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5.4 Image quality: telescopic resolution

Converging
spherical o
wavefronts Airy disk

Incident plane
wavefronts
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Distant Entrance Focal plane
X Focal Plane :
point source Aperture image
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resolving power requires that to resolve two sources, the centers of their Airy
discs must be no closer than 0 oA, the angular radius of either central spot (both
radii are the same). At this limiting resolution, the maximum intensity of one
pattern coincides with the first dark ring of the other; see Figure 5.21. At a
wavelength of 510 nm, according to Equation (5.13), a 1-meter telescope should
have a resolution of 0.128 arcsec. Details smaller than this size will be lost.

5.4.2 Seeing

Rayleigh’s criterion is a good predictor of the performance of space telescopes.
On the surface of the Earth, however, turbulence, which causes dynamic density

Fig. 5.20 Telescopic
images in the absence of
an atmosphere. Plane
wavefronts diffract upon
encountering the circular
aperture, and focus as an
Airy disk: a bright central
spot surrounded by rings
of decreasing brightness.
(a) The intensity of the
resulting image vs.
distance on the y-axis.
The central peak has a full
width of twice the Airy
radius: 22 = 2.441/D (b) A
negative of the two-
dimensional diffraction
pattern.

Fig. 5.21 (a) The Airy
pattern as a negative
image and plotted as
intensity vs. radius. (b)
The negative image of
two identical
monochromatic point
sources separated by an
angle equal to Rayleigh’s
limit. The plot shows
intensity along the line
joining the two images.
The unblended images
are plotted as the solid
and dashed curves, their
sum as the dotted curve.
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variations in the Earth’s atmosphere limits the resolvmg power of all but the
smallest telescopes. ThlS loss of resolution is termed seetng Seeing (measured
as the angular FWHM of the i image of a point source) may be as small as several
tenths of a second of arc on the very best nights at the very best sites on Earth,
but it can reach several seconds of arc at other sites.

SEE NG < 4
Fw HR

ol we it

ob VTl Wu ™

i g C2 i vl
t N OLVON

hel P

S PEAE
i NTEFE ROnc Ty

OSTii TR
BRIV
Qd\)ﬁ O&Q,&O

~ OSnAaT

$ )‘/au,ko
Anc—

ra~- &N



T ¥ ot BTHRoSFELN

LQ'S%\@ OL/\J;L Jo + \M(_/Qf(\,\c/l@

(o~ \’\ﬁd\\)\"o‘-«o,

\ osleo
—+ SN blee oo s shi [Aed
moe Thon  He red ove

X
DOELRANONE  CROFATI B ( Ri?wﬁﬂ©m>

M) emk ot VR otlicy decaesee  ton~

/\ Q(\/Q/Q V»S\’\'D“'Q‘L\‘)

|/ N \Q [%LLO(.Q
=5 ‘{)-m\ F ﬁbﬁlw@ — o € A
SDQA««FO(\»Q/ 5 dﬁ\f)x\»@:@@ o o cN o
e Pin
) < ddo o ie
Vaosse
o (o



DOTRLX 3R ONY
[wkqu,v?c}\\o(vt Sa d&«?/@@kc» \\UV\,WQ/%(\(L
J('CQQ,&QK\JO Q\Q/\,?J:\ot
oo«&; A n-EL SerdR provw e — M 5’&:%

ol  cii @ lo

N
P/vb - /QOAOpbé DI\
(e eppasies
\nou\_e. (RN Q/Q‘L >
P(
/ p
.
L 5 ~ X
\ b
N——
3 -
prome  mmeadionele o tomgondl T ook

Ljv(on—o Sognttel o
Clie 1oy V'V F  dolle sorpmk o &
JOER @ Sella .Siau/\»o

CF BFC

PIPF Testvoy o do foen
ol P on?

Ho s e pofito fcouninine o
L~ Lo F o = S ‘
ol VV&-/PPV-QCE\ S~ w\am,o&

., . o
Seve v & - @_ T "\,ol —ovoler ol gne o~

1‘ o s HEr_i s~ ~° ONancts <o A



DR KoV ot

e oot a A o~—
O:\QQ(“Q
ol
(%,

[ /C‘M}\DVTO/\—

, 4 L) |
sw (P, @,b)= CoP +Cyp bandh + e
w v 2 - S
=i CE)QL)’.) Q):).:# +C4ﬁ b (i
a%gw**&m\c CroJaXue e

sf e
D\'Q,Qd

L/ﬂ—j.‘
+ C.p b e O o

@LC A OJLOM

NoTh ¢ SoGENTR  gu RBSSE b=O

VaS \/Emoﬁ QST\/OMOMy o cv\,\),@r\jt@»ﬁe

TN N Rt ’[u&t&\l
S@ :E - Sfuo/\,—d‘z, ) OK\\\QSBQVV\,&\‘O%
oo Sewala & m= Xh@\e, S A »g?

N \‘\QC./@— b-wy(,\'\(v\e,g{g
Pro oLenpe x  RiFreauog



% RIFLETota

S P‘ < aeSsetm iy e SYCC,L,\r\i

QO\/\_C»\Q 95{0 t o - 'TQ/QQ_,S o M LU QA o
J e

d\w I’:)J\A'}\\: gng\C) %)/& CUK/\. O

5 TRQe scae Schaad dT

C M%M x oby <€ oﬂ -QYM)
Cot® o ke
. (= )
: E L -~ | G
S\ke e ﬁguﬁ% % Pwm ?ouss\so\o
T L
RIS — cigTERR
Se CORLQE GGo A PLAY N A LD
Ty O Lo

e o seajpt MQ - —>
dDWQJU\\O oL ook o
ssekate S & TSR

le® scope i [LaTON —F 2 Specchw

@PY\A’V\-{/ S}/C(/(/(’\:Q =+

o,

i 2
ST AT S 11O e b
e OO pAR < oppeis fl ox. s

V""‘""‘“O P RE SO%j\L«:L 775 Q ole rogr wenioliomak
% comepgox SH @, osTp B CHA ANASTIGHATT G
T L) S L XN -



5.5 Aberrations

Since distortion does not change image quality, an observer can remove it
from an image if he has the calibrations needed. This is laborious for photo-
graphs, but relatively easy with digital images.

5.5.8 Spot diagrams

Figure 5.34 gives a qualitative summary of the distortions in the image of a point
source that are introduced by the first four Seidel aberrations. Since more than
one aberration may be present in an actual optical system, its image-forming
behavior will generally exhibit some combination of the effects illustrated. For a
mirror, the magnitude of a particular aberration will depend on the value of b,
aperture, focal ratio, and conic constant. The figure shows spot diagrams for
each aberration. Each spot is the focal-plane location of a single ray traced
through the system. Rays are chosen to sample the entrance aperture in a uni-

form fashion, so the density of spots gives an indication of the brightness
distribution of the final image.

On—-axis On-axis Off-axis Off-axis
Focus Defocus Defocus
< i G
SA .:- *-:. . : . .:-*-:. P

. o . -
Coma ® . - om 32
. g . st
. . . [ . °
.
.
%000,
o
’u:n'
Astigmatism ) new
.
®
Curvature

of field

O & O Yion '

Fig. 5.34 Qualitative
appearance of images of
a point source in optical
systems with a single
aberration present.
Discrete rays strike the
entrance aperture in a
pattern spaced around
multiple. concentric
circles. Actual sizes of the
aberrations will depend
upon details of the
system. In the diagram,
“focus” means the best
compromise on-axis
focus, which may differ
from the Gaussian focus.
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Fig. 6.1 (a) Altazimuth
and (b) equatorial
telescope mounts.
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6.2 Reflecting telescope optics

(a) (b)

2
Declination
axis
Y Y
Nasmyth
Altitude —— |—y focus
axis — —— .
3
A|NE ™~

Coudé
Jfocus

mirror intercepts the beam from the secondary and directs it horizontally along
the altitude axis. As the telescope tracks, this focus remains fixed relative to the
mount. Equipment at the Nasmyth focus thus exerts a gravitational stress on the
telescope and mount that will not change over time.

If an instrument is very massive or very delicate, the coudé focus (French for
“‘bent like an elbow”’) is superior to the Nasmyth. Figure 6. 5b gives an example

of this arrangement, implemented in an equatorial mount. A flat mirror redirects
light from the secondary along the declination axis, and then a series of flats
conducts the beam to emerge along the polar axis, where it reaches focus at a
point that does not move with respect to the Earth. Here astronomers can locate
elaborate instruments, like very large spectrographs, sometimes housed in sta-
bilized and ultra-clean enclosures. A similar arrangement of flats will establish a
coudé focus by directing the beam down the vertical (azimuth) axis of an
altazimuth mount.

Both the Nasmyth and coudé have some _disadvantages, so are usually
implemented as temporary modifications of a general-purpose telescope.
Compared with the Cassegrain, both Nasmyth and coudé require additional
reﬁectrons so there is some llght loss. As the telescope tracks, the 1r§1a§e field
rotates at both these foci. A third problem concerns aberrations. Suppose you
design a telescope to be aplanatic in the R—C conﬁguratlon with the focus behind
the primary, and the conic constants Kjand K, given by Equations (6.7). To
switch from the R—C to the Nasmyth or coudé, swap in a new secondary to get a
longer focal length, and therefore get different values for m and f. However, the

165

Fig. 6.5 (a) The Nasmyth
configuration. Light from
the secondary mirror (2)
is redirected by a tertiary
flat (3) along the hollow
altitude axis and reaches
a focus above the
Nasmyth platform (4).
The platform rotates
around the azimuth axis
(5) as the telescope
points and tracks. (b) A
coudé configuration.
Light from the secondary
is redirected by flat 3to a
series of flats (4-5-6) that
bring the beam to the
polar axis. Similar
arrangements can direct
the beam along the
azimuth axis of an
altazimuth.
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lat : mirror
plate .

Focal surface

The corrector plate, located in the plane of the aperture stop, is designed to
remove SA. If you review Figure 5.28, and Equation (5.16) you can see that SA
in a spherical mirror means the marginal rays (the ones near the edge of the
aperture, p large) converge more strongly than the axial rays (the ones near the
center). A Schmidt corrector, then, should be a refracting element whose power
is larger (more positive) for the axial rays and smaller for the marginal. An
entire family of shapes can do the job. Two possible shapes are sketched in
Figure 6.7. The shape labeled (b), which is thickest at center and thinnest at 86.6 %
radius, is the one usually chosen, since it minimizes the chromatic aberration
introduced by the corrector plate. It is possible to further minimize chromatic
aberration by using a two-element achromatic corrector. Unlike the spherical
mirror, the corrector plate does have an optical axis, and introduces some off-
axis aberrations, which are of concern in systems with very fast focal ratios
(< f12). The refracting corrector plate limits apertures to modest values, and the
focal surface is inaccessible to a human observer, so the instrument is often
called a Schmidt camera.

The location and curvature of the focal surface is the main inconvenience of
the design. Until recently, the usual observing method was photographic. A
special frame mechanically flexed a large® glass photographic plate to match

3 The UK Schmidt, for example, uses square glass plates that measure 356 mm (14 inches) on a side
and are 1.0 mm thick. Each of these plates will photograph an area 6.4° X 6.4° on the sky. A large
detector, of course, also vignettes (blocks) the beam.

Fig. 6.6 The Schmidt
telescope: (a) shows the
arrangement of aperture
stop, corrector plate,
primary mirror, and focal
surface; (b) shows how
the aperture stop located
at the center of curvature
results in identical optics
for beams from different
directions.
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Aperture stop Fig. 6.8 The Schmldt—
Cassegrain.
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carrying out a secret study of a possible large artificial satellite, to circle the
Earth a few hundred miles up. ‘“Would you be interested,”” he asked me, *‘in
writing a chapter on how such a satellite might be useful in astronomy?’’
— Lyman Spitzer (1914-1997), *‘Dreams, Stars, and Electrons’’, Annual Reviews
of Astronomy and Astrophysics, vol. 27 (1989)

In 1946, Lyman Spitzer quickly recognized the usefulness of a space telescope, ' §

and became a leader in the effort that culminated on April 25, 1990, when the A SN

crew of the Space Shuttle Discovery placed the Hubble Space Telescope (HST) P Mo

into Earth orbit. . .
We judge the:excellence of a telescope by three criteria: its ability to resolve & 1A e

detail, its ability to detect faint objects, and the angular size of the field over

which it can perform these functions. In all these categories, telescopes in\spac‘e

offer obvious advantages over ground-based instruments. The 44-year delay

between the conception and actualization of the HST suggests that there might .

also be some unpedunents to realizing these advantages S T

T

date (2.4 meters) and has generated results of unprecedented volume: roughly
five scientific p papers each week since launch have been based on HST data.
The HST was designed to operate for a total of 20 years, and its replacement
is of intense concern. NASA plans to place the 6.5 S-meter James Webb
Space Telescope (JWST) at the Sun—Earth Lagrange “point, Lz, ‘sometime

around 2011,

6.3.1 Advantages of space telescopes

Resolution

In space, the complete absence of the wavefront distortions caused by Earth’s
atmosphere means a space telescope (if its optics are perfect!) should have
diffraction-limited resolution. Specifically, in the absence of atmospheric seeing
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