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1. Introduction

This report summarizes the second stage of work done at the Smithsonian
Astrophysical Observatory on a feaslbility study of a coherent optical system
of modular imaging collectors, or COSMIC. This report is also submitted
as the Final Report, Considerable progress was nade since the submission
of Technical Report #1 in November 1981, We believe that the work done
to date will form a solid base on which to build for subsequent progress.

The 3 publications that appeared during this period are reprinted
in sections A, B, and C. Supportive details as well as developments on
a number of as-yet unpublished topics are included directly as 7 internal
working papers. One of these, the notes by W. F. Davis, is a continuation
of the series which appeared in the preceding Technical Report No. 1.
These latter notes contain suggestions for a number of image reconstruction
techniques which should be tested in future programs.

N




ORIGINAL PACE 18
OF POOR GQUALITY

i

Coherent optical system of modular imaging collectors:(COSMIC) telescope array: . .
astronomical goals and preliminary image reconstruction results

Waesley A. Traub, Warren F. Davis
Harvard-Smithsonian Center for Astrophysics
60 Garden Sireet, Cambridge, Marsachusetts 02138

Abstract

We are developing numerical methods of image reconstruction which can be used to produce
very high angular resolution images at optical wavelengths of astronomical objects from an
orbiting array of telescopes. The engineering design concept for COSMIC (coherent optical
system of nodular imaging collectors) is currently being developed at Marshall S,F.C.,
and includes four to six telescope modules arranged in a linear array., Each telescope
has a 1.8 meter aperture, and the total length of the array is about 14 meters, This
configuration, when controlled to fractional wavelength tolerances, will yield a diffrac-~
tion pattern with an elongated central lobe about 4 milli-arc~sec wide and 34 milli~-arc~
sec long, at a wavelength of 0.3 microns, and correspondingly larger at longer wavelengths.
The goal of image reconstruction is to combine many images taken at various aspect angles
in such a way as to reconstruct the field of view with 4 milli-arc-sec angular resolution
in all directions. We are developing a Fourier transform method for extracting from each
individual image the maximum amount of information, and then combining these results in
an appropriately weighted fashion to yield an optimum estimate of the original scene.

The mathematical model is discussed, and the results of preliminary numerical simulations
of data are presented.

Introduction

We have recently developed a method of image reconstruction which makes efficient usge
of the individual images received by an orbiting linear array of telescopes, and allows the
reconstruction of a conventional image of the scene which is equivalent to that which
would be recorded by a large circular apertyre of diameter egqual to the longest dimension
of the linear array. Our previous papers~’'“’" on the concept of a coherent, linear array
of telescopes in space alluded to the likelihood that such a reconstruction scheme should
be possible, but at that time we were not able to suggest an appropriate procedure. Now,
nowever, we are able to present: first, an optimized algorithm for image combination;
second, a suggestion of the direction in which we are currently moving to develop zn
optimum noise filtering technique; and third, a series of numerical examples of image
reconstruction using hueristic noise filters which demonstrate the effects of noise and
optical imperfections, and also demonstrate the initial coherent alignment procedure.

Astronomical goals

The preceding paper in this volume4 discusses a first-stage COSMIC with an effective
length of about 14 m, and a second-stage of about 35 m, corresponding to angular resolution
limits at 0.3 micron of about 4 and 1.6 milli-arc-sec, respectively. This unprecedented
capability means that we will be exploring a new domaln, so our scientific expectations
must necessarily be relatively general and open-ended. However, by analogy with the
spectacular results from the VLA and VLBI radio instruments as well as the x-ray images
from Einstein, we should anticipate a dramatic inérease in our ability to understand the
visible universe. COSMIC in fact should have an angular resolution in the optical region
which will mateh VLA and VLBI images,

A sampling of projects which have recommended themselves on the basis of a simple
extrapolation from present knowledge includes the following: investigate the nature of
the diffuse emission seen around certain quasars, to see if it represents an underlying
galaxy, and if so, what type; probe the structure of thie region surrounding the nuclei
of Seyfert galaxies, down to the equivalent of about a light-year in size, i.e. the
scale on which broad-line spectral variations are seen; study the nuclei of ordinary
galaxies with suspected massive black hole centers to see if the gravitational potential
is truly point-like; make detailed comparisons of the several images nproduced by a
gravitational lens, to probe more fully the gravity field of the lens; examine the as-yet
unresolvable central regions of globular clusters for evidence of mass distributions
indicative of either black holes or simply self-gravitation; imagje the actual motion and
excitation of material arouni-a recent nova; measure diameters, limb and polar darkening,
and spots of nearby stars; directly image reflected light from circumstellar shells or
discs; image stellar surfaces in very narrow spectral bands, as is done for hydrogen or
caluvium on the sun; directly image nearby asteroids to measure rotation and search for
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companions; regolve cometary nuclei and follow the evolution of the coma and jet~-like
activity; search for Jupiter~like planets around nearby stars by detecting position
variations using localized astrometric techniques.

Telescope concept

The basic idea of the rotating linear array is indicated schematically in Figure 1
where we see a plan view of 7 telescope primaries with a beam-combiner telescope (BCT)
at one end. To fit into the Shuttle bay, the length of the collecting area is limited
to about 14 m, Although it is, of course, extremely desirable to have available all 7
mirrors, in principle one can still achieve the same resolution if a minimum redundency
array is used, i.e., only mirrors 1, 2, 5, and 7; the discussion in this paper is
applicable in either case, As the array rotates about the line of sight, it sweeps
out an area of diameter Dy, as shown, We will show in the following sections that the
final image, which can be reconstructed while the array is rotating through 180° and
simultaneously recording instantaneous images, is equivalent in angular resolution to
that obtained with a single large mirror D,. The power of the array is further increased
by adding a second colinear stage, and pos%ibly twc perpendicular stages, as indicated
by tie dotted elements and the final equivalent diameter Djp.
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Figure 1., Linear array of 7 telescopes,
plus beam combiner telescope.

Motivation

The image produced by a linear coherent array will exhibit non-uniform resolution as
a function of direction in the image plane, Specifically, the diffraction-limited
resolution in the direction colinear with the array will exceed that normal to the array
in the same ratio as the aperture aspect ratio L/W. If the array width is decreased to
zero, resolution in the normal direction will also become zero (normal diffraction
limit becomes infinite),

The situation is analogous to the CAT scan in medical imaging in which the ability
to resolve along the beam path is zero., 1In the latter technique views are taken from a
number of directions around the subject and the results combined in such a way that
the favorable resolution capability across the beam path is exhibited in all directions
in the final image. This suggests that a similar technique might be possible in the case
of the linear coherent array. The array would be rotated slowly about the optical axis
and the intermediate images combined in such a way that the more favorable colinear
resolution would obtain in all directions in the image plane.

In fact such a technique is possible as we will shww. An important distinction is
that, due to the finite array or aperture width, the normal resolution of the coherent
array is not zero as it is along the CAT beam path. Consequently, the appropriate
reconstruction algorithm differs somewhat from the CAT but, not surprisingly, goes over
to the CAT algorithm in the limit as the aperture width goes to zero. This will be
demonstrated. The image reconstruction algorithm appropriate to the rotating linear
coherent arrgy is, then, a generalization of the CAT algorithm familiar from medical
applications®. As is th: cuse in CAT analysis, Fourier techniques yield an exact
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reconstruction algorithm and provide a deep insight into the nature of the process,
«w Fourier techniques are used in the derivation which follows,
' gggéegcs

The starting point of the derivation of the reconstruction algorithm is the integral
representation of the effect of the telescope aperture on the incident wave field. See

Figure 2.
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Figure 2, Diffraction by an
aperture a{x,z).

k and k' are the incident and outgoing wave vectors.
wahx
k = kxé\x 4+ kyéy -+ kz@z
- (1)
-l
k = |kl = w/c =2n/A
The aperture a(x,z) which is, in general, a complex funmtion is assumed tgo lie in the

X,2-plane., To simplify the notation, vectors confined to the x,z-plane will be denoted
by a subscript zero. Thus, for example,

a(x,z) = a(To)
(2)
To = x8 + 2&
We assume that u(ﬁ) represe 1ts the amplitude of the incoming E-field as a function of

direction. By formally representing the outgoing field_as a superposition of plane wavns
(Fraunhofer diffracti n), we are led to the result that

1) = [ [ dkdles 1O AL s ~ke) (ks k)] ™

L ’
where ;(ﬁ) is the time-averaged intensity of the outgoing component in the k direction,

and A(k) is the Fouriwy transform of the aperture defined by

Ak) = (—zf;;l_/:-dz;o a(To) e-iii:

(4)

oo, N
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In words, (3) says that the outgoing intensity distribution is given by the convolution
of the squared magnitude of the Fourier transform of the aperture with the incoming
intensity function.: R P N L ST TR N S TP R T I TN T LR S O PR )

Consider now the Pourier transform of the intensity (k).

W) = [ [ dieedk: KE) gemiky

-

(5)
ij = Vx@& + Vz@h

We find from evaluation of (5) using (3) that

() = UD)4(V) (6)

where
UE) = [ [ dkedks luE)F e )
A@) = [ [Cdkdk: AR e (®)

Result (6) is just the familiar Burel convolution theorem applied to, (3). 0(3) given by
(7) is the Fourier transform of the incoming intensity function. 4(V) given by (8) can be
related to the aperture function by substituting (4) into (8) and evaluating to get

A(D) = ["d’Fe a(2nTo) a'[Rm(TotV)] =
(9)

]

L “d?ro a'(2nro) a[2m(To-V)]

Result (9) is the generalized autocorrelation of the aperture function and represents a
second application of Borel's convolution theorem to the product A(k)A" (k).

The results derived so far state that the Fourier transform of the image intensity is
equal to the product of the Fourier transform of the incoming, unmodified intensity
distribution and the, generalized aperture autocorrelation function in suitable cocrdinates.

It 1s useful to think of the aperture autogorrelation as providing a "window" onto the
true (unmodified by the instrument aperture) image Fourier plane. As the aperture rotates,
g0 does the aperture autocorrelation. At each orientation only a portion of the Fourier
plane can be "seen" through the window. By piecing together glimpses of the Fourier plane
provided by a set nf distinct aperture orientations, a measure of U(V) can be built up
over a region corresponding to the union of the areas covered by the individual auto-
correlations. From (9) it is seen that

4(-D) = £'(D) o

so that after one~half revolution of the aperture it is possihle to map out a circular
region of the V-plane whose radius L/27 is given by the largest value of V| for which
4(V) is non-zero. Depending on the geometry, there may be annular regions within this
radius which can not be mapped because £(V) = 0 there.

Such a circular region corresponds to the autocorrelation of a circular aperture of
diameter L. In this way we see the possibility of synthesizing from the rotating linear
aperture of length L an image equivalent in resolution to that obtainable from a full
circular aperture of diameter L. 1In particular, the resolution in all directions in the
synthesized image plane will be equivalent to that attainable from the greatest dimension

across the aperture, L.
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Relationship to CAT algorithm

Imagine now that the aperture width:w-is reduced’ to zero. ”In 4this case’the aperture
autocorrelation too reduces to a line of width zero, and length L/%, The corresponding
image resolution normal to the array also goes to zero, For each angular orientation of
the aperture, the autocorrelation "window" permits determination of the image Fourier
transform only along a line through the origin of vV~space at the orientation angle.

This process matches precisely the Fourier description of the computer-assisted tomo-
graphy (CAT) algorithm in which the one-dimensional Fourier transforms of the individual
ray projection functions are mapped onto V-space at angles equal to the projection angles.
The inverse transform yields the reconstructed image., Just as the instantaneous image
resolution of the telescope is zero normal to the aperture, so too is the resolution of the
CAT scanner along the beam and, hence, normal to the projection. Thus our present
algorithm contains the CAT algorithm as a special case.

Image combination

Each orientation of the aperture "exposes" part of U(V) in the Fourier domain,
weighted by the aperture autocorrelation according to (6). A given point in the V-plane
may be exposed, with a different weight, by each of several aperture orientations. The
question is how to comkine optimally the information about the value of U(V) implicit in
each exposure. In particular, a real instrument will produce images contaminated by noise
sc¢ that the true value of U(V) can only be estimated.

Let us assume that a set of images, N in number, has been formed corresponding to
various aperture orientations., We use a subscript to denote a specific member of the set.
Let us also assuime that signal-independent noise has been added to the spatial domain
images. Because of the linearity of the transform, the noise will be additive also in
the Fourier domain. Thus, we write for the measured signal at a specific point v in the

n~-th image transform,

yn = UAD + En (ll)

where €, represents the noise. Explicit reference to ¥ has been dropped to ease the
notation.

Eet us assume that the €, are statistically independent, have zero mean, and variance

ocn
Efen) = avgle,) = 0 (12a)
 E{€n€m} = O , (n#m) (12b)
' = var(en) = O’ (n=m) (12¢)

In this formulation the variance of the noise at a given ¥ is a function f the image
member index. 7his might be the case, for-example, if unequal times are spent observing
at the various aperture orientations. To estimate U let us form a weighted sum of the

measurements Yn over- the set of images.
ignJ’n =U fg»dn + fgnen (13)
o=l nw} n=l

where g, are weights to be determined. The estimated value of U is, from (13),

‘'

0 = .ilg"y" /ggn‘dn = U + ggnen /;ilg»dn (14)

where U is defined only where 4(3) # 0. If the noise goes to zero, the estimate G goes
over to the true value U.

168 / SPIE Vol, 332 Advanced Technology Optical Telescopes (1982)
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. The proper value for the weights g, is found by demanding that the variance of i ~ U be
minimum,

s pota e Nt B A » LI L R n’a' LR AL T LR S 1 ;(,4.‘:.1, IER.
2 )
E{|0-UP) = minimum (15)
A straightforward calculation leads to the conclusion that
) » 2
£n v dn /Tex (26)

s0 that

b = f[%;’é’-‘]/f[%] = U+ f["‘*%“]/ﬁ[ﬁ'ﬂ;] (27)

as1 mil Cen E ) I P L Cen

It is easy to show that the variance of 0 about the true value U will be

o = E{|0-UR = [f‘,lﬁﬂ;]'l (18)

1 0¢n

The aperture autocorrelation 4, can be determined from the geometry or, using (6), from
a test image with good sighal=-to-noise ratio whose transform U(V) is known. Assuming
white noise, the variance o, is probably best estimated by considering those parts of
the n-th V-plane which are i8¢t "exposed" by the autocorrelation window. There, in the
absence of noise, the image transform should be zero. Any non-zero contribution can be
assumed to be due to noise or other image contaminant. In this way, using (16), the
weights which minimize the variance of the estimate of U (17) can be determined.

Equation (17) represents the optimum combination, in the sense of minimum variance of
U, of information from the Fourier transforms of the individual images formed with the
aperture at different orientations. Discounting the need to deal with the effects of
noise, the desired spatial image is, by (7), the inverse Fourier transform of (17).
Equation (18) shows that in general the variance of the estimate of U will not be constant
over the V-plane. In particular, the variance will increase in those regions in whicn
the magnitude of the aperture autocorrelation decreases., Thus, the noise associated
with the weighted combination of the individual image transforms will be non-stationary
over V.

Equation (l4) expresses the estimate of U which is to be optimized in the weighted
combination of images. Direct implementation of (14), or (17), in a practical image
reconstruction application would suffer from the effective amplification of noise,
attributable to the second term, in regions where the magnitude of the aperture auto-
correlation is small. We have already described this effect in terms of the non-
stationarity of the noise in the U~plane, To recover satisfactory images in the presence
of noise, a filtering operation, to be discussed in the next section, must generally
follow the image-combining step. Image combination according to the criterion of least
variance of U and the subsequent filtering operation are separate and distinct steps in
the overall processing.

Noise filtering

A frequently applied method for dealing with noise is Wiener filtering7'8; In this

technique the noisy function is filteved (weighted) by another function which is inversely
proportional to the noise variance. To be effective it is important that regions in which
most of the signal information is contained do not coincide with regions in which the
noise variance is greatest. The noisy function is, thereby, attenuated most where the
noise is greatest, and least where the signal is greatest,

In the case at hand the variance of the noise associated with the estimate of U may be
greatest, due to the geometry of the aperture, in regions where U is also most significant.
Intuitively, it is undesirable to apply a filtering function which simply attenuates
(biases downward) the estimate of U in such regions. Rather, it would be preferable to
adopt a strategy which utilizes information from adjacent areas where the noise variance
is less, as well as averaging within the relatively noisy areas, to provide a filtered
estimate of U which is everywhere unbiased.
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We are cuwrently investigating a technique, which may %e described as weighted multiple
regression, which yields such an unblased filtered ewtimats. The results of this work
will be presented 18 LABWNHEY @, v 4 e Fusyau e g% b A Wk Dani kTt el gVt b e b M pba Pamiakivay W

Resolution

The limiting resolution, in the absence of noise, inherent in the image combination
scheme described above {s twice that of an aperture of comparable dimensions according to
the usual laws of passive optics. That is, without Fourier~domain processing, This is
most easily seen by considering a one-dimensional example,

Assume that a point source is observed in the absence of noise, The magnitude of its
Fourier transform U(V) will be constant over U, Let the afiarture be unity over a span of
length L, and zero elsewheré, The one-dimensional aperture autocorrelation will be a
"tent" function centered on v = 0 which spans an interval L/m,

2v)

R S Ly T

~L/2w 0 +L/2w v

Figure 3.[a) Image transform S(v) for a
point source., (b) Effective point~source
image transform from eqn. (17) with no noise.

Since the transform of the source is a constant, the lmage transform (6) given by the
product with the aperture autocorrelation will also have the form of a “tent" function
in v of width L/n. The inverse Fourier transform of this tent is, within a scale factqr,

L[sin(kL z_]ﬂ:
‘1:1.'72:f '

k = £2n/L (19)

wihich has its first zeros at

For small angles 0 the normal component of k is (21/A)6 so that (19) is equivalent to
6 = x\/L (20)

which is the result familiar from elementary optics.
Result (17), which divides-out the magnitude (f the autocorrelation, recovers the

underlying uniform source transform in the interwal ~L/27 < v < +L/2n. The inverse
transform of the resulting pedestal of width L/7 is, within a scale factor,

L) @
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k=zxn/L -8 =2x\/2L . . . .. (22

Thus the resolution of wne proposed image combination scheme is, in the absence of noise;
twice that expected from elementary optics. In the presence of noise resolution will
necessarily be degraded from this ideal because of the requirement to suppress noise
amplification in regions whare the aperture autocorrelation is small,

Sampling

The results derived so far have been in terms of integral representations, Digital
implementation recessarily involves manipulation of sampled functions, The relevant
expressions can be converted to discrete summations amenable to computer processing by
introducing a series of Dirac delta functions under the integral signs.

2.6(x-mX) o &3 6[2n(v-n/X)] (23)

Is relation (23), which is applicable to one dimension, ++ indicates that the two sides
are Fourier transform pairs. x and v represent the two domains; X, the sampling interval
in the x-domain, is a constant to be determined. 1/X is the corresponding sampling
interval in the v~domain,

Sampling of the aperture at intervals X will, by (9), cause the aperture autocorrela-
tion, and hence #(%Y), to be sampled at intervals X/2m in V., From the convolution theorem
and (23) the corresponding image domain representation will be given by the convolution of
the continuous reconstructed image with a series of Dirac delta functions at intervals
k = 2n/X. That is, the continuous image will be replicated at intervals 2n/X in K.

Suppose that the field of view (FOV) is k.. Suppose alsp that we demand that the
point-gsource image response given by (21) be attenuated by a factor o at the point at
which sueh a source at the lower (upper) FOV edge enters the upper (iower) FOV edge due
to the sampling-induced image replication. That is, w2 reguire from (21) that the
separation of the upper and lower edges of the FOV in the replicated images be

" k2 a/L

Allowing also for the FOV k_, the image domain periodicity must be at least ko + a/L.
Therefore, the required ape?ture sampling interval is

X s (24)

an = A
ko + a/L 6o + Aa/27nL
where 0, is the FOV in radians.

The reconstruction simulations which follow employ discraete Fourier techniques (FFTs)
with sampling intervals over the aperture Desed on the above considerations,

Numerical image reconstruction: examples

We imagine ‘the detector (CCD or equivalent) to be fixed in inertial space, while the
telescope array is rotated, so the center of each star image will not move with respect
to the detector, but the diffraction pattern will rotate about each bright point source.
To display the various stages in a calculation, we will first discuss what happens
when a conventional circular telescope aperture.is used to image a point source, 1In
the following figures we will display the apertures, functions, or images as points on
a 64 by 64 grid, with contour levels at either 5 or 9 eguispaced intervals between the
maximum and minimum values. Ahove each contour diagram there is a plot displaying a
slice through the same data, from left to right; the slice is positioned to include the
peak data point,

In Figure 4a we show a single large telescope mirror which is circular to within the
discrete limits of our grid, and has unity transmission and no phase delay within this
circle. The mirror diameter is 31 units, From eqn. (8) we find the autocorrelation of
the aperture, 4(v), as a function of spacial frequepcy Vv across the detector, and
display this in Figure 4b. The corresponding conventional, diffraction-limited image
I(k) is obtained from the real part of the inverse transform of eqn., 5, and is shown in
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Figure 4.{a) Telescope aperture a(x,z),
dinneter » 3) units. (b) Autocorrelation
of swerture 4(V), (c) Image of point
source I(k). ‘

Figure 4c for the case of a single, point~like star centered in the FOV. For contrast,
we show in Pigure 5 the same sequence for a mirror with diameter 7 units; as expected,
the smaller mirror samples fewer of the spatial high frequencies, and therefore produces
a broader star image.

O 45@‘ @@z&:

}

[} b [

Figure 5.(a) Telescope aperture a(x,z),
diameter = 7 units. (b) Autocorrelation
oﬁ*?perture 4(V)., (c) Image point source
I k *

The imnging properties of a coherent linear array of telescopes will now be sketched
in a way that attempts to clarify the relationship between a circular aperture and a
rotating linear aperture. This discussion also applies to rectangular single mirror
segments, since it is the overall shape of the aperture, not the details of construction,
that matters here. In Figure 6a we show an aperture which is 3 by 15 units; the
autocorrelation of the aperture in Figure 6b extends to high frequencies in the direction
parallel to the long axis of the aperture. Figure 6c shows the effect of this aperture on
a star field which consists of 3 stars of equal intensity; 2 of the stars are completely
unresolved with this viewing angle. In Figure 7 we show the case where the aperture has
rotated by 45 degrees.

From eqn. {17) we see that an appropriately weighted sum over all angles of Fourier
transforms of snapshot images will yield a reconstructed image. However, as was pointed
out above, eqn, (17) also tends to produce highly amplified noise, and appropriate filtering
must be applied to control this effect. We have done numerical experiments with various
types of filters, and have found that, although we do not yet have in hand an optimally
derived filter, it is relatively easy to generate filters which perform quite well. One
such ad hoc filter we have tried is to multiply egqn. (17) by

Sl St

(25)
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" or equivalently, simply to replace ld l in the denominator of (17) by 4 _; in all our cases
f we assume equal noise variance and equal exposure time at each angle snaBsho:, go the o?
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Figure 6. (&) Linear aperture at 0 degrees, 3 b L5
units. (b) Autocorrelation. (c) Snapshot wiiac .
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Figure 7. (a) Linear aperture at 45 degrees, 3 by
15 units. (b) Autocorrelation. (c) Snapshot image,
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From left to right- -

Figure 8. Three point-lik¢ stars.

Pigure 9. 1Image reconstruction, using 16 angle views and a 3 by 15
telescope.

Figure 10. Snapshot image using a 3 by 3 telescope.

Figure 1l1. Snapshot image using a 15 unit circular aperture.

For reference we show in Figure 8 the inrut star field which was used to generate
Figures 6¢ and 7c. Carrying out the reconstruction for 16 angle views between (0 and 180
degrees, in the noise~free case, we find the result shown in Figure 9; note the clean
. separation of the wide~spaced components and the clear eloncation of the close-spaced
(J 7 stars. Fo: comparison we show what the star field would look like if we used a small
telescope with a 3 by 3 aperture (Figure 10), and a large telascope with a round aperture
15 units in diameter (Figure ll). Note that Figure 9 is quite similar to Figure 11, but

b
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with slightly stronger sidelobes. In comparing these figures, note thaf the diffraction

FWHM of a 15 pixel circular mirror is 4.4 pixels, and the star separatins shawn are 3
and 10 pixels center~to-center;+so the:closerpairis expected to' berunresolved ysdtmmsnnn noss ey

Effects of noise and misalignment

To test the rcobustness of the algorithm to noise, we have added to each pixel in
each snapshot random noise values with relative peak-to-peak levels of 0.l and 1.0,
with the results shown in Figures 12 and 13. The algorithm clearly is stable,
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From left to right:

Figure 12, Image reconstruction with relative noise = 0.1,

Figure 13. Image reconstruction with relative noise = 1.0.

Figure 14. Image reconstruction with phase error = 1/4 peak-to-peak.
Figure 15, Image reconstruction with phase error = A/2 peak-to-peak.

The mirror train between the incident wavefront and the detector will undoubtedly
include various types of imperfections. Here we model random small-scale piston errors
distributed over the pixels which represent the mirrors, with peak-to-peak phase shifts
uniformly distributed over ‘the range of 90 and 180 degrees (i.e. A/4 and A/2), in Figures
14 and 15, respectively. If we take A/4 as an upper limit on the phase variation, and we
have 7 T}Erors in the optical path, the surface quality on each mirror must be rgughly
(1/2)/7 times better, or A/20, which is well within the limits of conventional optical

polishing technology.

We conclude the numerical results with a brief description of tip~tilt and (large
scale) piston errors as applied to individual telescope primaries and their optical trains.
This is essentially an exercise in initial alignment of the array, from a non-coherent to a ,
coherent state. We start by blocking the beams from all but two of the telescopes.

Taking these two to be adjacent, we will initially see two sets of star images in the focal
plane. The telescopes can now be focussed to that each one produces images which are as
small in diameter as is possible. If we look at a portion of this field of view, we will
have a situation similar to that shown in Pigure l6a, where a single star appears double
because the mirrors are tilted with respect to one another. Here the wavefront tilt in
each of two directions is A/D, where D is the width of each primary, and for convenience we
have scaled each mirror to be 7 by 7 units in size. Removing the tilt on one axis yives

us the situation in Figure 16b, where we see significant interference developing in the
overlap region. A final tip brings us to Figure l6c, perfect alignment. Intermediate
tilts (not shown) demonstrate that 0.125 A/D is virtually indistinguishable from perfect
alignment, and that even 0.25 )/D is quite good; these may be taken as ‘preliminary upper
limits on tip~tilt.

Monochromatic piston errors between two adjacent telescopes are illustrated in Figure
17a, where one of the two 7 by 7 unit pyrimaries is displaced by 0.5 A toward the star;
the image bifurcation is an artifact produced by the exact cancellation of amplitudes
at the position where the star should ideally have been imaged. Reducing the piston
error to 0.25 ) yields Figure 17b, where one of the images grows at the expense of the
other, and the peak intensity shifts toward the expected star position. Zero error simply
returns us to Figure l6c. Polychromatic piston correction requires the leverage of several
different wavelength 'bands, and is an extension of the technigue just discussed.

Conclusion
The preliminary results presented here have demonstrated that image reconstruction for

a rotating linear array of coherent telescopes in space is both theoretically and
practically a tractable problem. Nevertheless it is clear that there are many avenues yet
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Figure 16. Snapshot images of a single star, using Figure 17. Snapshot images of a
two adjacent 7 by 7 telescopes, with tip-tilt single star, using two adjacent 7 by
errors. (a) Wavefront tip = A/D, tilt = A/D. 7 telescopes, with piston errors,
(b) Wavefront tip = 0, tilt = )\/D. (c) Wavefront (a) wWavefront piston error = 0.5 ),
tip = 0, tilt = 0, {b) Wavefront piston error = 0,25 A,

to be explored, including for example the definition of an optimum filter function, the
guestion of limlting magnitude, the effect of signal-dependent noise, the effect of
varying pointing of the spacecraft, the handling of a rotating detector instead of an
inertially fixed detector, the sensitivity of the image to optical imperfections, and many
other points, We are continuing active study of these problems, meanwhile also addressing
the related question of maintaining optical alignment oi the array.

As a result of these efforts, it is becoming increasingly clear that it would be
extremely helpful to build in the next few years a balloon-borne version of COSMIC,
perhaps at half scale. A balloon-borne COSMIC would be especially valuable because it
would allow key engineering questions to be addressed at an early stage, Such an instru-
ment would be capable of investigating a small but significant number of scientifically
rewarding questions, much jin the spirit of the pioneering Stratoscope flights of two
decades ago.
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Conceptual design of a coherent optical system of
modular imaging collectors (COSMIC)

= Max E. Nain, Billy G, Davis
NASA/Marshall Space Flight Canter, Alabama 35812

Abstract

A concept is presented for a phase~coherent optical telescope array “liich may be
deployed in orbit by the Space Shuttle in the 1990‘s. The system woild start out as a
four~element linear array with a 12 m baseline. The initial module is a minimum
redundant array with a photon~collecting area three times larger than Space Telescope
and a one-dimensional resolution of better than 0.01 arc seconds in the visible range.
Thermal structural requirements for the optical bench are assessed, and major subsystem
concepts are identified.

’

Introduction

A vigorous and comprehensive astronbmical program in the.1990's and beyond must pro-
vide for the increased spatial resolution and large apertures which will be reguired to
address the questions raised but not answered by the Space Telescope. These needs
derive, on the one hand, from the fact that the large cosmological distances over which
light must travel reduce the number of photons available to be recorded by Space Tele-
scope (ST) to fewer than 1/sec for many objects of interest. On the other hand, under-
standing the details of the fundamental interaction of matter and energy in the most
energetic objects in the universe depends on recording the spectral characteristics of
photons over small physical volumes, a fact which dictates high angular resolution for
the large distances involved.

Scientific investigations that will be pursued in the 1990's and beyond will require
imaging resolutions of 10-3 arc-sec. To meet these regquirements, a comprehensive
program must be formulated that makes use of the Space Transportation System, the
advanced technology inherent in the Space Telescope Program, and new technology as it
can be foreseen and developed in order to produce a phased, cost-effective set of
astrophysics payloads with a wide spectrum of capabilities.

One such program which is currently being studied is a phase-coherent optical tele-
scope array for launch on the Space Shuttle in the 1990's. The scientific goals for
such an instrument and the initial results of image reconstruction analyses are
discussed in a companion paper during this conference by W. A. Traub and W. F. Davis of
the Harvard-Smithsonian C nter for Astrophysics.

Coherent Optical System of Modular Imaging Collectors (COSMIC)

The COSMIC Program will meet the needs of increased resolution and aperture by the
development of phase-coherent arrays which will be progressively combined to form a
larg§ equivalent aperture imaging complex capable of achieving 10~3 arc-~sec imaging
resolution.

The study objective for COSMIC is to investigate the feasibility of developing a
modular phase-coherent array which may achieve at least an order-of-magnitude increase
in capability over the Space Telescope, through a single Shuttle launch. Later addi-
tions to the linear array module would then further build up the capability of the
telescope facility. Figure 1 shows an artist's concept of COSMIC and the envisioned
evolutionary construction of a large cruciform array. The initial linear array con-
tains four Afocal Interferometric Telescopes (AIT) with a Beam Combining Telescope
(BCT) at one end. The COSMIC spacecraft module pivots from its launch position at the
end of the BCT to its deployed position below the BCT. The solar arrays deploy from
stowed positions alongside the telescope module. The scientific instruments are riaced
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in the focal plane of the BCT, and sunshades are extended above the telescope
apertures. Telemetry antennas will pivot into position for communicacion and data
transmission,

Figure 1. 1Initial COSMIC Module and Evolutionary Buildup

COSMIC Configuration

Optics

The key to high angular resolution is that light remains coherent over large dis-
tances. Diffraction-limited performance of an array of telescopes requires coherence
of all participating wave fronts, Such a method has been used successfully to study
radio sources at high resolution (0.001 arc~sec) by using data from simultaneously
observing radiotelescopes on baselines stretching over the diameter of the Earth.
Theoretically, the same resolution can be achieved at optical wavelengths by devices
one hundred thousand times smaller in scale. Since the spatial coherence of widely
separated beams of visible light is nearly destroyed by passing through the atmosphere,
investigations of interesting faint sources of small angular size must be performed in
space.

The concept of a minimum redundancy array of telescopes is borrowed from radio
astronomy and has been applied by the Smithsonian Astrophysical Observatory to optical
systems, as illustrated by the linear four-element array shown in Figure 2. The AIT's
are identical and all feed through fold flats, which compensate for the staggered
spacings, to the BCT. The four AIT's are located at positions (0, 1, 4, 6), giving the
effect of simultaneously having mirror separations of 0, 1, 2, 3, 4, 5, and 6 units.

It is required that the array be rotated about its target axis so that two-dimen-
sional images can be constructed that have the full resolution of a single large mirror
with a diameter equal to the lenjth of the array. The requirement for maintaining all
the optical path lengths equal t»> within 1/4 wavelength peak to valley is the tradi-
tional Rayleigh criterion for nefar-diffraction imagery. It is an overly simplistic
criterion in this case, but it al'equately scopes the required dimensional stability at
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this conceptual stage. To minimize the complexity of an a)lready beyond-the-state-
of-the-art adaptive optics control problem, the primary mirrors were restricted to a
size that would retain their flgure quality passively and be packaged within the
Shuttle payload bay constraints,
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Figure 2. Linear Four Element Array Optical Schematic and
AIT Mirror Definition

The 1.8 m square mirrors selected for COSMIC are lightweight mirrors of the Space
Telescope class. Figure 2 shows the AIT optical schematic and mirror definition.

Active alignment of all secondary mirrors is essential, but probably will only
require occasional intermittent adjustment as in the case of Space Telescope.
Conversely, it is almost certain that one or more beam-steering fold mirrors and some
sort of active path length adjustment will be required in each leg.

The beam from AIT 1 is directed into the BCT in a direct path. The beam from AIT 2,
however, must be folded in an indirect ‘manner (optical delay line) so that the total
path length is the same as for AIT 1. AIT 3 and AIT 4, which are even closer to the
BCT, must have proportionately longer folded paths so that all wave fronts from the
four AIT's arrlve in phase at the BCT entrance aperture. The large number of reflec~-
tions, a minimum of seven for AIT 1, from entrance aperture to focus is an inherent
drawback to the COSMIC concept. At visible and infrared wavelengths where very low-
loss reflective coatings are achievable, the drawback is minimal, but the uv through-
put will be significantly attenuated.

With about 3 sg m of collecting area per AIT for a total of 12 sg m, COSMIC has
three times the collecting area of the Space Telescope. This, coupled with the factor
of ten increase in angular resolution, means that COSMIC will have a faint-object=-
detectivity advantage over Space Telescope comparable to the advantage Space Telescope
has over ground-based observatories.

Although it is an objective of this study to develop a system which can provide
meaningful science with one Shuttle flight, the design concepts which were considered
are based on the eventual coupling of several linear arrays to form a cross configura=-
tion. For this reason, the beam combiner telescope was placed at the end of the linear
array to accommodate additional modules (Figure 1).

Thermal Structural Concept

Two major factors were design drivers for COSMIC: (1) The structural members and
structural/thermal approach must produce an optical system with dimensional stability
in all directions. In most telescopes, the structure holding the mirrors in relative
alignment must be designed to focus the beam on a specified point with very 1little
deviation caused by disturbances which act on the system. But in COSMIC, both relative
alignment between individual telescope mirrors and betweein AIT's and the BCT must be
maintained. Although the coherent beam combination requirement will be met by an
active control system, the structural/thermal design for COSMIC must still meet more
stringent criteria than previously designed optical systems such as Space Telescope.
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(2) The beams from individual telescopes must be combined to form a coherent wave

Q front to approximatey one-tenth wavelength RMS, 'Thus, dimensional stability of the
o structure and/or active path-length contrc. must be better than 0.1 micrometer RMS,

COSMIC has an overall line-of-sight aspect determination goal of 0.0005 arc-sec RMS.

Figures 3 and 4 show the strpcture of COSMIC. The telesicopes and instruments are
mounted in or on the optical bench, which is mounted inside an aluminum structure.

Since active path-length control of the optical components has been ground-ruled,
the overall dimensional stability does not depend entirely on the metzring structure.
A tradeoff exists between the stability of the metering structure and the range over
which the active control system must compensate, However, since the structural stabil-
ity has not been budgeted, the approach was to determine the best metering structure
using Space Telescope technology.

° L R

Ideally, the metering structure material should have a coefficient of thermal expan- 1
"sion (CTE) of zero. However, to postulate a zero CTE would not be practical. Based on :
results of very precise measurements of Space Telescope metering truss members, a CTE i
value of about 4x10™8 in/in°F was chosen for the structural members of the

graphite epoxy truss. f

COosMIC
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Figure 3. COSMIC -~ Isometric View Figure 4. Exterior Shell Structure

of Interior Structure

A relatively high natural frequency is desirable to have adequate separation between
the structure and attitude control bandwidth during on-orbit operations. ‘For the
launch or return phase, the observatory should be designed to prevent coupling with the |
Shuttle's 16 Kz critical frequency. Since the truss weight increases rapidly with i
increasing frequencies, a lower frequency of 15 Hz was selected as a basis for the 4
truss design.

The metering structure is supported at many redundant points along the outside shell
structure during launch. The redundant attach points are subsequently released for on~-

orbit operations so that thermal deflections are not transmitted from the outside shell
to the metering structure.

The mirrors are attached directly to the metering structure by flexure joints simi-
lar to the ST mirror supports. Launch loads are taken directly to the outside shell.
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To obtain a truss structure with minimum elongation and bore-~sighting deflections
resulting from temperature gradients in the metering truss, a thermally stable optical
bench structure was designed to support the mirrors. The truss is thermally isolated
by an outer shell covered with a Multiple Layer Insulation (MLI) having a low a/€
ratio. This thermal configuration results in a temperature bias, causing energy to be
continuously lost from the bench.. Thermal conditions are maintained by replacing the
lost energy with energy supplied by electric heaters which are controlled by a micro-
processor, This power is estimated to be 200 wat*3. Other thermal control} require-
mfnts are estimated to be approximately four times that of Space Telescope, as shown in
Figure 6.,
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Figure 6. Thermal Control Budget and Truss Thermal Control Approach

Application of classical beam bending equations for an unconstrained configuration
led to expressions for bore sighting and elongation. Truss elongation and bore-
sighting values as functions of temperature changes are shown in Figure 7 and 8 for
various CTE values. '
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Based on ST performance obtained in extensive thermal vacuum testing of the ST
metering structure, COSMIC requirements for elongation control to 0.1 um can be met
with a CTE of 4x10"% {n/in‘F. The bore~sighting error, however, exceeds the
allowable requirement by a factor of two. The results imply that the active optical
correction mechanism must be capable to npan this range.
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Figure 7. Influence of Bulk Temperature Figure 8., Bore-Sighting Error as
Change on Truss Elongation a Function of Radial
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Avionics

The avionics subsystems consisting of the Attitude Control System (ACS), Fine Guic-
ance System (FGS), Communications and Data Management System (CDMS), Electrical Power
System (EPS), and the Propulsion Systems (PS) were analyzed. This paper concentrates
on the Attitude Control and Fine Guidance Systems because of their role in establishing

feasibility,

It was assumed that COSMIC should permit viewing any source on the celestial sphere
at any time, subject to constraints such as the sun, moon, and the Earth's limb viewing

interference.

Since COSMIC will view a target for periods up to hours and then maneuver to another
selected target, the maneuver rate should be rapid to optimize total viewing time. In
addition, COSMIC must be rotated about its line~of~-sight (LOS) to build'up a total high
resolution image with the data being digitally reconstructed on the gound.

While attitude-holding against environmental forces, the ACS must point the COSMIC
LOS within 0.2 arc-sec of the target and be stabie to 0.001 arc~sec per sec while data
ie being taken, These requirements are similar to those of the Space Telescope. How-
ever, COSMIC uses photon-counting science detectors with continuous readout; therefore,
long~term stability (slow drift) has little meaning in contrast with Space Telescope.
However, in reconstructing the data on the ground, the location of the source viewed
must be determined relative to the guide stars used for inertial reference to an
accuracy of 0.001 arc-sec or better (0.0005 arc~sec gonal).

The ACS actuators must be sized to provide control authority during all mission
phases from Shuttle deployment to Shuttle revisit for repair or retrieval.
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Since COSMIC is unbalanced both in mass distribution and surface areas, large
gravity gradient, 0.46 ft-lb, and ac¢redynamic torques, 0,17 £t-1b, will result at the
qperational orbit altitude of 500 km. As a minimum sizing criterion, the Reaction
Wheel Assembly (RWA) or Control Moment Gyros (CMG's) must be sized to counteract the
cyclic momentum and have some reserve capacity for failure modec and to prevent
saturation during the peaks of each cycle. With 50 percent contingency, approximately
18 of the Space Telescope's 200 ft-lb~s RWA's would be needed.

Obviously, new and larger torque devices must be provided. 1t appears that four
single gimbal control moment gyros of an existing design (Spervy 1700) can provide
sufficient control authority. To prevent the momentum exchange system from saturating,
the secular momentum buildup iw continuously reacted against the Earth's magnetic field
by utilizing three Space Telescope magnetic torquer bars per control axis.

' Several design approaches for the Fine Guidance System were investigated (see Pigure
9). Option } was selected for COSMIC, In this approach, the FGS uses part of the
field from one AIT that has its total field enlarged to obtain the required probability
of guide star acquisition. Fixed solid-state detectors are positioned around the peri-
meter of the square field of the AIT, Several Charge Transfer Devices (CTD's) are
needed to cover the field required for a high star acquisition probability. Option 1
appears viable for the 0.001 arc-sec resolution requirement. Thermal control of the
detector is critical. Currently we assume an operational temperature of -20°C,

OPTION 1: USE AIT FIELD

- APPROACH: SEVERAL FIXED CTD IN
THE FGS FIELD
- ASSESSMENT: VIABLE FOR 0,001 ARC-SEC REQUIREMENT ™~ si FIELD

=N

FGS FIELD

OPTION 2: TELESCOPE WITH FIXED FIELD

- APPROACH: FOV FOR STAR ACQUISITION WITH | —FGS FIELD

FIXED CTD' TO COVER THE FIELD
- ASSESSMENT: VIABLE FOR 0,001'ARC-SEC REQUIREMENT FIXED CTD
- PROBLEM OF ALIGNMENT WITH AIT

OPTION 3: SCAN MECHANISMS TO COVER FIELD

- APPROACH: DEDICATED TELESCOPE WITH CTD AND X
SCAN MECHANISMS _ ==-1--[J«=——t——MOVABLE

- ASSESSMENT: OPTICAL GAIN MUST BE BETTER THAN ST FIELD
VIABLE FOR 0.0005 ARC-SEC GOAL

Figure 9. Fine Guidance System Options

Advanced Technology

Several areas for advanced technology were examined that should increase the prob-

ability that COSMIC can meet its mission objectives, especially for the full cross con~
figuration. The structural members for the metering structure must be designed using

very low Coefficient of Thermal Expansion (CTE) materials to meet the one-tenth wave-

length critérion over the long length of COSMIC. Materials, manufacturing techniques,
and ways of joining members should be examined in detail.
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)
The large and Ajifficult-to~control COSMIC configuration wil)l require new attitude

control actuators that have the precision of Space Telescope, but are several times
larger than Space Telescope actuators, At the shorter wavelengths and for the
cruciform, the eéxpected resolution will reguire that the subsystems and structure be
designed for the 0.0005 arc-sec stability goal. Improvements in sensing for the fine
guidance and aspect determinatiom will reqguire development of more accurate rate gyros
and star trackers with less noise than those currently available,

While devices for measuring and correcting the optical path distances from each

collecting telescope to the science instruments were not addressed during this study,
emphasis should be placed in this general technology area, Optical devices for
correcting both the path length and focal point must be examined in more depth to
determine the operational range required.

COSMIC uses photon-counting detectors on the science instruments whose output is

telemetered to Earth for image reconstruction. The COSMIC subsystems selection and
permissible performance ranges must be related to image quality and/or complexity of
data reconstruction, currently under investigation. A greater understanding of those
relationships could lead to a relaxation of spacecraft pointing and structural
stability requirements.

Conclusions

Overall system concepts for COSMIC were developed, and the primary subsystems, such

as thermal gontrol, attitude control, fine guidance, communication and data management,
and electrical power, were analyzed.

The initial engineering work concentrated primarily on achieving a very stable

optical bench structure by selectively utilizing low thermal expansion materials in
conjunction with structural heaters., The design approach results in a structure which
is sufficiently stable to allow fine tuning of the optical train via active beam
steering devices,

Although current technology should suffice in development of many of the systems,

advanced technology will be required in areas where COSMIC systems exhibit specific
sensitivity to technological advances, such as in the active optical path length
control and alignment, and fine pointing and control of the spacecraft.
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Abstract

Very high angular resclution can be
achieved in optical and radio astronomy
through interferometers in space., Evolu-
tionary approaches and required techno-
logical advances are presented, In the
optical region a phase-coherent array
(COSMIC) starting as a four~element linear
array is discussed. Combining several
modules results in greatly improved
resolution with a goal of combining images
to ohtain a single field of view with
0.004 arcsecond resolution. The angular
resolution, detail and temporal coverage
of radio maps obtained by ground-based
Very Long Interferometry (VLBI) can be
greatly improved by placing one of the
stations in Earth orbit. An evolutionary
program leading to a large aperture VLBI
observatory in space is discussed.

Introduction

During the 1980's Space Astronomy
will, without doubt, make discoveries and
ralse questions that require the use of
more powerful astronomical instruments in
order for us to understand the diverse
astrophysical phenomens that will be
unveiled. Detailed structural studies of
objects ranging from nearby planets and
small bodies to distant guasars will be
required during the final decades of this
century and into the next. To meet these
needs, large astronomical facilities with
greatly improved angular resolution and
larger collecting areas will be placed in
space above the absorbing and distorting
interference of the Earth's atmosphere.

This paper is declared & work of the .S,
Government and therefore is in (he pubdiic domain,
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Frontier problems in astrophysics
during the next 30 years will require
angular resolution approaching 10~
arcseconds in the UV/visible spectral
region. This high resolving power coupled
with large flux collectors will lead to
great advances in our understanding of
objects within our solar system, stars,
galactic nuclel and other objects as well
as offering new avenues to cosmological
studies,

At the longer (radio) wavelengths
milliarcesecond resolution has already been
surpassed with intercontinental VLBI,
However, in mcBt objects, there remains
spatial structure that is unresolved. For
example, virtually every active galactic
nucleus has angular structure that cannot
be resolved, even with the best VLBI net-
work currently avalilable (offering a
resolution of 104 arcsec). VLBI
measurements have reached the limits
imposed by the size of the Earth,

The capakility to assemble large
structures in space and the existence of
advanced technology for maintaining
precise baselines and accurate pointing of
large systems will make possible inter-
ferometers in space. Two such concepts
currently under study by the Marshall
Space Flight Center (MSFC) are the
orbiting VLBI and a phase~coherent
UV/visible telescope array, Each concept
is considered to be evolutionary in
nature, progressing from simpler to more
complex configurations. The concepts,
progi am approach and technological readi=~
ness of the required systems are discussed
in the following sections.
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Extending VLBI To Space
4

Radio interferometry observations of
celestial sources are routinely performed
on Earth by usinz atomic frequency stand~
ards to synchronize radio telescopes that
may be separated by as much as intercon~-
tinental distances, Angular resolution
better than a milliarcsecond, four ordeis
of magnitude superior to that of Earth~
based optical telescopes, has been
achieved. By placing one or more of the
observing elements in Earth orbit and
making observations in concert with those
on the ground, significant advantages over
purely ground-based systems may be
obtained, Among these advantages are
improved angular resslution, improved
coverags of the celestial sphere, more
accurate radio maps, and more rapid
mapping. (!

Scientific Advances with Spacc VLB

With orbiting VLBI we will be able to
study in detail the structure of many
astrophysical objects., For example, we
will be able to investigate the super-
luminal phenomenon in quasars (expansion
of different portions of gquasars that
apparently exceed the velocity of light),
the structure of the interstellar masers
that are often associated with the star~
formation process, active binary systems,
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