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A High-Resolution
Orbiting Telescope

New techniques would lead to orbiting an
optical telescope 25 times the diameter of Palomar’s.

A number of fundamental problems
in astronomy and astrophysics could be
attacked successfully by means of a
high-resolution optical telescope (I).
Such an instrument could enable us to
study the outer planets and their moons,
could resolve the nuclei of other gal-
axies, could help to unravel the problem
of the quasi-stellar objects, and could
provide the first direct observation of
planets in other star systems, to name
only a few of its uses.

Any high-resolution telescope must
be located above the atmosphere, be-
cause seeing conditions normally limit
ground-based telescopes to effective
resolution-apertures much smaller than
that of the 200-inch (5-meter) Palomar
instrument. A high-resolution telescope
must therefore be put in earth orbit, or
in some more distant location at a cor-
responding sacrifice in weight for a
given expenditure in energy. Space, as
an environment, offers a clear advantage
beyond the obvious ones of perfect see-
ing and unlimited spectral transmission;
that advantage is the absence of stress
due to gravity. An object in orbit is
freely falling, and the only gravitational
stress on it is due to the gradient of the
earth’s gravitational field. Even for a
large object (100 meters in diameter)
this stress is lower by a factor of 10°
than the stress for the same object rest-
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ing on the earth’s surface. Therefore a
very large object, even if necessarily
mechanically weak, can, if assembled in
orbit, maintain good dimensional stabil-
ity. The limits on its stability probably
are set by thermal conditions dependent
on heat radiation from the sun, earth,
and moon. We can reduce this radiation
by a large factor by enclosing the tele-
scope within a cylindrical multilayer
tube of aluminum foil, open at one end
and rotated about the cylinder axis to
maintain the cylindrical shape, and not
in contact with the telescope itself.

For some of the astronomical prob-
lems listed here, the telescope must have
very high resolution; a resolution-
limiting aperture of 5000 inches, 25
times that of the Palomar instrument,
is used as a target figure in the follow-
ing discussion. Some illustrations are
given in the appendix; for orientation,
I merely note here that such a telescope
would resolve detail of about 300
meters on the inner planets at closest
approach, or of a few kilometers on
Jupiter.

Clearly, any very large telescope must
be composite—that is, its mirror must
be made of two or more elements filling
only a small fraction of the total aper-
ture—because a single large mirror
would be far too heavy. In 1920,
Michelson developed his stellar inter-
ferometer (2), a device by which a
double-slit diffraction pattern could be
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made by means of slits much farther
apart than the diameter of a telescope.
It is much the same principle that I
discuss here, but applied to the forma-
tion of a complete optical image of
high quality. Rockets expected to be
available by about 1970 should be able
to put a 120-ton payload in low orbit in
one shot. If 40 tons of such a payload
were in the form of telescope mirrors,
the composite mirror could be made of
200 individual glass segments, each 1
meter in diameter and 10 centimeters
thick, intercepting about 1 percent of
the light falling on the 5000-inch-
diameter circles. The individual elements
would be mounted on a light frame-
work, and their alignment would be
checked and readjusted frequently or
continuously with the help of laser
interferometry (3). Correspondingly
larger arrays would be possible with
lightweight reflectors.

The question of how best to arrange
the mirrors is a little less obvious. With
reasonable choices, clearly the resolu-
tion limiting angle 5 will be that of
the overall array—namely, 5 ~ A/D,
where D is the diameter of the array
and ) is the wavelength. I will give some
examples.

The effect of the mirror array is to
bring light on converging spherical wave
fronts to a focus at some point Py. Let
z be the coordinate along the optic axis,
and let x and y be the coordinates in the
focal plane. The vector representing the
electric E field at the point (x,y,z) can be
written (see Fig. 1):

ik
v(xyz) = — — e%k"foo(a, ) X
2

{e—ik[sin 8(x cos ¢ + y sin @)~z cos 9]} X

sin 6 dody, (1)

where k& = the wave number = the
number of radians per centimeter; 6
= the polar angle from the optic axis;
¢ = the azimuthal angle; U, = the
vector tangent to the unit sphere; and C
is a constant. Equation 1 is known as
Debye’s solution (4). The multiplicative
factor before the integral is a constant.
In the high-f-number approximation,
U, can also be approximated by a con-
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stant, and, with the further restriction
to the focal plane, Debye’s solution be-
comes just

v(xy) = ff (sin 6 dodg) X

e—ik[sin O(x cos @ + y sin tp)]' (2)

Replacement of the constants by nu-
meral 1 is equivalent to a choice of
phase and amplitude for the incoming
wave, and will not affect the diffraction
patterns we wish to calculate. Using
only the real part, we obtain

v(x,y) = ff[cos k X

(xsin 6 cos ¢ + ysin g sin p)] X
sin 6 dodop. (3)

The integral in § and ¢ is over the solid
angle subtended by mirrors, the regions
in solid angle from which the spherical
waves are actually returning. For sim-
plicity we consider Eq. 3 on a particular
line from the central focus: the x axis.
Making use of the high-f-number ap-
proximation again, we obtain

v(x,0) =ff [cos(kx 0 cos p)] 6 dodep

f f[cos(u cos ¢)] ududp,

“)
where u = kxf. With [ the focal length
of the mirror array, d/2 the distance
from the optic axis to a point on the
paraboloid, ¢ the polar angle of that
point, and 5 the angle subtended at a
distance / by x, u can be rewritten

(kx)

where lambda-bar = (\/2x).

Inspecting the integral in Eq. 4, one
can see that for large values of x the
integral will be small, because the in-
tegrand will go through many oscilla-
tions; at large x, v(x,0) will be further
reduced by the factor 1/ (kx)2.

For -mirror arrays symmetric about
the plane containing the optic and y
axes, equal contributions will come
from points of given x and §, with ¢
= gpand ¢ = o — ¢, The range of ¢
can therefore be restricted to — «/2 <
¢ < w/2. With symmetry about the
plane containing the optic and x axes
as well, the range of ¢ can be further
restricted to 0 < ¢ < «/2. We consider,
for simplicity, only mirrors with these
symmetries.

Four geometries are discussed: (A)
one-piece mirror with small Ay [“bow-
tie” geometry (Fig. 2)]; (B) annular ring
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mirror (Fig. 3); (C) conventional para-
bolic disk (Fig. 4); and (D) symmetric
eight-element array approximating an
annular ring (Fig. 5).

These illustrate two points:

1) The angular resolution of a com-
posite array is characterized by its
largest dimension, not by the element
size.

2) With a small number of elements
in a regular pattern, side-lobes become
significant.

Fig. 1. Wave fronts converging on a focal
point (x,y,z,) from an optical system of
angular aperture 260, where 0 is the polar
angle of the array-circle; x is the displace-
ment from the center of the diffraction
pattern. The calculation is along one di-
rection only.
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Fig. 3. Annular ring mirror (geometry B).
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Fig. 5. Symmetric eight-element array ap-
proximating an annular ring (geometry D).

Geometry A. With ¢ close to zero,
cos ¢ = 1, and Eq. 4 becomes

Um

f u(cos u)du
(kx)® o

_ Agpbn?®

Ag
v(x,0) =

- [cos um + umsin um — 11, (6)
Um

with u,, = kx0,,,. The first zero is at
U, = 37/4 = 5, D/2X, with D the long
dimension of the mirror. In angle, this is

A
7= 0.75 —, (um = 2.37). )
D

The second zero is near

A
n :2‘2)—’ (8)

and successive intensity maxima for
large u,, are bounded by the envelope

llm+1 2 1

1

Um

~
~

Unm® um®
For other values, see Fig. 6. Away from
the y-axis, the intensity pattern is ap-
proximately that of Fig. 6, multiplied by
an envelope function whose width in
angle is of the order 5, = XA/ DAp. A
similar statement can be made without
approximation for the closely related
case of reflector elements of diameter d,
distributed along the y-axis with a num-
ber density proportional to y. The mul-
tiplying envelope function is in that case
that of a single element of diameter d
(discussed under “geometry C” below).
Geometry B. In polar angle the annu-
lar ring mirror subtends a small Ag, but
covers 27 in ¢; § = @, = a constant,
and Eq. 4 becomes

0 2
v(x,0) = — uo Auf [cos(uo cos ¢)ldy
10*
T/2
A6 :f [cos (o0 cos ¢)ldep = A6 G(uo).
0 )

u, = kxf,, and Au = kxAf. The in-
tensity 2 (x,0) is shown graphically in
Fig. 7.

The first zero is near uo = 2.5, close
to its value for geometry A. In geometry
B, however, the diffraction pattern is
symmetric about the optic axis.

Geometry C. From Eq. 4 we obtain

1
v(x,0) = -_(-I;;)-Jf[cos(u cos ¢)] udude

Umax

[G(u)] udu.

10
o (10)
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Fig. 6. Intensity pattern for the geometry
of Fig. 2.

The integral in Eq. 10 has as its in-
tegrand the integral carried out for ge-
ometry B. For fixed §,,,, the functional
dependence on x enters through the
factor 1/(kx)2? and through the limit on
the u-integral. The resulting intensity is
shown graphically in Fig. 8. Note that
the central maximum is wider than in
the earlier cases, but that the side-lobes
are much reduced. The first zero occurs
at

Um = kx0max = 3.8 = 9D/2%X, (11)

so the angular resolution

7 =78 %x/D = 122 (\/D), (12)

a result well-known in elementary phys-
ical optics as the Rayleigh criterion
@, 3.

Geometry D. This example is chosen
to illustrate the dangers of using a com-
posite array with a small number of
regularly spaced elements. The eight
elements are equally spaced on a circle;
Fig. 5 shows the view along the optic
axis. The size of the elements is exag-
gerated to make clear the proper
weighting of the terms in the sum which
replaces Eq. 9. That integral becomes

uo
v(x,0) = cos uo + 2 cos

+ 1 (13)

V2

The intensity pattern (Fig. 9) is quite
similar to that of case B out to up
= kxflo = 6, but there is a large second
maximum near u, = 8. According to
Eq. 13, similar maxima will occur
whenever u#o and uo/(2)% simultaneously
approach multiples of 2. Along lines
other than the y-axis, the intensity pat-
tern of this array is in general worse
than that of Fig. 9.

The problem illustrated by cases A
and D—the appreciable side-lobe intro-
duced by a mirror which does not av-
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erage over a complete disk—suggests
that one good design for a general-
purpose telescope would be an array of
many elements having uniform density
over a parabolic disk. Given a sufficient-
ly large number of small reflectors, the
intensity pattern would then approach
that of case C. The problem illustrated
by case D—the “diffraction-grating”
effect of a small number of regularly
spaced reflectors—could best be studied
by computing two cases: a regular pat-
tern and a random pattern of reflectors.
In the case of randomly located re-
flectors whose average density is con-
stant over the telescope aperture, the
central maximum would be of the same
width as that in case C. Far from the
central maximum in the diffraction pat-
tern, the average wave amplitude would
be obtained from the fluctuation in the
cancellation of positive and negative
amplitude contributions. Typically the
difference between N, (the number of
positive contributions) and N_ (the
number of negative ones) would be

N-(-_N-

o Sy (VN2 + (VN2 =

VN. + N. = VN, (14)

where N is the total number of reflec-
tors. The average background intensity
I’, in terms of the central peak in-
tensity Iy, would be

2 2
r _ N: — N-|ay _ ]\/N’

Iv N? N?

1
=— (15)
N

This approximation applies to the region
away from the central image in the
diffraction pattern of the array but
within the central maximum of the pat-
tern which would be produced by a
single element.

A more rigorous argument, not re-
stricted to dispersed arrays, is one based
on the law of conservation of energy.
If a mirror of dimension D is divided
into N close-packed elements of equal
size d (for example, a hexagonal mirror
made up of N hexagonal segments
close-packed), and if each element con-
tributes amplitude A4; at the central
focus, the central intensity for one ele-
ment is I, = 4,2, and that for the entire

array is Iy = (NA,)2 = N2I[,. If r, is-

the radius to the first diffraction mini-
mum in the pattern from one element,
the total energy U, in the central peak,
with one element acting alone, is

Ui = gwrizhh = gmri2412,  (16)
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Fig. 7 (left). Intensity pattern for con-
tinuous annular mirror. Fig. 8 (right).
Intensity pattern for continuous paraboloi-
dal mirror.

where g is a constant, of order 1, which
depends on the shape of the element.
With N elements acting, the diffraction
peak from the array is narrower, its
width being ri/(N)%, because (D/d)
= (N)*. The total energy in the peak is

F1 2
Uy = g7 — ) I
VN

r12
Uy = gr — A12N2 = NUsj,
N

(17)

as it must be; the N elements collect
N times the energy of one element
alone.

If, now, the N elements are separated
by a uniform expansion of the array,
the central amplitude must remain NA1,
and the central intensity, N24,2. The
diffraction pattern narrows, however. If
F is the fraction of the array area which
is covered by mirrors, the pattern is
narrower by the factor (F)% and the
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Fig. 9. Intensity pattern for eight-element
composite array.
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total energy in the central peak, Uy, is
less by a factor F:

Uyc = NU+F (18)

The total energy in the diffraction pat-
tern is unchanged, however, so the en-
ergy going into background radiation
must be

U =NU,(1 —F). 19)
That energy is distributed over the dif-
fraction peak of a single element, so
Eq. 19 can be written

I' = NLh(1—F), (20)

with I’ the average background inten-
sity.
The area packing-fraction F is

e (4
=1y %[1 - N(%)Z] (22)

with Iy the intensity at the central focus.
For F < 1, Eq. 22 approaches Eq. 15.
Numerically, the design quoted at the
beginning of this article has N = 200,
(D/d) = 125, for that case, Eq. 15 is
an excellent approximation to Eq. 22,
and the background near the central
image is reduced in intensity by a fac-
tor of 200, relative to the center of the
pattern.

For detailed design of the pattern of
reflectors it might be appropriate to
study, by computer, the interference
pattern of a randomly chosen array, and
then to make “ordered” changes in the
array to minimize the maximum fluctu-
ations in the resulting diffraction pat-
tern.

There are some purposes, notably the
resolution of a planet from its primary
star, for which extremenly high side-
lobe-suppression factors are needed. To
obtain them it is necessary that the noise
source be outside the diffraction peak of
the individual element. That is one
reason for making the individual ele-
ments moderately large (in the case of
the instrument described, about 1/100
the diameter of the array) rather than
very small.

In this article only a few applications
of a high-resolution telescope have been
mentioned, and those very briefly. It is
fascinating to calculate in detail what
could be accomplished for specific astro-
nomical problems by a telescope with an
angular resolution of 4 nanoradians, but
the main point needing emphasis is
that it is possible to build a telescope of
very large aperture without having to

@1
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fill that aperture with mirrors. In radio
astronomy such an idea is very old (see
appendix, part 3, and references 6-11),
but it has not so far been applied to an
optical telescope.

The construction and launching of
such an instrument would pose ethical
and political questions; it would be in
orbit a few hundred kilometers above
the earth, and its atmosphere-limited
resolution would be good enough to de-
tect considerable detail on the ground.
Possibly the first requirement would be
a guarantee by its builders, before it was
made, that it would never be pointed
toward the earth.

In closing it should be emphasized
that, although the work described here
is original, a number of people have
worked on the idea of nonrigid optical
systems (/2, 13). Studies have been
made (3) of the problems of aligning
composite mirrors with F = 1, and the
physics on which Eq. 1 is based was
developed more than a century ago. An
effort has been made to search for and
list those articles and reports (3, 14)
which might have bearing on the prob-
lem.

Appendix: Resolution, Contrast,

Relevant Studies in Radio Astronomy

Part I: Resolution. As shown in the
discussion of case C, the angular resolu-
tion n of an array of diameter D is

A
p = 122 —, (23)
D
where A is the wavelength. For an array
with diameter D = 125 meters and blue-
violet light of wavelength A = 4000
angstroms,

n = 122 (4 X 10° cm)(1.25 X 10* em)™
= 0.4 X 10° m = 4 nanoradians (24)

Table 1 indicates what such resolution
would mean in terms of distance. The
resolution available at the distance of
Jupiter and its moons would be compara-
ble to that with which our own moon can
be seen by an earth-based telescope of
3-inch aperture.

The resolution at a distance of 10 light-
years is sufficient for detecting a planet
the size of Jupiter in at least three ways.
The planet would have an orbit radius
corresponding to an angle of 6 microra-
dians, which is about the 14th band in
the single-element diffraction pattern of
the primary. The interval between maxima
would be about 400 nanoradians, so a
search could be conducted in an angular
region 10 or more nanoradians wide,
centered on a dark band. A planet cross-
ing the band would appear as a point of
light about 4 nanoradians in size. Alterna-
tively, a region several hundred nanora-
dians in width, covering one or more light

Table 1. Spatial resolution of a composite
telescope with an aperture of 5000 inches.

Spatial

. Dis- .
res(c;::.l)tlon tance Object
0.001 250 km Satellite in orbit
1.6 4 X 10°km Surface of the
moon
240 6 X 10"km Mars and its
moons
350 9 X 10"km Mercury; comets
near the sun
2.6 X 10> 6.3 x 10®km Jupiter and its
moons
24 x 10® 5.8 X 10°km Pluto
0.4 x 10° 10 light-years Planets of

another star

and dark bands, would be scanned. In
that case one would not have to wait for
a planet to cross a dark band, but would
be looking for a signal change of less
than 1 percent. As a third alternative,
occasional photographs, taken over a
period of years, of the primary star seen
against the star field would show a motion
(about 1 stellar diameter, 106 kilometers)
of the star about the system’s mass center
(15). That motion, about 10 nanoradians,
would be resolved by the telescope de-
scribed here, with which in fact a sun-
size star at a distance of 10 light-years
would appear as a disk rather than as a
point of light. The discovery of earth-
size planets about other stars is possible
in principle by means of the first two
methods, but presumably would occur
only after techniques had been refined
for extracting the maximum amount of in-
formation from the high-resolution image
the telescope would provide.

Part 2: Contrast. On the principle that
“nothing comes free” one should expect
that high resolution obtained cheaply must
carry with it some disadvantage. That is
so, and the disadvantage is a loss of con-
trast. For many astronomical objects (a
star, for example) there is extremely high
contrast between the object and its back-
ground, and therefore no contrast prob-
lem. For others (for example, a planetary
surface), contrast is not high, and a high-
quality image would have to be recon-
structed from the image sensor with the
help of a computer.

The resolution function of the telescope
can be measured through observation of
the diffraction pattern from a distant small
star (one more than 100 light-years away).
We will approximate it by the response
function R:

R(r,0) = R(r) =Ioforr<ro
I'forro<r<nmn
0 for r > r
Suppose that the source at which the tele-
scope is pointed is a planetary surface, on
which a surface detail (equal in size to
the resolution of the telescope) exists
having a brightness C times that of its
surroundings. C we may call the contrast
of the detail. The source brightness func-
tion is then
S(ro) =8(x) =1+ C forr <ro
1 for ro < r.
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The intensity received at the center of the
diffraction pattern is then

Is = §  S(r) R(r) rdrde

ro?
=271+ C)Io—2+1’-

()

The ratio of the first term to the second
is a measure of the contrast, Cr, of the
final image. Using the formulas derived
earlier, and in the approximation that
F < 1, we have

NF(1 + C)
Cr+ 1=

~F(1+C)
(1—F)(N—F)

for small F and large N. The contrast,
therefore, is reduced by just the same
factor F by which the total mirror area
is reduced for a given aperture. It would
be an interesting and quite practical exer-
cise to model the response function of
the telescope and to study test pictures

taken by the model. There are additional

tricks by which low-contrast information
can be recovered; for example, the individ-
ual mirrors could be moved synchronously
along their axes by a few wavelengths of
light; in this way the figure of the overall
paraboloid could be deliberately destroyed
and recreated, and thus the central maxi-
mum could be modulated from I’ to its
full value of NI'.

Part 3: Relevant studies in radio astron-
omy. The concept which has concerned us
—the achievement of a large effective
aperture only a small fraction of which
contains detectors—has been the subject
of intense study by radio astronomers for
many years. Their (6) descriptive title
aperture synthesis has been carried over to
the optical field in a recent symposium
(13).

Bracewell, in two review articles (7),
discussed many of the ideas which radio
astronomers have developed for aperture
synthesis. The most extreme version of a
synthetic-aperture system is a variable-
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spacing two-element interferometer. Ryle
pointed out (6) that construction of a
complete image by such a system is possi-
ble in principle if information is collected
at many spacings and angles. One can
neglect phase information only if the ob-
served object is symmetrical.

The Christiansen interferometer (8) is
a linear spaced array with element separa-
tion of many wavelengths, somewhat
analogous to case A of this discussion.
The Mills cross (9) achieves high reso-
lution in both dimensions through the
use of a cross-shaped array of elements
in combination with a phase-switching
scheme. Phase switching is equivalent to
modulation of the overall paraboloid, as
suggested for the optical case (C).

For a static linear array in one dimen-
sion, Arsac noted (/0) that four elements
located at the 1’s in the sequence 1100101
sample equally all spatial Fourier compo-
nents from 1 to 6 in units of the lowest
component other than zero. There is no
equivalent choice for two dimensions.

The Brown-Twiss phase-independent
radio interferometer (/1) was developed
for study of the sizes of very small radio
sources. Its principles were also applied to
optical interferometry. More recently, two-
element interferometry has been extended
to long-baseline interferometry and, in
special cases, to lunar occultation.

In transferring the ideas of radio astron-
omy to optical astronomy one should keep
in mind the fact that aperture synthesis
pursued to extremes leads to very low rates
of light collection. Even with 1-micron
spatial resolution of the detector at the
focal plane, a 125-meter complete parab-
oloid could not operate at less than f:2.5,
to use optical language; with 1-percent
aperture filling, the effective f-number
would be 25, and an interferometer with
a 125-meter base line and two 1-meter
mirrors would have a speed equivalent to
that of a camera of f:250. The rotation,
(practical only in space) of any such
asymmetrical array could produce a
time-averaged symmetrical diffraction pat-
tern.

10.

11.

12.

13.

14.

15.

16.

. M. Ryle,

. R. N. Bracewell,

References and Notes

. National Academy of Sciences Space Science

Board, Space Research—Directions for the
Future (National Academy of Sciences, Wash-
ington, D.C., 1966), pt. 2.

. F. A, Jenkins and H. E. White, Fundamen-

tals of Optics (McGraw-Hill, New York, ed.
2, 1950), pp. 279-377.

“Active Optical System for Spaceborne Tele-
scopes—Final Report,” Perkin-Elmer Eng.
Rep. No. 8525 (1966) (contract No. NAS-1-
5198, Langley Research Center, Hampton,
Va.).

. R. K. Lundeberg, Mathematical Theory of

Optics (Brown Univ. Press, Providence, R.I.,
1944), vol. 2, pp. 361-64.

. P. Drude, Theory of Optics (Dover, New.

York, 1959), pp. 185-228.

“The Mullard Radio Astronomy
Observatory, Cambridge,” Nature 180, 110
(1957).

“Radio astronomy tech-
niques,” in Handbuch der Physik, S. Fliigge,
Ed. (Springer, Berlin, 1962), vol. 54, p. 42;
IRE (Inst. Radio Engrs.) Trans. Antennas
Propagation 9, 59 (1961).

. W. N. Christiansen and J. A. Warburton,

“The distribution of radio brightness over
the solar disk at a wavelength of 21 centi-
meters,” Australian J. Phys. 6, 262 (1953).
B. Y. Mills and A. G. Little, “A high-reso~
lution aerial system of a new type,” ibid.,
p. 272.

J. Arsac, “Radio-astronomie—nouveau réseau
pour l’observation radioastronomique de la
brilliance sur le soleil & 9350 mc/s,” Compt.
Rend. 240, 942 (1955).

R. H. Brown and R. Q. Twiss, “A new type
of interferometer for use in radio astronomy,”
Phil. Mag. 45, 663 (1954).

Symposium, International Astronomical Union,
Tucson, Ariz.; Pasadena and Mt. Hamilton,
Calif., Apr. 1965.

“Proceedings, 1967 Summer Study on Syn-
thetic Aperture Optics” (National Academy
of Sciences, Washington, D.C., in press).
“A System Study of a Manned Orbital Tele-
scope,” Study No. D2-84042-1 (1965), pre-
pared by the Aerospace Group of the Boeing
Company, Seattle, for Langley Research
Center, under contract NAS-1-3968.

P. Van de Kamp, ‘“Planetary companions
of stars,” Vistas Astron. 2, 1040 (1956);
“Astrometric study of Barnard’s star from
plates taken with the 24 inch Sproul refrac-
tor,” Astron. J. 68, 515 (1963).

I would like to express my gratitude for
suggestions on work I would otherwise have
been unaware of; in particular, Professors
Lyman Spitzer, Martin Schwarzchild, Harlan
Smith, Aden Meinel, and Joseph Goodman
and Dr. Brian O’Leary were quite helpful.

847



