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Limitations of refracting telescopes
Chromatic aberration



Limitations of refracting telescopes
Magnification requires stabilisation and guiding



Limitations of refracting telescopes
Weight goes as D3

Lick refractor 36 inch lens



Limitations of refracting telescopes
Long telescope tubes



Limitations of refracting telescopes
Glass sags under gravity

http://spiff.rit.edu/classes/phys301/lectures/optical_tel/optical_tel.html

http://spiff.rit.edu/classes/phys301/lectures/optical_tel/optical_tel.html


Limitations of refracting telescopes
Glass sags under gravity

http://spiff.rit.edu/classes/phys301/lectures/optical_tel/optical_tel.html
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Limitations of refracting telescopes
Glass homogeneity is difficult to maintain



Newtonian Telescope
Chromatic aberration

Newtonian telescope 

telescopes 

•  no more chromatic aberrations 

•  only one surface to polish 

•  central obscuration: less light, diffraction 

 



Newtonian Telescope

1668
Newtonian telescope 
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1721: parabolic primary mirror 
to reduce spherical aberration 
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Newtonian telescope 
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1668 

1721: parabolic primary mirror 
to reduce spherical aberration 

1842 1842



Introducing a Secondary Mirror
Primary focus is awkward to get to

Adding a secondary mirror can relay the focus
to a more convenient location!

(c) Amanda Bauer



The family of conic mirrors
All these curves can be parameterised with one equation:

y2 � 2Rz + (1� e2)z2 = 0
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z
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K = �e2
Conic constant K is defined as:



focal distance with r
For all conics, the rays come to a focus at distance z:
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focal distance with r
You can expand the power series 
and keep only the first two terms:
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unless K=-1, the focal distance f changes with radius r and you have 
SPHERICAL ABERRATION 



The family of conic mirrors
One focus at infinity, concave mirror - paraboloid

e = 1,K = �1



The family of conic mirrors
Two finite foci, concave mirror - ellipsoid

0 < e < 1,�1 < K < 0



The family of conic mirrors

Two finite foci, convex mirror - hyperboloid

e > 1,K < �1



Gregorian Telescopesecondary mirror 

telescopes 

Gregorian telescope 



Cassegrain Telescopesecondary mirror 

telescopes 

Cassegrain telescope 



Normalized Parameters for Two-Mirror telescopes



Normalized Parameters for Two-Mirror telescopes



Cassegrain Telescope
Short telescope with long focal length

feff =
f1f2

f1 � f2 � d

Secondary magnification:

Effective focal length:

feff = d+ b+md

m = feff/f1 = s02/s2

And so….



Field curvature in all two-mirror telescopes
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Concave focal plane towards the sky



K1 = �1

Paraboloidal primary
Hyperboloidal secondary

…but still coma and astigmatism

Classical Cassegrain

K2 = �
✓
m+ 1

m� 1

◆2

Classical Cassegrain balances        and        to remove
SPHERICAL ABERRATION

K1 K2



Ritchey-Chrétien telescope 

telescopes 

VLT as  
classical  

Cassegrain 
 

K1 = -1 
K2 = -1.62 

Classical Cassegrain

…but still coma and astigmatism

Classical Cassegrain balances        and        to remove
SPHERICAL ABERRATION

K1 K2



Gregorian astronomical telescopes
Classical Gregorian uses elliptical secondary

two-mirror telescope aberrations 

telescopes 

•  equations also for Gregorian: elliptical 

secondary 

LBT 

adaptive  
secondary 

calibrated 
from 

intermediate 
focus 

Much longer than equivalent Cassegrain! So why use it?



Gregorian solar telescopes
Much longer than equivalent Cassegrain! So why use it?

•  many solar telescopes are Gregorian 

– heat stop 

Hinode 
Solar Optical Telescope 

two-mirror telescope aberrations 

telescopes 

Focus at primary mirror means that you can have a HEAT STOP



Ritchey-Chrétien Telescope
Infinite combination of       and         for zero spherical

Can cancel spherical and coma with the right values

K1 = �1� 2(1 + �)

m2(m� �)

and:

K2 = �
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Ritchey-Chrétien Telescopes
Infinite combination of K1 and K2 for zero spherical

Ritchey-Chrétien telescope 

telescopes 

VLT (4x) 

GTC Subaru Keck (2x) Gemini (2x) 



Ritchey-Chrétien Telescope

Can cancel spherical and coma with the right values

Ritchey-Chrétien telescope 

telescopes 

VLT 
 

 
 

K1 = -1.0046 
K2 = -1.66926 

Infinite combination of       and         for zero sphericalK1 K2



Making the conics

Conic Testing Why?

Spherical Very easy Single conjugate point easy for 
interferometer

Paraboloidal Easy Double pass with a mirror 
can test like spherical

Ellipsoidal Easy Two foci, but one mirror to 
get back to conjugate

Hyperboloidal Difficult Need a Hindle sphere test - 
no accessible focus



Two Mirror Telescope aberrations

On-axis aberrations are SPHERICAL

Off-axis aberrations include: 
coma, astigmatism, and field distortion



Wide field telescopes
Schmidt corrector plate widens the field of view

wide-field telescopes 

telescopes 

•  add degree(s) of freedom 

•  corrector plate (Schmidt, Maksutov) 

 

•  three-mirror anastigmat (TMA):  

–  three conic constants to fix spherical, coma, 

astigmatism 



Wide field telescopes
Three Mirror Anastigmat (TMA)

fixes spherical, coma, astigmatism with three conic constants
wide-field telescope 

telescopes 

LSST Large Synoptic Survey Telescope (LSST)



Wide field telescopes
M1 and M3 polished out of same blank!

fixes spherical, coma, astigmatism with three conic constants

Large Synoptic Survey Telescope (LSST)

wide-field telescope 

telescopes 

LSST 



Wide field telescopes
James Webb Space TelescopeJames Webb Space Telescope (JWST)



Spin-casting mirrors in Arizona
Largest Monolithic Mirrors

Keck I and II

larger primary mirrors 

telescopes 



Glass loaded into the mold

GMTO / Ray Bertram



SOML Spinning Oven

GMTO / John Hillhttp://abell.as.arizona.edu/~hill/GMT4/

http://abell.as.arizona.edu/~hill/GMT4/


GMT mirror 4 in 2015

John Hill / University of Arizona



Individual mirrors easy to manufacture
Segmented Primary Mirrors

larger primary mirrors 

telescopes 

Keck Keck I and II



Individual mirrors easy to manufacture
Segmented Primary Mirrors
larger primary mirrors 

telescopes 

Keck 

larger primary mirrors 

telescopes 

E-ELT: 984 1.4-m segments 



pointing 

telescopes 

•  equatorial (RA, dec) 

 

Hale 200� (Palomar) 

Only one axis to guide

Hale 200” @ Palomar

Equatorial Mounts



pointing 

telescopes 

Herschel (1789)  E-ELT (>2020)  

•  alt-az Computer controllers make this preferred option

Herschel 1789

Alt-Az mounts

pointing 

telescopes 

Herschel (1789)  E-ELT (>2020)  

•  alt-az 

E-ELT (2026)

Zenith inaccessible due to azimuth drive speed



Derotation
Sky rotates with hour angle

image rotation 

telescopes 

•  none for Cassegrain or Gregorian focus on 

equatorial mount 

 



Rotation speed is variable
Sky rotates with hour angle

image rotation 

telescopes 

•  δ = source declination 

•  φ = telescope lattitude 

•  alt-az at Cassegrain focus:     

•  alt-az at Nasmyth (or Coudé) platform: 

  ϑNasmyth = alt - ϑcass. (- az) 

 

  

! 

cos"Cass =
sin# $ sin(alt)sin%

cos(alt)cos%



Derotating the field of view
Sky rotates with hour angleimage rotation 

telescopes 

•  rotate entire instrument 

•  derotator 

– K-mirror 

– Dove prism 

– anything rotatable with an 

odd number of reflections 

 



Sky rotates with hour angle

Nasmyth

Fixed elevation telescopespointing 

telescopes 

•  Hobby-Eberly style 

–  liquid mirror telescopes 

SALT 

Hobby-Everly Telescope (HET)

Southern African Large Telescope (SALT)



Coelostat

LAMOST (China)

Only one mirror to steer across sky



Coelostat

LAMOST (China)

Only one mirror to steer across sky



Sky rotates with hour angle

focal stations 

telescopes 

VLT Subaru 

Coude

Nasmyth

Cassegrain

Cassegrain

Prime    

Nasmyth   1         

Nasmyth   2         

Focal stations



focal stations 

telescopes 

VLT 

Sky rotates with hour angle

Tertiary mirror

Nasmyth   1         
Nasmyth   2         

Focal stations



Outside air cools much faster than large 
telescope mirrors

http://hacksaw.mmto.arizona.edu/engineering/rrd/vaisala3/1wk.php



Arizona Mirror Laboratory

larger primary mirrors 

telescopes 

Temperature control with air jet cooling

Warm mirror and cold night air mix 
to form ‘mirror seeing’



ZERODUR from SCHOTT

Advanced Optics
SCHOTT AG

Hattenbergstrasse 10 
55122 Mainz  

Germany 
Phone +49 (0)6131/66-1812 
Fax +49 (0)3641/2888-9047 

info.optics@schott.com

www.schott.com/advanced_optics
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ZERODUR® TAILORED
ZERODUR® TAILORED allows for optimized material to be provided that suits each 
individual customer’s application temperature profile just perfectly. 

The thermal expansion of glass ceramics is not only a function of temperature, but 
also of time. With a physical model developed by SCHOTT, it is now possible to 
 simulate the thermal expansion behavior of ZERODUR® at any given temperature 
profile. This model allows for the thermal expansion behavior of ZERODUR® to be 
optimized for low temperature change rates at ambient temperatures or the tem-
perature ranges at a typical telescope site.

The diagram below shows the typical temperature profile on the mountain top  
of the Cerro Armazones, the site planned for the E-ELT, the European-Extremely 
Large Telescope in the Atacama desert of Chile. The diagram also describes the 
 thermal expansion of ZERODUR® TAILORED in comparison to ZERODUR® EXTREME. 
ZERODUR® TAILORED has much lower absolute thermal expansion for the given 
 application temperature profile. 

See also: Proceedings SPIE 7739 2010

*  Temperature data from: Public Database Server: http://sitedata.tmt.org/ 
from June 1 and 4, 2008, air conditioned during the day

ZERODUR® TAILORED on Cerro Armazones, Chile
C

ha
ng

e 
in

 L
en

gt
h 

(∆
l/

l)
 [

pp
m

]

Te
m

pe
ra

tu
re

 [
°C

]*

One of the lowest Coefficient of Thermal Expansions (CTEs)

http://www.schott.com/d/advanced_optics/4f6298b5-9f89-4da8-8d8c-3e5190dca4b4/1.0/
schott-zerodur-cte-classes-may-2013-eng.pdf

Operating range:
0 to 50 deg C



Ultra-Low Expansion (ULE) glass
Fused silica doped with titanium to make CTE close to 0 at room temps

(Corning) some 20 times lower CTE than regular float glass

3

• CTE verification is achieved through a non-destructive ultrasonic method.
• Stability: Excellent long term dimensional stability at room temperature. 
   No residual figure change when taking a blank from 350 ˚C to water 
   quench.
• Delayed elastic effect: There has been no measurable delayed elastic 
   effect in Corning 7973. This is an important consideration when large 
   strain is present during fabrication or when environment loading is 
   present, such as during gravity release or dynamic control of active optics. 
• No measurable hysteresis results from thermal cycling of Corning 7973.

Glass Code Striae Optical Retardation CTE Zero Cross Over 
Temperature

Coefficient of Thermal 
Expansion (CTE) Range

0 to 400 Scale
[%]

Birefringence
[nm/cm]

maximum

Tzc
[˚C]

Radial
[ppb/ ˚C]

Axial
[ppb/ ˚C]

7973 Premium Grade 100 10 See note below* ≤ 10 ≤ 10

7973 Mirror Grade 100 20 See note below* ≤ 15 ≤ 15

7973 Standard Grade 100 20 See note below* ≤ 15 ≤ 15

7973 Tooling Grade NS NS See note below* ≤ 100 ≤ 100

7973 EUV Premium  Grade
Critical Zone: 50

10 User defined within 15 ˚C to 
32 ˚C ± 5 °C ≤ 10 ≤ 10

Non-Critical Zone: 100

7973 EUV Standard Grade
Critical Zone: 50

20 20 ºC ± 10 °C ≤ 15 ≤ 15
Non-Critical Zone: 100

7973 Mask A Grade 50 NS 20 ºC ± 3 °C ≤ 6 N/A

Note:
* Linear Coefficient of Thermal Expansion - The mean CTE shall be 0 ± 30 ppb/°C from 5 °C to 35 °C with a 95% confidence level and 0 ± 100 ppb/°C from 5 
°C to 35 °C  for Tooling Grade

Optical and Thermal Properties

Stress Optical Coefficient 4.15 (nm/cm)/(kg/cm2)

Striae Normal to Blank Faces None

Abbé Constant 53.1

D.C. Volume Resistivity, 200 ˚C 100 Hz (R) 1011.6 ohm•cm

Thermal Conductivity (K) 1.31 W/(m•K)

Unless otherwise stated, all values above @ 25 °C
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Thermal Expansion

Thermal Diffusivity (D) 0.0079 cm2/s

Mean Specific Heat (Cp) 767 J/(kg•˚C)

Strain Point 890 ˚C

Annealing Point 1000 ˚C

Softening Point (estimated) 1490 ˚C

Unless otherwise stated, all values above @ 25 °C
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Instantaneous CTE https://www.corning.com/media/worldwide/csm/documents/7973%20Product%20Brochure%202015_07_21.pdf



Lightweighting with Silicon Carbide
Operating range:

0 to 200 K

Ideal for space based operations

http://www.northropgrumman.com/BusinessVentures/AOAXinetics/AdvancedSystems/Pages/SiliconCarbide.aspx

Difficult to polish



Comparison of CTEs


