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OUTLINE

• Bigger and bigger telescope apertures – why?

• Several ways of creating an “effective” big aperture

• Single huge mirror

• Segmented mirror

• Multiple identical telescopes

• Interferometers (too much, future presentation!)

• Some details

• PSF, nature of the image in different designs

• Example systems that have been built

• Ground-based vs. space-based considerations – need for 

adaptive optics
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WHY BIGGER APERTURES?

• Two goals

• (1) Create brighter image, therefore see dimmer objects

• (2) Create sharper image, therefore see more detail 

(greater “resolution”) 

• Goal (1) is easier than (2)

• Reason: additional effect of atmospheric turbulence

• True for amateur-size as well as pro-size telescopes
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HOW TO MAKE BIGGER APERTURES

• (I) Bigger single mirror

• Need big furnaces, big machines;

Manufacturing limits

• Current record: 8.4m (27.5ft) 

diam

• (II) Mount several mirrors close 

together to effectively create a 

composite bigger one 

(“segmented aperture”, “multiple 

aperture”)

• Alignment is critical –

how critical, how maintained?

• (III) Mount several telescopes far 

apart, and combine the light by 

some means (“interferometer”)

• What kind of an “image” does this 

produce?
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BIGGER APERTURES II-A: 
SEGMENTED LARGE APERTURE

• Single primary mirror: shape is 

typically parabola or hyperbola 

(not spherical)

• Each segment replaces off-axis 

piece of large single mirror; 

segs 1, 2, 3 all have different 

shapes

• Difficulties

• Fabrication and testing: off-axis 

segment shapes harder to 

manufacture: no circular 

symmetry, several different 

shapes 

• How to keep alignment when 

mounted? (Tolerance: small 

fraction of wavelength of light).
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SEGMENT ALIGNMENT 
(SPECIFICS ON THIS PAGE REFER TO KECK TELESCOPE)

• Continuous position sensing

• Piston (h2-h1), tip-tilt

• Sensor type: capacitive

• Computers compute position 

corrections (roughly, twice/sec)

• Corrections applied via “actuators”

• Actuators: electromechanical devices
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SEGMENTED MIRRORS: 
OPERATIONAL ASTRONOMY EXAMPLES
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Keck Telescopes (2 identical)
Mauna Kea, Hawaii
First light 1993

36 hexagonal segments
Each 1.8 m diam (7.5cm thick, ½ ton)
Total effective D=10 m

James Webb Space Telescope
Orbiting at Earth-Sun Lagrange point
First light 2022

18 hexagonal segments
Each 1.3 m diam
Total D=6.5 m

Keck

150M km 1.5M km



SEGMENT ALIGNMENT, GAP SIZES: 
TOLERANCES

• Questions:

• Gap size between segments?

• How does gap size affect image quality?

• What is piston, tilt tolerance between segments?

• Some facts from Keck and Webb:

• Keck: 2 mm bevels at edges, 3 mm air gap

• Webb: 6 mm gap, nominal

• To answer the questions, we need a little basic 

optical physics
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SOME BASIC OPTICAL SCIENCE: 
PRIMARY DIAMETER AND RESOLUTION 

9

Distant pt. 
source

Focal 
plane

Primary

D

PSF
(intensity 
distribution)

w

• Point spread function (PSF):

exact shape, width depends on

• Diam of aperture (D)

(secondarily: shape of ap, 

obscurations)

• Wavelength of light (l)

• Focal length

• Imperfections: optics and atmosphere

• Basic formula

• If optics perfectly figured and aligned,

and atmosphere is non-turbulent:

• Resolution: ability to discriminate two 

nearby PSF peaks.  Depends on

• W

• Relative intensity of peaks        

w
w f

D f D

l l
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SOME BASIC OPTICAL SCIENCE:
PSF FOR SEGMENTED APERTURES

• Compare PSF shapes

• Single full circle, diam D

• Segmented, same approx D, with various gap sizes
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Test case for calculation 
of segmented PSF:  
D=6.5 m, like Webb, but 
square segments

Single circular aperture, 
unobstructed
D=6.5 m

Gap = 0

x

FWHM ≈ 0.03 arcsec 
(at l=1mm)

2-dimensional PSFs (low intensities enhanced)



SOME BASIC OPTICAL SCIENCE:
PSF FOR SEGMENTED APERTURES (2)

• Compare PSF intensity slices (linear intensity scale)

• Single full circle, diam D

• Segmented, same approx D, with various gap sizes (g)
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HUMOROUS(?) ASIDE

• Another example of the fortunate fact that small 

gaps are not important

• McDonald Observatory (Texas), 2.7 m primary

• 5 Feb 1970: mirror was assaulted, but survived to 

work more or less unimpaired
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SOME BASIC OPTICAL SCIENCE:
EFFECT OF SEGMENT PISTON ERROR ON PSF

• Add varying amounts of 
piston position error to the 
Webb-like segments

• Each plotted curve: random 
piston errors of given 
standard deviation
(0, 1/20 wave, 1/10 wave)

• Suppose l=1 um
1/10 wave = 0.1 um
1/20 wave = 0.05 um

Comparisons:
Human hair ≈ 20-40 um
English: 1 mil = 25 um
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SEGMENT TILT AND PISTON ALIGNMENT:
MORE ON THE PROCEDURE

• We discussed the driving mechanism: actuators behind 
segments

• But, how do we determine how far to drive? 

• Keck: 36 segments, 36x3=108 actuators, 171 position-sensor 
measurements.

• Problem: how to adjust the 108 pushes in an organized, directed 
fashion to achieve the perfectly aligned array shape?

• Procedure uses …

• Calibration database is built up for different telescope orientations (with 
respect to gravity forces)

• Webb: 18 segments, 7x18=126 actuators

• Same basic problem as Keck, solution somewhat different.
(Keck-like position-sensor systems too complicated for space maintenance)

• A science camera looks at light from a single star;
18 segments tilted one at a time, “stacking” the 18 star PSFs; finally, 
segment pistons adjusted using a “phase retrieval” algorithm (and 
using a pupil-imaging mode);
also, small shape-bending of segments is done. 

• Too many details for one talk!
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BIGGER APERTURES II-B:
MULTIPLE IDENTICAL APERTURES

• Combine several identical 

telescopes, close to each other

• Advantage 

• Eliminate difficulty of manufacturing 

and testing off-axis segment shapes

• Disadvantages: 

• Beam combining, phasing is more 

complicated

• Harder to achieve wide FOV

15

Single telescope

Multiple identical telescopes

(Can be smaller 
than primaries)



TILT AND PISTON ALIGNMENT SENSOR 
LAYOUT: LABORATORY EXAMPLE

• MMTT: benchtop test 

system

• Four 20-cm off-the-shelf 

telescopes

• Air Force Research Lab, 

mid 1980s
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MULTIPLE IDENTICAL APERTURES: 
OPERATIONAL ASTRONOMY EXAMPLE

• “Multiple-Mirror Telescope” (MMT)

• 6x1.8m telescopes on single 

framework (total ap area 15.3 m2)

• Year 1978; Mt. Hopkins, AZ

• Replaced in year 2000 by 1x6.5m

• 33.2 m2; but more importantly, 

much bigger FOV(x15 diam)

• Rarely operated in phased mode

• Design no longer in favor, at least 

for astronomy

• Manufacturing large single mirror 

(<8 m) is “solved”

• Manufacturing fairly large off-axis 

aspherical segments is “solved”
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BIGGER APERTURES I:
HUGE SINGLE MIRROR, BRIEF COMPARISON 

System Comments Began ops

Keck: 36 hex segs,
1.8m each,
Dtot=10m

2 Kecks were built
(Were, for a time, used 
as interferometer)

1993

JWST: 18 hex segs,
1.3m each,
Dtot = 6.5m

Could be folded for 
launch

2022

8m single VLT (Euro.South.Obs.)
Subaru
Gemini

1998
2000
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U of AZ 
Mirror 
Lab

• Two points of interest

• Historical development of the choices

• Segmented or multiple aps is the only 
option for total ap much > 8m, for the 
foreseeable future

• Giant Magellan Telescope (next slide)



CURRENT STATE OF THE BIGNESS ART:
GIANT MAGELLAN TELESCOPE, 7 HUGE SEGMENTS

• In design phase (not sure about 
current status)

• ELT: Extremely Large Telescope (Chile)
D=39 m, expected 2030+ ?

• TMT: Thirty-Meter Telescope (Hawaii)
D=30 m, expected 2030+ ?

• 7 segments, each D = 8.4 m 

• Manufactured by U of AZ Mirror Lab

• Location: Chile (Atacama high desert)

• Timeline:

• 2005: 1st mirror cast

• 2021: 6th mirror cast

• Final figuring/polishing still underway

• Site prep underway

• First light: late 2020s
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ADAPTIVE OPTICS – IN VERY BRIEF

• Recall goals of the big aperture

• Brighter image (see dimmer objects)

• Sharper image (higher “resolution”)

• Obtaining the potential resolution of a big aperture

• Space telescope: no atmosphere, no problem

• Ground-based telescope: atmosphere, major problem

• Adaptive optics subsystem is essential

• All the telescopes we’ve discussed (except Webb!) have 

adaptive-optics subsystems 

• Two stages of adaptation

• Gravity, wind forces, temperature changes: slow rates, adapt 

by moving the primary segments

“Active optics”

• NOTE: Single 8m-class mirrors also have active correctors

• Atmospheric turbulence: fast rates, adapt by using a small 

subsidiary flexible mirror, after the beam has been 

compressed

“Adaptive optics”
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ADAPTIVE OPTICS FOR SEGMENTED TELESCOPE -
CONCEPTUAL LAYOUT
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SUMMARY

• Three ways of achieving large telescope apertures

• Huge single mirror

• Segmented ap, or Multiple identical telescopes

• Interferometers

• A few details

• Gaps, Alignment (piston, tilt) of the sub-apertures

• Meaning of interferometric imaging

• Adaptive optics 

• Essential for ground-based systems, to obtain the full-

diameter resolution

• Distinction between “active” and “adaptive” optics
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Presentation will be available at www.taas.org, “The TAAS files” 



SUPPLEMENTARY
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POTENTIAL SCIENCE TARGETS:
WHAT CAN AND CAN’T WEBB, KECK, ETC., DO?

• Some potential targets of interest

• Studies of exoplanets in our galaxy

• Stars and large central black holes in other galaxies

• Distant dim galaxies

• Look at a couple of examples of what can and can’t be done
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• Exoplanet studies

• Two questions: 
detecting the planet, detecting an atmosphere

• Detection: is direct imaging possible?
(The attraction: direct imaging is very direct 
proof!)

• Numerical example to assess direct imaging: 

• Star at distance 100 ly (i.e., nearby in our own 
galaxy), with earthlike planet

• Star-planet angular separation: 
150E6 km/ (100*9.1E12 km) = 0.034 arcsec

• Webb PSF FWHM = 0.03 arcsec

• Now factor in the huge intensity difference of 
star PSF and planet PSF:
coronagraph will help, but only for a small 
sample of nearby stars.

• Direct imaging is not the technique that will be 
used (mostly) for exoplanet studies

• Other dedicated observing platforms use 

specialized, indirect techniques to successfully 

detect exoplanets. 

What different info could Webb add?

• Measuring longer-wavelength and dimmer 

infrared spectra than previous telescopes

• Detection of an atmosphere, using “transmission 

spectroscopy”

• (1) Observe star’s spectrum

• (2) Observe again when planet transits in front of star

• Difference: see what spectral lines are absorbed by 

planet’s atmosphere


