• Evaluate MTF versus soak for temperatures from -20C to +40C



Case 1: Aluminum structure and mirrors –
Optical MTF vs temp

MTF at -20C MTF at 0C 

MTF at 20C MTF at 40C 



Case 2: CFRP structure and Zerodur mirrors –
Optical MTF vs temp

MTF at -20C MTF at 0C 

MTF at 20C MTF at 40C 



Case 3: SiC structure and mirrors – Optical MTF vs temp

MTF at -20C MTF at 0C 

MTF at 20C MTF at 40C 



Summary

• There are about a dozen parameters that need to be specified to define 
an OTA for a given application
• Many are straight from the CONOPS
• Some can be derived
• Others are properties of the telescope design and the materials used

• Thermal specifications are a key consideration
• Focus drives simplify the problem
• Keeping everything the same CTE helps
• Using small CTE helps
• It is possible to field a system which is athermal without a focus drive


