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7 Telescopes

7.1 Telescope design considerations

7.2 Large mirror types

One real-world issue for large telescopes is the technology of how to build a large mirror
which will not be so heavy that it will sag under its own weight. Additionally, since it
has been recognized that good image quality requires that the mirrors be at the same
temperature as the outside air, the mirror technology must be such that the mirror has a
short thermal time constant, or, in other words, it must be able to change temperature to
match the outside air fairly quickly. If necessary, one can consider thermally controlling
the mirror, e.g., with heating or air conditioning.

In the large mirror regime, there are currently three leading technologies. The first is
the construction of a single large mirror (monolithic) made from borosilicate glass, but
having large hollowed out regions to keep the weight down. This borosilicate honeycomb
design has been pioneered by Roger Angel at the Mirror Lab of the University of Arizona.
This type of mirror has been successfully cast in a 3.5m size (used in the ARC 3.5m (APO),
WIYN 3.5m (KPNO), and the Starfire Optical Range Telescope near Albuquerque), and
in a 6.5m format for the MMT conversion (Mt. Hopkins, AZ) and the Magellan (Las
Campanas Observatory, Chile) telescopes; they have also been made in an 8m format
(x2) for the Large Binocular Telescope (Mt. Graham, AZ). The second design is also
monolithic but has a mirror which is significantly thinner than the borosilicate mirror.
These thin mirrors are being built primarly by two companies, Corning (USA) and Schott
(Germany). They use materials with good thermal properties, ULE (Corning) and Zerodur
(Schott). Thin mirrors are being used in ESO’s 3.5m New Technology Telescope (La Silla,
Chile), Japan’s 8m Subaru telescope (Mauna Kea, Hawaii), the two 8m Gemini telescopes
(Mauna Kea and Cerro Pachon, Chile), and ESO’s Very Large Telescopes (4 8m’s on
Cerro Paranal). Finally, the third design make use of segmented mirrors, in which a large
mirror is made by combining many small mirrors. This design is currently operational in
the 10m Keck telescope (Mauna Kea), the 11m Hobby-Eberly Telescope, the 11m SALT
telescope, and the 10m Gran Telescopio de las Canarias. Future 30m class telescopes:
TMT, GMT, and E-ELT.

See http://astro.nineplanets.org/bigeyes.html for a nice tabular summary, and http://cosmicpursuits.com/wp-
content/uploads/2015/06/Comparison optical telescope primary mirrors.svg .png for a graphic.

The borosilicate mirrors have the advantage that they are stiffer than the other designs,
so the mirror support is less complicated. For thin mirrors, the support system must be
activated to allow for changing shape as a function of telescope pointing. For segmented
mirrors, each segment must be controlled to make sure the entire surface is smooth. The
thick mirror is also less susceptible to wind shake, which can adversely affect image quality.

http://astro.nineplanets.org/bigeyes.html
http://cosmicpursuits.com/wp-content/uploads/2015/06/Comparison_optical_telescope_primary_mirrors.svg_.png
http://cosmicpursuits.com/wp-content/uploads/2015/06/Comparison_optical_telescope_primary_mirrors.svg_.png
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The thin and segmented mirrors have the advantage of better thermal properties since
they contain less total material.

The choice of a primary mirror technology can be complicated. In designing a large
telescope, one generally first decides on an optical prescription which is chosen considering
the main scientific goals for the project (e.g., large field, IR, good image quality, etc.).
The primary mirror choice is made considering the choice of site (e.g, are there large
temperature changes, lots of wind, etc.), availability, issues of engineering complexity,
and, especially, cost (and politics). The choice of a mount and control system to use is
basically a cost and operations issue.

7.3 Mirror coatings

Aluminum, silver, gold (JWST) most commonly used. See, e.g. http://www.optiforms.com/metallic.htm
for relative reflectances as a function of wavelength, also here. Curves like these can be
incorporated into an exposure time calculator to account for the efficiency of the telescope
as a function of wavelength. Note the effect of multiple mirrors: if you have three mirrors
with 90% reflectance, you will have a total loss of almost 30% of the light!

Issues with mirror cleaning and recoating; coatings get dirty and also degrade over time.
The degradation depends on the exposure, hence observatories often have constraints on
humidity and dust levels, for example.

7.4 Telescope mounts

We’ve talked about the optics that go into telescopes. However, it’s clear that these
optics need to be supported in some structure and kept in alignment with each other.
The support structures needed are really an engineering issue (and a challenging one for
large telescopes), and we won’t disucss it here. In addition to supporting the optics, the
structure also needs to be capable of tracking astronomical objects as they move across
the sky because of the rotation of the earth.

There are two main different sorts of telescope mounts found in observatories: the
equatorial mount and the altitude-azimuth (alt-az) mount. The equatorial mount is by far
the most common for older telescopes, but the alt-az design is being used more frequently
for newer, especially larger, telescopes. In the equatorial design, the telescope move along
axes which are parallel and perpendicular to the polar axis, which is the direction parallel
to the earth’s rotation axis. In such a mount, tracking the earth’s rotation only requires
motion along one axis, the one perpendicular to the polar axis, and the tracking motion
is at a uniform rate. In the alt-az mount, the telescope moves along axes which are
perpendicular and parallel to the local vertical axis. With this mount, however, tracking
of celestial objects requires motions of variable speed along both axes. An additional
complication of an alt-az mount is the fact that, for a detector which is fixed to the back

http://www.optiforms.com/metallic.htm
https://en.wikipedia.org/wiki/Reflectance
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of the telescope, the image field rotates as the telescope tracks an object. Note, however,
that the telescope pupil does not rotate with the object.

An equatorial mount is much easier to control for pointing and tracking. However,
from an engineering point of view, it is much more demanding to construct, especially for
large telescopes which have significant weight. The engineering complications generally
result in a significantly larger cost (for large telescopes) than for an alt-az design. An alt-
az telescope, however, has a significantly more complex control system, and must have
an image rotator for the instruments. Given the advances in digital motor control and
computing, the control system usually no longer poses a very significant challenge.

Regardless of mount type, the mount is never built absolutely perfectly, i.e. with axes
exactly perpendicular, exactly aligned as they should be, totally round surfaces, optics
aligned with mechanics, etc. As a result, a telescope does not generally point perfectly.
However, many effects of an imperfect telescope are quite repeatable, so they can be
corrected for. This corrrection is done by something called a pointing model, which
records the difference in true position from prediction position over the sky, and, once
derived, the pointing model can be implemented to significantly improve pointing. A
good telescope points to within a few arcseconds after implementation of a good pointing
model.

Related to pointing is tracking performance. The issue here is how long the telescope
can stay pointed at a given target. You can consider this question as how well the
telescope can point over the area of the sky through which your object will drift. Since
your required pointing stability should be significantly less than one arcsec, so that tracking
does not degrade the image quality significantly, almost no telescopes have sufficiently
good pointing to track to within an arcsecond for an arbitrarily long time. Most telescopes
can track sucessfully for several minutes, but will give significant image degradation for
exposures longer than this. Consequently, most telescopes/instruments are equipped with
guide cameras, which are used to continually correct the pointing by observing an object
somewhere in the field of view of the telescope (possibly the object you are interested in,
but usually not, since that’s where your detector is looking). These days, most guiders
are autoguiders, meaning that they automatically find the position of the guide object,
compute the pointing offsets needed to keep this object in one position, and send these
offsets as commands to the telescope. The observer generally just has to choose a guide
object for the autoguider to use, though they also may have to adjust the guide camera
sensitivity or gain to insure that the guide star has a strong signal. These days, many
autoguiders can automatically find guide stars in the field or from some on-line catalog
(e.g., the HST Guide Star Catalog, which catalogs stars down to V 14). However, if one
is taking long exposures and knows that they’ll need to use guide stars, make sure to find
out whether such a facility is available ; if not, it may still be possible to find guide stars
in advance of your observing run, e.g., from the sky survey. If so, you should seriously
consider doing so, as it can take a frustratingly long amount of time to search for a guide
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star at the telescope in real time. Since telescope time is heavily oversubscribed at most
facilities, you really want to maximize your efficiency, and doing so is a large part of what
will make you a “expert” observer.

Note guiding in spectrographs is often done off of the slit with a slit-viewing camera.
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8 INSTRUMENTATION

Often, astronomers use additional optics between the telescope and their detector. These,
in conjunction with a detector, make up an instrument.

8.0.1 Location of optics

Before going into specifics, consider the effect of placing optics at different locations
within an optical system, like a telescope.

Optics placed in or near a focal plane will affect images at different field angles dif-
ferently. Optics in a focal plane will not affect the image quality at any given field angle;
however, such optics might be used to control the location of an image of the pupil of
the telescope.

Optics placed in or near a pupil plane will affect images at all field angles similarly,
and will have an effect on the image quality.

Another important general consideration: throughput! All surfaces lose light at some
level ....

Understand the implications of putting optics in different locations, e.g., in/near the
focal plane vs in/near a pupil.

8.0.2 Refractive optics and chromatic aberration

In many instruments, lenses are used rather than mirrors: they can be cheaper and lead
to more compact designs. Recall, however, that when lenses are used, chromatic effects
will arise, because the index of refraction of glasses changes with wavelength. While
they can often be minimized by the use of use of multiple elements to make achromatic
combinations, they are not always negligible. In particular, if an instrument is used at
multiple wavelengths, some refocussing may be required.

8.0.3 Field Flatteners

As we’ve discussed, all standard two-mirror telescopes have curved focal planes. It is
possible to make a simple lens to correct the field curvature. We know that a plane-
parallel plate will shift an image laterally, depending on the thickness of the plate. If we
don’t want to affect the image quality, only the location, we want the correcting element
to be located near the focal plane.

Consequently, we can put a lens right near the telescope focal plane to flatten the
field. For a field which curves towards the secondary mirror, one finds that the correct
shape to flatten the field is just a plano-concave lens with the curved side towards the
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secondary. Often, the field flattener is incorporated into a detector dewar as the dewar
window.

8.0.4 Focal plane reimagers

A focal reimager is a reimaging system which demagnifies/magnifies the telescope focal
plane.

Motivation: why might you want to magnify or demagnify focal plane?
In a simple form, it consists of two lenses: a collimator and a camera lens. The

collimator lens is placed such that the telescope focal plane is put at the focal length of
the collimator, so that it converts the telescope beam into a collimated beam (note that
the focal ratio of the collimating lens itself will be larger than that of the telescope so
that the beam underfills the lens to allow for off-axis light as well). The camera lens then
refocuses the light light with the desired focal ratio. The magnification of the system is
given by:

m =
fcamera

fcollimator

Consequently, the scale in the image plane of the focal reimager is just the scale in the
telescope focal plane multiplied by the ratio of the focal ratio of the camera to that of
the telescope.

Note that with a focal plane reimager, one does not necessarily get a new scale “for
free”. The focal reimaging system may introduce additional aberrations giving reduced
image quality. In addition, one always loses some light at each additional optical surface
from reflection and/or scattering, so the more optics in a system, the lower the total
throughput.

Note that it is possible to do focal reduction/expansion without reimaging, i.e., by
putting optics in the converging beam.

Understand the basic design and effect of a focal plane reimager. Be able to draw
some rays and to determine if a reimager magnifies or demagnifies.

8.0.5 Pupil reimagers

Often, an additional lens, called a field lens is placed in or near the telescope focal
plane. This does not affect the focal reduction but is used to reimage the telescope pupil
somewhere in the reimager. One reason this may be done is to minimize the size that the
collimator lens needs to be to get off-axis images. The size of the field lens itself depends
on the desired size of the field that one wishes to reimage.
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