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...---•Objectives of present developments are to improve a) the
re~olution (by using the Multiple Mirror Telescope with its 6.9m
optical aperture), b)the accuracy of the derived results (by
implementing better photon detection and recording devices), and
c) the efficiency and speed of the reduction algorith.ms which
extract the information (by means of high-speed digital signal-
processing hardware). .',

Experience gained with the present systems has shown the
,,/eed for a) improved detectors (to provide better spatial
resolution, geometric fidelity, quantum efficiency and dynamic
range), b) real-time signal processing (to permit the primary
data compression to be accomplished at the telescope while the
observations progress), and c) image processing systems (to
efficiently reduce the speckle interferometric results).

""tw The work includes a growing effort in speckle image
reconstruction using a combination of amplitude processing,
various phase retrieval methods, holographic methods, and shift-
and-add methods. The techniques have been applied to
observations of Earth-orbiting satellites, asteroids, .,,.
Pluto/Charon, binary stars, bright supergiant stars, active
galactic nuclei, and quasi-stellar objects (QSOs).) The results
of the analysis of these observations have revealed both the
capabilities and the limitations of the present, systems. p,,

Among the demonstrated capabilities are a) observations of
structure as faint as m v-19 in ani mvu1 6 system, b) observations 4¶of structure at the diftraction limit of the Multiple Mirror , i

Telescope, c) astrometric observations, d) mapping of faint
envelopes around bright supergiants, and e) measurements of sizes
of Earth-orbiting satellites.

Among limitations of this system, the most severe by far is
the extremely limited signal processing throughput, in which the
primary signal processing time ranges up to 100 times that
required for the observations at the telescope, and lack of a
general purpose array processing capability for image analysis.
The next most severe problem is lack of a suitable low
distortion, high quantum efficiency, high resolution detector.

For future applications of this technique, larger optical
baselines will be required. We have studied some possibilitiec
for both ground-based and space-deployed arrays with optical
baselines of 100 meters. b
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I. INTRODUCTION

During the past several years there has been a rapid
development in techniques for achieving high resolution imaging
through the earth's atmosphere using large ground based
telescopes. Especially promising among these techniques is that
of aseckle interferometry with which spatial resolution gains of
, 10 over that normally permitted by the earth's atmosphere have
been demonstrated. The technique has been demonstrated to work
on both artificial satellites and celestial objects. It has
furthermore been applied to rather faint sources (mv ) 16).
Speckle interferometry thus has considerable potential
application both to military and astronomical targets.

1.1 Speckle Interferometry at Steward Observatory

Speckle interferometry (Labeyrie 1970, 1978) is a post-
detection image processing technique for producing diffraction
limited images using large astronomical telescopes in the
presence of Earth's turbulent atmosphere which otherwise limits
the imaging resolution. The Steward Observatory digital videospeckle interterometry system (Hubbard et al. 1979, Hoge *t al.
1980, Hoge et _a 1982a) consists of three basic subsystems: a)
video digitization of an intensified, magnified, focal-plane
image; b) Fourier transform (or vector autocorrelation) signal
processing; and c) image analysis to produce the final
interpreted resultu. Speckle interferometry has now been shown
capable of yielding diffraction limited information (including
images) on objects as faint as visual magnitude 16.

Developments in progress at Steward Observatory are aimed at
improving a) the resolution, (by using the Multiple Mirror
Telescope with its 6.9m optical aperture), b) the accuracy of the
derived results (by imJplementing better photon detection and
"recording devices) an c) the efficiency and speed ýf the

"*• reduction algorithms which extract the information (by means of
"" high-speed digital signal-processing hardware). .

Experience gained with the present systems has shown the
need for a) improved detectors (to provide better spatial
resolution ana-geo'mW-etr fi delty as well as bettc quantum
efficiency# linearity, and dynamic range), b) real-time signal
processing (to permit the primary data compression to be
ac•comp-1'•sFd at the telescope while the observations progress),
and c) image processie1 syst.! (to efficiently reduce the
speckle "nFtrferometric results}.

A number of Steward Observatory scientists are involved in
high angular resolution studies using speckle interferometry in
both optical and infrared. The work also includes a growing
effort in speckle image reconstruction using a combination of
amplitude processing (Fienup 1980), various phase retrieval
methods (Knox and Thompson 1974, Cocke 1980, Walker 1982,

.. .. .. .. .. .. ... .. .. .. .. .. .. .. ... .. .L . .
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Nisenson and Papaliolios 1983), holographic methods (Weigelt
1978, Beckers et al. 1982, 1983a, Christou (1983) and shift-and-
add methods (Bates and Cady 1980, Bagnuolo 1982). This work is
presently done using the very limited capabilities of a Grinnell

* digital video memory system for video d git ation and the
observatory minicomputers (Data General Nova and Eclipse class)
for both the signal processing and the image processing
functions. Nevertheless, the techniques have been applied sur-
cessfully to observations of asteroids (body axes and pole deter-
mination, Drummond et al. 1984), the Pluto-Charon system (an
"observation near mini-mum'separation leading to refinement of the
orbit, Hege et al. 1982b), and the 1 5 m. 7 080 PGl1l5+080 (the
repolution of--c"m'ponent A into two nearly equal, unresolved -
<0 .1 - components) as well as to observations of bright super-
giants (images of Alpha Orionis in H and Call, Goldberg et al.
1982, images of H envelopes around Alpha Herculis and A-p-FRa
Orlonis, Beckers, et al. 1983b, speckle spectroscopic
observations of Alpha "T-urf•T showing a larger diameter in a TiO
band, Freeman (1984) and binary stars (resolution of the
orientation of and relative magnitudes of Capella, Bagnuolo
(1984). These obserVatns and resuts have revealed both the
capabilities of the techniques and the limitations of the present
systems.

Among the demonstrated capabilities are included a)
observations of structure as faint as mv U 19 in an m. - 16
system, b) observations of structure at the diffraction limit of
the Multiple Mirror Telescope, c) astrometric observations, d)
mapping of faint envelopes around bright supergiants, and e)
measurements of sizes of Earth orbiting satellites.

Among limitations of this system, the most severe by far are
the extremely limited signal processing throughput, in which the
primary signal processing time ranges up to 100 times that
required for the observations at the telescope, and lack of a
general purpose array processing capability for image analysis.
We anticipat•. upgrading of observatory computational capabilities
to include array-processing image analysis systems.

1.2 e2 k._e. Interferometry Signal Processing

Labeyrie first pointed out that the short exposure images of
the seeing perturbed telescope image contained information on the
structure of the source up to resolutions corresponding to the
diffraction limit of the telescope. In classical speckle
interferometry, the short exposure images (specklegrams) are
recorded and then processed to yield the autocorrelation (AC) or
power spectrum (PS) of the object. Thus the nth specklegram
in(xy) of the object is

in(xy) = o(x,y) * Pn(X,y) (1.1)

where pn(xy) is the Koint-spread function of the atmosphere plus
instrument for the n specklegram. Taking Fourier transforms of

2
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many specklegrams and averaging thus yields

IIn(u,V)1 2 > IO(u,v)1 2  <Pnuiv)12> (1.2)

which may be invfrted to yield the power spectrum of the object
P'm Io u,v)I for those spatial frequencies for w h i..-h

"> is non-zero. In normal circumstances 4IPn(ufv)l •
is non-zero to the diffraction limit of the telescope and is
determined by making interspersed observations of a point source
calibrator. This much is common to all speckle techniques, and
in a sense represents the ideal case. In practice many other
corrections, depending upon detector and observing conditions,
are required: examples are correction of geometric distortion,
removal of sampling bias, etc.

A calibrated speckle interferometric observation requires

(i) i~nteration of individual frame power s2ectra,
-CI (u,v) r'; eTCMni' FF 17.T oreqFl;TviTen~tly 7;regiraET6 of
indlvidual frame autocorrelation functions.

(ii) standardization of each observation with correspond$ ng
meanurements of an unreso=lvd point source, <11 0 (U,v)l >,
suitably interspersed to accurately sample variable seeing
conditions.

(li.) measurement of the detector transfer function

ID(u,v)

The resulting object power spectrum can then be estimated by
computing (see Hege, et al. 1982a or AFGL-TR-82-0136, p. 24)

1°(u'v)12 .J{,I n(uv), 2 > /,D(uv), 2  - N) (1.3)

f<11von(ulv2 l l/ID(u,v)Ti - NO}

where N and No are the noise bias asoociated with the object and
standard power spectra, respectively produced by the image
sampling process. The detector transfer funtion (DTP) is
measured by integrating the individual frame power spectra for
random events detected subsequent to illumination of the detector
with uniform, low intensity light.

The present detector system is an intensified plumbicon
camv0::. with both analogue and photon counting modes. It is in
regular use et the 2.3m and KPNO 4m telescopes and at the MMT.
It produces digitized (8 bit), frame subtracted (to supress
detprtor lag), data at standard video rates corresponding to
approximately 60Mbits/sec at full resolution (sufficient to
sample the diffraction limit of the MMT over a reasonable field
of view). Our present system cannot accommodate this rate

3
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digitally but uses a video recorder to archive data at a duty
cycle of unity at the telescope on objects of all briqghtnesses.
In this mode several (at least 2) passes of the video tape are
required to capture all of the data digitally on 9-track magtape
for subsequent reduction. For fainter object., a photon counting
mode has been implemented which allows photon addresses to be
recorded digitally in real time at the telescope at rates of up
to about 500 photons/frame corresponding to 0.5 Mbits/sec.

In order to properly calibrate for the usually variable
seeing conditions, switching between object and calibrator ispcarried out as frequently as practical (about 1 minute d
intervals). The3 primary reduction thus consists of summed PSs or
ACs of about 10 frames alternately for object and calibrator for
as long as required to attain the necessary S/N. Corrections for
detector distortion must be carried out on each frame prior to
autocorrelation or power spectrum calculation;~ rejection of
frames because of anomalously poor seeing or pointing errors can
be done at the same time. Bias corrections must be carried out
subsequen tly. All of this takes from 10 to 100 times longer than
the original observation for reduction in our present systems.

The resultant AC or PS files are then ready for further
analysis, usually a model fitting procedure analogous to that T
carried out with VLBI data in the early development of that
technique. These procedures are also iterative and therefore
computationally intensive.

1.3 Scientific Investigations with Specke Interferometry

At Steward Observatory these techniques are being used by
Beckers, Cocke, Drummond, Hege, Strittmatter and Woolf at optical
wavelengths on a wide variety of astronomical problems. Work in
progress presently includes: r

i) Asteroids. Numerous measurements have been made of the
instantaneous projected dimensions of asteroids in the brightness
range 8m to 13m *More recently a systematic study of asteroids
showing short term, large amplitude, periodic (about 6 hr) light
variations has been undertaken. The data are modeled with an
appropriately illuminated (terminator corresponding to solar
phase angle) triaxial ellipsoid. A sequeiice of observations
distributed through the rotation period is analysed to derive the
dimensions of the asteroid and the direction of its spin axis in
space. Results for the asteroid Pros are now in press. They
took more than a year to produce owing to the high degree of
processing required and t he inadequacy of our present
minicomputers to the task. Data on several other asteroids,
including Pallase Herculi~na and Metis, await analysis.

ii) Plt/hrn A serier of observations has been carried :d

out on this 14" system with a view -"o improving the determination
of the orbital parameters, to investigate evidence for albedo L.
variegation, and to provide direct measurements of the diameter,

4



E brightne3s and albedo of the planet and satellite. First results
, appeared in Icarus (Hege et al. 1982b) but considerable
*: quantities of further data are in the process of reduction and
*' analysis.

iii) Red Sup rglants. Standard speckle observations have
been carri;' a oumt 2er of different passbands on V Orn, .
"cSco, Cet, o Her, 119 Tau, ot Tau and others (including some
one-dimensional observations using the full 6.9m resolution in a
two-mirror MMT configuration). The KPNO 4m data on 4 Orn have
been partially reduced and show evidence of extended structure in ,
the light of H and Call 845.2nm out to about .25 arc seconds
(10 stellar raii). Tentative evidence for similar structure,
albeit at much lower relative intensity, has been obtained in
certain continuum bands. A more detailed interpretation of the, e
results awaits reduction of the remaining data for both the above
passbands and for several others corresponding to different
atomic or molecular transitions.

iv) The Triple (quintuple?) QSO. Observations of the triple "".
QSO 1115+ffh ave been made, using a. single l.Sm mirror of the MMT
under nearly ideal (0.6 arcseconds seeing) conditions. Theresults (Hage at al. 1981) clearly demonstrated that the 16m "

brightest compo'n-ent consists of two components, unresolved at the
limit ot the aperture, with a separation of 0.54 arceeconds.
This work also showed the speckle holographic effect in the A-C
and A-B cross correlations, namely the presence of direct images
of the bright component at positions corresponding to cross
correlation with the fainter 1 8 m and 1 9 m components.

v) Earth Orbitini Satellites. A measurement in one-
Sdimension, using-- B -E m-r or pair of the Multiple Mirror
Telescope, of FLTSATCOMI yielded a diameter, at that arbitrarily
chosen (verticle) position angle, of 4.9 + 2.0 meters for that
synchronous orbit object.

The above sample of observational programs gives some
indication of the range of high angular resolution measurements
that are being addressed with speckle interferometry and of the
computational problems associated therewith.

1.4 Speckle Image Reconstruction

Under this contract, and in a related Air Force project
AFOSR-82-0020, we conducted a program of high angular resolution
imaging using the techniques of speckle interferometry and image
recon.ntruction. We produced deconvolved (by aperture point
spread tunction) image data for bright binaries# phaseless (by
Fienup method) image reconstructions of an earth-approaching
"asteoid (Eros) and of a resolved supergiant (Betelgeuse), and
differential image reconstructions (essentially holographic
"deconvolutions) of the atmospheres surrounding nearby red super-
giant stars. We evaluated, by comparisons using real
astronomical data, several methods for diffraction limited recon-

5
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struction of speckle image data including both the blind
decr nvolution methodo of Fienup and of Bates; the phase retrieval
method of Knox and Thompson as applied to both bright and faint
object observations; and various variations on shift-and-add
methods, as well as appropriate combinations of two or more of
these methods.

The limitation to power spectrum information is in some
applications a serious one; direct image information is clearly
preferable. For this purpose it is necessary to obtain both the
phase and the amplitude of the Fourier components. Among the
variety of techniques which hold promise is the Fienup (1979)
technique which seeks to derive phase information from the
Fourier amplitudes alone. Direct phase information can, however,
be obtained from individual specklegrams using the Knox-Thompson
(1974) algorithm (or variations thereon) or by the image plane
shift-and-add techniques (again including many variations)
developed by Hunt et al. (1982) and Bates and Fright (1983)
Lynds, Worden and Ha-ve'g (1976). These methods do not produce
accurate images, as the results are superimposed upon a broad
"seeing" background. Nevertheless, they provide phase information
for either direct use or for input to the Fienup (1980) or
related: (i.e. Bates and Fright 1983 or Walker 1982) procedures.

All of these methods, however, require substantial
computation in addition to the AC (PS) calculatioU--c..
above. For Ehis reason little has been achieved in practice,
although trial computations on CA Ori and the earth-approaching
asteroid Eros, have been most encouraging. A high-speed, digital
FFT, signal processing system would permit very significant
advances to be made with these techniques.

t new speckle interferometric method was developed by
Beckes: (1982) and Hege ( - also supported by NSF AST-8113212)
and represents a variation on the holographic technique
originally propose'! by Weigelt (1978). With this differential
speckle interferometer, the source is measured simultaneously at
adjacent wavelengths, both in the continuum and in an atomic or
molecular transition. In certain cases the object is (nearly)
unresolved at one wavelength but extended at the other (e.g. the
envelopes of red supergiants or the nucleus of a Seyfert such as
NGC 1068 in the continuum vs in the lines). Direct frame by
frame deconvolution (with appropriate Wiener filtering) then
yields an image transform. The method is again computer
intensive a7'3-1ts application has likewise been limited by the
low throughput of our existing system.

1.5 Infrared Speckle Interferometry

We note also that a very active program of IR speckle
interferometry is being carried out at Steward Observatory by
D. W. McCarthy (1982a). The basic problem is similar to optical
work, but for the moment is carried out using a single detector,
scanning the image across a focal plane slit. While the number

6
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of resolution elements is smaller at these longer wavelengths,
and demands on computer capacity are less, this program

onoetheless would also benefit from enhanced computational
capabilities, especially in its image reconstruction aspects.

Among the scientific achievements of that program are i)
detection of numerous very cool companions to nearby stars, ii)
successful analysis of the IR structure in the nucleus of NGC
1068, and iii) successful image reconstruction of the Becklin
Neugebauer object.

1.6 The M•plple Mirror Telescope

The recent successful co-phasing of all six optical beams )f
the MMT gives the University of Arizona the highest resolution
imaging telescope in the world with an effective aperture of-6.89-m. 'The closest competitor is the 6m telescope in the USSR.,,,.,

Although the MMT aperture (pupil) is not completely filled, the .
complex Fourier transform of the image does contain image
amplitude and phase informaion (albeit not u'n formly) for all
frequencies transmitted by a 6.86 m aperture.

1.7 Background to the Steward Observatory Air Force Work

The following brief history of the University of Arizona
speckle interferometry project and related work is presented to
emphasize the nature dnd context of this research.

In 1976, the University of Arizona began a program (AFGL
Contract F19628-77-C-0063) to develop image reconstruction
techniques for large telescopes. Upon initial successes (AFGL-
TR-78-1067) the contract was renewed (APGL F19628-78-C-0058)

, during which diffraction limited image data were obtained for an
"Earth orbiting satellite (Space Division Report SD-TR-82-46) and
diffraction limited images of astronomical objects were produced
(AFGL-TR-82-0136). Me?hods for producing diffraction limited
images were reviewed in Space Division Report SD-TR-82-45.

The success of that work led to the present AFGL contract
Fl9628-82-K-0025 to continue our investigations of high
resolution speckle imaging techniques through the Earth's
atmosphere. In particular, we have now investigated the ultility
of the 6.86m aperture provided by the Multiple Mirror Telescope
for high angular resolution imaging work and for application to
problems of space object identification. We have, so far
demonstrated (a) MMT speckle interferometry on celestial objects,
(b) the. ability to track earth orbiting satellites, and (c) two-
beam measurements (diameters) of synchronous orbit satellites.
We have recently acquired data on celestial objects using all six
beams simultaneously co-phased. We expect ultimately to produce
a diffraction limited image of a synchronous orbit satellite such
"as FLTSATCOM or TDRSS. This work also has direct value in
assessinq the advantages/problems etc. of future very high
resolution dilute aperture systems.

I'"1el lll'""i.1 " 1l I l il' 11"lelil alII m "l" I •l .""l"I 11l.I IIIi i 11I." ! •lII l Ii". ,It•1 l "1I.7• '1



2. THE PROPOSED WORK

In this project we continued, for two further years, the
image reconstruction programs being carried out under USAF,
auspices at Steward Observatory. The principal goals of the
program were, to L

W() demonstrate use of the MMT for full s.2eckle
",intferometry appica-Tio"n te AWT offers the hF-'Xist- 'tpaEl3.a
°re=soution capability for the lowest cost of any telescope in the
world.

(ii) upgrade the instrumentation so that on-line reduction
"capability can be demonstrated; this rapid evaluation of results
is especially important for USAF application and is necessary for
fine-tuning the phasing of the MMT. A design study for an on-
line, full-frame, real-time data reduction system is included.

(iii) deveo1p the reduction and analysis algorithms
necessary to carry outi 7mage m T-eTrng'an~dror-r--co-nst~thZtT~in fr~om
the recorded speckle data.

(iv) carry out o _observin rograms designed to evaluate the
above developme to prov ize and shape data on a modest
number of artificial satellites and to derive structural
information on various classes of astronomical objects including
asteroids, stars, galactic nuclei and QSOs.

The work was carried out using the facilities of Steward
Observatory (SO), the Multiple Mirror Telescope Observatory
(MMTO), and the Kitt Peak National Observatory (KPNO) 4m
telescope.

2.1 The Starting Point.

During the previous contract periods, substantial progress
had been achieved in all aspects of the program. With support
from USAF/AFGL and in collaboration with AF scientists at the
Sacramento Peak Observatory, we had

I
(i) improved the SO/AFGL speckle camera for use at any

conventionai`teescop" by pErv'-ion ofmicro-processor controlled
" Risley prisms, shutter mechanisms, etc.

(ti) developed a video camera detector system for data
acquisition,-Fni-eheean-f•lT• percent dutyI and 512. x Ma-
256 pixel interlaced field. The data are recorded on a video L_,.
cassette recorder (VCR). .

(iii) implemented a data reduction system at the SO computer
center whicR de-dlai recor-s ottfe data either from
direct A/D conversions from the video tapes (the analogue mode)
or by threshholding (the photon counting mode). In the latter
mode, successive frames are subtracted so that only new events

8
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are recorded.

(iv) analysed the instrumental response !:unction of the
system and demonstrated hat-_sF--tantiag-ains r2'ouldT e made by
implementation of a true event centroiding mode. A preliminary

Sdesign of the necessary logic hardware had been completed.

(v) developed improved data reduction proqram sto remove the
oeffects of detector sampling (DTF) in the derived auto-
correlation functions or power spectra. This step had resulted
in a substantial improvement in our ability to derive unambiguous
information on source structure.

(vi) carried out studies of seeing at the MMT which
.demonstra teE• s~ta� Trm i-vilen-th in effective seeing

could be made by removing the low spatial frequency distortions
(tilts) across the individual 1.8m apertures. This finding
(partial wave front correction) has considerable potential impact
on speckle (and other) interferometry with large telescopes

,4 and/or baselines in that it should significantly enhance the high
spatial frequency MTF of the system.

(vii) demonstrated at the 2.3m telescope and the MMT that
ar ti f ic ia 1l8a-te i t a a "C satn"ellites:"a 3 s T - u racy.
Speckle •n•'erfromeEtic •easurements of a high altitude Russian
communication satellite (Molniya type) were made and yielded
useful size and shape data even though the resolution was near
the intrinsic limit of the 2.3m telescope (.. 0.05 arcsec). These
results had demonstrated the potential use of larger (higher
resolution) ground based telescopes for military purposes.

(viii) ban a series of scientific observations using
speckle interferometry at the 2.-a- meter ilescopes and,
finally, the MMT. Preliminary results had been obtained for a
wide range of objects of astronomical and Air Force interest.

(ix) started a project to develop and imlmn methods for
image reconstruction. Some'sccess hao-en achievedFo-r bIna-y
stars using the Cocks phase unwrapping technique, the Fienup
method and direct deconvolution approaches (Knox-Thompson).

2.2 The Project Objectives.

Parallel programs of instrumental improvements and
t developments of image reconstruction methods were required. Our

efforto concentrated on implementation of a final MMT coherent
beam combiner and an MMT optimized speckle camera, improvements
in the geometrical and efficiency properties of the detector
system, and the provision of faster and more flexible reduction
and analysis systems.

9
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2.2.1 MMT Beam Combiner

Experiments conducted during the previous contract periods
indicated that

(i) the Lagrange conditions must be adequately satisfied.
This impITsbeam combination wi -err•sin.,redu.ed aperture
placements no more than 1 percent and path length equalization to
better than that given by the coherence length (i.e. 5pm in
some applications).

(ii) independent adjustments must be provided to optimize
ind i v dua r sf -p-a t-- l-ength a per ture .
projection).

(iii) the final instrument must be polarization neutral.
i.e. the coamnat=on orE"tec ope p =us inotrment must pr-oduce no
net polarization.

(iv) li ht losses must be minimized since observing time to
achieve a gvn [ sigsiona' tno a. 7depends quadratically on the net
DQE.

(v) wavefront tilt correction should be incorporated. Beams
produced by- the indv•-dual 1.8m sub-apertures should produce
images which overlap essentially all the time.

These conditions should be met in such a way that a speckle
camera can be attached to the present MMT focal plane. Light
from the object should pass through the MMT Top Box Tv
Coalignment System to permit wavefront tilt correction to be
carried out in real time with field stars (correction time - 0.5a .
m ~17m). The adjustment optics should be reflecting to
mynimize losses. The entire unit should be an additional module
to be inserted in, and compatible with, the existing MMT Top Box.

2.2.2 Instrument Improvements

Analysis of the requirements for calibrated speckle
interferometry discussed in Section 1.2 demonstrated the need for
the following improvements to the SO/AFGL speckle interferometry
system:

(i) Minimum Distortion Detector. The SO/AFGL camera uses a
four-stag~em"ie intensifier assembled at SO at minimum cost
using Varo inverter tubes. This results in substantial pin
cushion distortion and an associated change in resolution and
intensity contrast. As a consequence, there is substantial dis-
tortion and calibrations must be made in software. Additional
difficulties arise in photon counting mode due to systematic
spatial variations of the pulse height distributions.

10



(ii) improve TV Camera Stlit. At present, the TV camera
is clocked independently of the Video-memory resulting in frame
to frame synchronization problems which to some extent compromise
the performance of the subtractions of background and phosphor
glow build-up. To correct this both the camera and the memory
must function on a common external clock.

(iii) Eliminate Anlogue video Recordin. The performance
of the camera -icO'i-rEoWsadydistortion and reduction in
resolution associated with the video tape recording system which
is used to gather data at the telescope prior to reduction. To
avoid this problem it in necessary to digitize the data at the
telescope which involves consideraole data compression (i.e.
expense) if the duty cycle of the system is not to be
compromised. Such digitization is also necessary if preliminary
on-line analysis is to be possible. In the longer terms any USAF
alplications of speckle techniques would require essentially on-
lIne reduction.

(iv) Event Detection L . At the low light levels typical
of work on artiflcial sateites and most astronomical sources,
the event detection mode is the appropriate way to proceed. For
this mode, it is a great advantage from the points of view of
sampling, signal to noise and speed of reduction to centroid and
utilize each detected photon-event. The SO/AFGL detector is to
our knowledge unique among intensifier/TV systems in that it
already provides for frame to frame subtraction to preclude
repeated counting of a single event; this is essential in speckle
work if frame to frame correlation is to be minimized.

(v) On-line Real-time Data Reductions. On-line data
red uc t ion W- EtpRli rtNIRW essenTa, 1"Mr- two rFe*asnons:

1. Real-time fringe-contrast detection is needed for
optimal phasing of the various interferometric paths in the MMT.
1 ine expected that shifts in the telescpe configuration with
t me (flexures induced by temperature drifts and thermal
gradients) and elevation (gravitationally induced flexure) will
inevitably require readjustment of the interferometer. Since
each of five independently phasable telescopes must be compared ,
to the sixth to be used as a reference, it is essential that this
capability to quickly and accurately make these adjustments be
implemented.

2. The ability to produce a size and shape estimate
"immediately upon completion of an observation with no further
investment of time for off-line computations is of particular
relevance for Air Force applications.

2.2.3 Algorithm Development

Parallel software improvements necessary to support the
hardware developments included

.11
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(i) Event Centroiding Algorithms. Software realizations of
centroid determining algorithms are necessary to determine an

., appropriate design for the hardware implementations.

(ii) optimized Code for computing autocorrelation functions
from event address"sita, is required to allow the immediate
implementation of 128 x 128 autocorrelation functions computed
from a sub-matrix of the 480 x 512 detector format in existing
observatory minicomputers. 4..*w

(iii) Real-time Algorithms. Suitably optimized algorithms -
for real-time execution are required. These in turn require a
complete, real-time processor capable of implementing on-line the
"processing expressed in eq. (1.3), for speckle interferometry,

' including both hardware and software for both analogue and
*: photon-counting modes.

2.2.4 image Reconstruction

Phase information is necessary to produce true images from
the diffraction limited imge power spectra produced by our
system. We have had some success with methods initially
developed by Fienup. The question remains of how much additional
phase information, beyond the seeing corrected image
autocorrelation function and the constraints on physical images,
is required to make that method (or the blind deconvolution
method proposed by Bates) converge to a unique image. 4'.4;;4

Our experience in previous contract work was with Fienup
*algorithms, with no initial phase information. These are

generally very slow to converge, and do not seem to give
consistent results. Both Knox-Thompson and phase-wrapping
schemes should give the necessary phase information to allow
unambiguous image restoration, especially in conjunction with
Fienup methods. Other schemes, including maximum entropy, and
"the use of the Bochner-Khinchin theorem to guide the phase
restoration procedures should be tried.

2.2.5 An Observational Program

Most of the scientific observations were to be made at the
2.3 m telescope, but once the new coherent beam combiner was
operational, the program was to be transferred to the MMT. Other
large telescopes such as the KPNO 4m were also to be used when
appropriate.

(i) Artificial Satellites. During this contract period some
slow moving satellites were to be observed to demonstrate on-line
capabilities in this area. The 2.3m telescope was not designed
to track accurately at high rates (compared to sidereal) so that
such observations, limited to rates of order 120 arcsec/sec are
of little interest. Our proposal for those observations was not
funded.

12
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MMT satellite tracking capabilities, with B times the 2.3 m
telescope tracking rate, and three times the angular resclution,
are more attractive f•-o "tffs purpose, One-dimensional
measurements, made initially with the two-beam experimental boam-
combiner, measured the angular size of a trial satellite. We _
have not attempted a full image reconstruction,t te m p ted.,; *4,L,

Satellite orbital data is available to us through Dr. Eric
Jensen of Aerospace corporation.

(ii) Solar S Objects., The study of surface features of
outer solar system plane a is of considerable importance to
astronomy. The purpose is to follow, where possible, h o
evolution of cloud structures, vortices, etc., in order to
develop an understanding of the atmospheric structure and
dynamics. For planets such as Pluto, even diameter and simple
shape information such as already obtained, is of value in order
to continue the study of the orbital parameters of the satellite.
Similarly, for the satellites of the outer planets, direct
information on size, shape, etc. is still required. A subject of".
continued interest to us is the size distribution and possible
duplicity of asteroids suggested by present data. This work is
supported by NASA (NAGW-224) in a parallel effort. Speckle
interferometry still offers the most direct approach for settling
this question and has been refined by Drummond and Cock* to
determine, the orientation of an asteroid's spin axis (pole) and
to locate prominent bright or dark spots. " *

(iii) Astronomical ojects. Our plans for astronomical
investigations 'Inci cotinued studies of surface features on
supergiant stars, measurements of binary star orbits, search for
dust shells around cool stars in which mass loss is taking place,
synoptic studies of the evolution of ejecta from novae, studies

QSO's and a search for gravitational lens effects and
gravitational nuclei (black holes) in elliptical galaxies. This
program correlates with work also being carried out by Beckers
and Hege for NSF (AST-8113212) using differential speckle
interferometry techniques.

N.

" 13 "".'

d I..-- -

:' ' •**,*""'" ......* ........ `.* .*.. ....*.. . ........................*.. *`:... *L.:4 ... ° ' ; ; -" " '' - ' " " '; : ' : ' -: • " , ' , • ",' ' ",: ; • " ••'" ' '',i ' •



3. THE MULTIPLE MIRROR TELESCOPE AS A PHASED TELESCOPE

We summarize here the experiments which have used the
Multiple Mirror Telescope (MMT) subapertures as a phased array in
the optical, infrared, and submillimeter spectrum regions. Those
experiments exploit the unique, very high angular resolution of
the MMT being equivalent to that of a conventional telescope 6.86
nm in diameter. The operation of the MMT as a phased array is not
only important for obtaining high angular resolution but also for
obtaining the high detection sensitivity which results from the
better discrimination against the sky emission background for
infrared diffraction limited images. We describe work done in

* converting the MMT into a phased telescope.
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Figure 3.1. On the lower left we show the cross section of the"...

vertical on the sky). The central figure shows the,.
coverage in the Fourier transform plane, or (U, v) ".•
plane, at a wavelength of 500 nmn if the six 1..
telescopes are phased. '"
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* ~3.1 MMT Interferomneter Geometry

"The MMT was constructed primarily as a large light-
collecting telescope for astronomical research on faint objects
in the optical and infrared spectrum regions. Experiments in the
past few years, also supported by NSF (AST-8113212 and AST-
8202092) have, however, demonstrated the potential for using the
MMT for high angular resolution research. Whereas its equivalent

"" collecting diameter (- diameter of a single telescope having the
Tsame cOlicting area) equals 4.45 m, the MMT has a resolution

diameter (- diameter of a single telescope having6 the same
ang, =&rresolution) of 6.86 m. This higher angular resolution
"can, of course, only be achieved if the telescopes are cophased
and if the earth's atmospheric effects are accounted for, e.g. by
speckle interferomettric techniques. "

Figure 3.1 shows a cross section of the MMT aperture and
response in the Fourier plane (image power spectrum plane) or (u,
v) plane when used as a phased array. The (u, v) plane response
"covers all angular frequencies within the boundaries set by the
resolution diameter of the MMT. Many of the frequencies are
covered more than once because the MMT array is highly redundant.

01-~

the ! telescopes.i'

00IfgI"t 1

Figuro 3.2. As Figure 3.1 but when only using two (or three) of •
the MMT telescopes.
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Figure 3.2 shows a cross section of a subset of 2 (or 3) MMT
apertures. With it one covers only a fraction of the (uv)
plane, leaving large gaps. The Figure 3.2 configuration is
commonly called an interferometer. Other optical interferometors
(Labeyrie 1977, Davis 1983) exist with two mirror configuration
with baselines up to 67 meters. They have a very incomplete
(u,v) plane coverage, but because of their large baseline they
are able to measure a single very high spatial frequency
component of the spatial frequency spectrum of a source with an
assumed intensity distribution (e.g. the diameter of a stellar
disk). By changing the baseline and the projection on the sky,
one can improve the situation until a full image is synthesized, .as is the case, for example, with the Very Large Array at radio
wavelengths. The MMT configuration with 3 mirrors, also shown in
Figure 3.2 can be used that way either by using different triads
of telescopes or by having its projection rotate across the sky,
which Io possible because of the MMT.'s altazimuth mount. In
contrast to the interferometer mode shown in Figure 3.2, we will
refer to a devic with a filled {uyj £lane as shown in Figure
3.1 as a hased telescope. We repor tere experiments which were
done using e MMT as an interferometer (Figure 3.2) and as a
phased telescope (Figure 3.1).

3.2 Cophasing the MMT"

The MMT has been used at optical (0.4-0.8 am), infrared (5
Jim), and submillimeter (870 Amn) wavelength regions as an
interferometer or phased telescope. In Figure 3.3 we show
schematically how the relative pathlengths are adjusted in the
various experiments.

For Submillimeter Experiments the phasing is accomplished by
longitudinal translation or focusing of the MMT secondary mirrors
(modl A). Since the Rayleigh focal range for the prime focus,
4 kf' (primary), equals 25 mm at /%- 870 am, the defocus for the
+ 2mm secondary mirror adjustment needed for cophasing is
Tnsignificant so that the phase sensing is readily accomplished
by peaking up the central intensity of an image of a point
source. Ulich et al. (1982) showed the measured ant calculated
intensity distribution of Saturn to be in good agreement.

For Infrared Experiments the telescope pathlengths are
"adjusted by translation of the beamcombiner (mode B). This was
done only for two telescopes (McCarthy, et al. 1982b) so that the
MMT worked as a two element interferometer -ausing fringes across
the stellar image when in phase. The cophased condition was
sensed by detection of the white light fringe by eye in the
optical region which coincides with the phased condition in the
IR because of the all-reflecting system (the wedges used for mode

. C are normally not used for IR work).

In the 2ptical Experiments the pathlengths have been
adjusted by foculn-g of 2tec~~o n7. r les (mode A), translation of"77z.' the beamcombiner (mode B), and by relative adjustment of pairs of

•' 16

fl**S ' ,**S * !, S



glass wedges (mode C). Beckers and Roddier (1982) used the
Roddier rotation sholaring interferometer to obtain interference
between two adjacent telescope pupils as seen in Figure 3.4.

V ,

Is I(S

F.

Figure 3.3. Ways of adjusting pathlengths of individual MMT
telescopes: A - by longitudinal translation of the
secondary hyperbolic mirrors. This may defocus the
image by an intolerable mounti B - by sideways
translation of beamcombiner in two orthogonal
directions. This allows phasing only for up to 3
telescopes; C - by inserting in each beam 2
complimentary wedges and translating one with
respect to the other; and D - by separating the six
reflecting surfaces of the beamcombiner and
translating/tilting them. Drawing is not to scale.
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Figur ,pi

Figure 3.4 Pupil shearing intoreerometer pupil fringe.. A rota-
ctional shear has superimposed adjacent MMT sub-
pupils. The actual eringe contrast (and coverage ing
the overlap region) is much greater than suggested in
this vidicon image which, because of video lag
effects, is an integration for longer than the fringe
correlation time set by the atmosphere.i..g,...an,

As active element, they could use the secondary focusing
motions since the interference occurs in the pupil plane and is
thus quite insensitive to out-of-focus efects. Detection of the i
cophase condition was done visually directly and by monitoring a ":
TVimago.ii:

l or conventional speckle interferometry in the image plane,,
the telescope pathlengths are equalized (mode C) by adJusting

pairs of wedges in each of the six beam.. Figure 3.5 shows a
speckle image (specklegram) so obtained with two telescopesshowing the superposition of the two single telescope speckle ...
images and the interference fringes resulting from the cophasing."'
Figure 3.6 shows the corresponding power spectrum in the (u,v)
plane. Figures 3.7 and 3.8 show respectively the fringe. '•"i'

Sspeckles now) and (u,v) response for all six beams.
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* Figure 3. 5. Specklegram! of a point source obtained with a pair of
phased MMT telescopes. The vertical interference
fringes are 27 millisecond of arc apart (wAveienqth
650 nrn).

The cophase condition is detected by visual examination of
* the video specklegramso there being at present no instrumentation

for frinye sensing. We just watch the real-time video display
produced by the intensified video speckle camera (Hegel et al.
198 2a) When cophasing the entire telescope, we adjust fr-ve-of
tho~ six pathlencjths relative to a sixth chosen as a reference.

* ~In o~rder not to confuse the eye, the five telescopes are compared
* ~one ait. ai time to the sixth so that only simple fringe patterns

iiuch a, F'igure 3.5 need be inspected. Then all six beams are
co~bliried to produce the full-aperture MMT specklegrams such as

e n if nI FVicure 3.7.

19



The cophased condition can be sensed visually with a
precision of about 2,Am by centering the white light fringe on
the star image. In the future we plan to design and construct an
electronic fringe sensor possibly based on a digital television
system, using the fast Fourier transform algorithm. Shaklan, "
Hege and Beckers (1983) have demonstrated the capability for
developing instrumentation for measuring the contrast and
position of interferometric fringes produced by two phased
mirrors of the MMT. The goal of this experiment was to give a
preliminary indication of whether or not an automatic mirror
phasing system using one of the MMT Point 4 computers would be
feasible. We conclude that a given pair of mirrors can be
cophased in about 10 seconds to a precision of about 6Asm using

* stare up to 8th magnitude given a modest hardware FFT device.
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Figure 3.6. Image power spectrum of specklegrams of a point
source using two phased telescopes as shown in'
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V.ý

Figure 3. 7. MMT specklegratna produced when all six beams are
copha sed.
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Figue 38. mag powr sectum f secklgras o a oin

Figure3.8 . Thmage poe s met uru e of speackteuam spofcalpoit

for the MMT, including atmospheric effects and
noise bias. Contours are spaced at log 2 intensity
intervals.
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As a proof of principle demonstration of an instrumental
fringe-sensing system capable of detecting the magnitude and
sense of telescope phasing errors, we set up our video system so
that the two-telescope fringes were essentially parallel to our
video raster lines. Using a simple analogue integrator and 8-bit
A/D converter combination, we were able to extract a digitized
amplitude from a sample position along each raster line. In that
way we extracted a one-dimensional intensity profile across the
fringe pattern.

Ideally, the fringes should be centered relative to the
seeing distribution, but to determine whether or not our
algorithm could detect fringe position, we purposely positioned
the fringes at both the top and bottom relative to the seeing
distribution, as well as at the center by slightly adjusting the
path length.

line

fringes at the top of the seeing distribution and

the sample at the top of the raster. (b) has [''.
fringes at the bottom, sample at center. (c) in yet ••
another fringe-sample. Note that there are nine-".,
possibilities in the scheme,.';

We sampled data integrated in a strip of width corresponding
to the single telescope speckle size across 128 video lines (see
Figure 3.9). The sample was moveable; we could position it at
the top, center or bottom of the ranter. The experiment used the •.
Fourier transformed results to compare fringe contrast statistics ..-
for data sampled at the top and bottom 128 lines of the video * .
raster (the center sample was not really needed). For each ,•.
relative fringe position, we sampled at the three raster :..
positions. A typical power spectrum profile is shown in Figure

3.0.
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Letting F be the measured fringe contrast for a given
fringe-sample, we define -4a error signal E as F(sample at bottom)
- F(sample at top) for a given fringe position. This gives us an
estimate of how well centered the fringes were over the length of
the observation (see Table 3.1). The "fringe error" column gives
merely a visual estimate (+/- 5 fringes) of how far, on average,
the fringes were off-center from the raster, i.e. the distance in
number of fringes from the center of the image to the region of
maximum fringe contrast. The "path error" column provides the
calibration of fringe error in terms of pathlength difference.
Thus, for observation A, in which the fringes were centered with
respect to the seeing distribution, the "+10" in the "fringe 1"
error" column indicates that the fringes were estimated to be 10
fringe width& above the center of the sampling raster, either dueto poor centering of the image or offset centering of the fringes ... ,

on the seeing distribution (our program could not distinguish
which). Four different pathlength differences were investigated.

Table 3.1

Fringe Contrast SensinS Experiments

Error Sig, Std. Fringe Path
OBS. Star F(B)-F(T) error S/N error error Sensitivity

A sOph -1.9 1.0 1.9 +10 7.5 4 ,'

B a.Oph 2.1 0.7 3.0 -20 15 7

C SHer -1.2 1.1 1.1 +10 7.5 6

D *Her -0.7 1.2 0.6 ( 5 < 4 ( 6

The data indicate that our algorithms could in fact detect
when the fringes were off-center. For observation A, in which
the fringe error appeared to us to be about 10 fringes high, the
algorithms found E = -1.9, indicating a stronger signal at the
top than at the bottom. The sign of E tells the sense in which
to make the correction, (-) to correct down, (+) to correct up.
For observation B, in which the fringe error was 20 fringes low,
E = 2.1, indicating a stronger signal at the bottom. The C and D
observations showed similar results. We point out that ½.
statistics for the D observation (the dimmer star) are similar to
those for the brighter star. Although at first surprising, this
indicates that the statistics are dominated by atmospheric '

effects (seeing) and image motion (largely induced by telescope
motion in this experiment) and not by photon statistics for such
objects (my 4 4). It is our experience with other analogue (as
constrasted to photon-limited measurements (Hogs, et al. 1982) ,

that th~s is true for objectri to about m-6 (if seeing is about 1
arc second). For fainter objects, the photon statistics begin to
dominate. In all cases, however, the quantity (F) is a measure of
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the mean number of correlated photons detected per scan at fringe
frequencies.

r!4

J. ...o!

. 111
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Figure 3.10. The one-dimensional square Fourier Modulus for an
unresolved star using an opposite MMT mirror pair.
The line segment and the shaded area define the
integrated signal calculated by our fringe contrast
detection algorithm.

Our contrast-detecting algorithm uses a linear approximation '
for the noise bias determined at frequencies immediately above
and below the expected fringe frequency (see Figure 3.10). The 5
m opposite mirror fringe spacing is 4.3 lines per fringe at 750
nm so that the 5 m baseline is at 128/4.3 w 30 in the 128 point
transform. The algorithm then finds the average intensity at
those frequencies and determines a line based on those averages.
The line is therefore a linear estimator of the noise bias. The

" algorithm then integrates between the line and the signal. A
"fringe contrast" ratio in calculated (a integrated signal
divided by the average value of the noise bias). Note that
negative contrast ratios are possible because the line may
actually be an overestimate of the noise bias; if a very small
signal is present, our "contrast" may come out negative because
the signal is sitting below this arbitrary line. The relative
value is, nevertheless, valid.
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All of the data analysis was carried out on a Z-80 with a
Forth Floating-point FFT. Fringe contrast data for each fringe-
sample (a singe pair of mirrors - 600 samples) took a whopping 15
minutes to compute. But the important point is that only 10
seconds (- 600 fields/60 fields per sec) of data were used for
each pair. For full phasing of all six mirrors, 5 baselines x 2
sample-pairs (at top and bottom) x 600 FFT's per sample pair ,
6000 FFT's that will have to be executed for 10 second phasing of
the telescopes. One must note here that these numbers are only
good to m - 6. After that, phasing time increases with
magnitude, requiring 100 sec for m - 80(which is .1 times as
bright as 6th magnitude). These figures show that we require a
modest array processor (MC68000 based device) which can reduce
FFT times to less than ims. Longer integration times, yielding
better statistics would, of course, improve the sensitivity to
better than the + 61.m or so of this proof of principle demon-
stration. This ;xperiment was inadequate to allow a prediction
of the ultimate cophasing precision one might attain in this way.

3.3 Interferometer Stablit

Visual observations of a star image using the TV monitor and
a large optical filter bandwidth (;/=~ 5-10) easily allow
fringe detection for stars brighter than 4th magnitude. With an
electronic detector and algorithms such as just described we may
gain a few magnitudes, but the fact remains that it will be
possible to cophase the MMT telescopes only on rather bright
stars. We presently conservatively assume that we will be
limited to brighter than 8-9th magnitude stars. To observe
faint objects we therefore plan (i) to go to a nearby bright
star, (ii) to cophase the telescope on this star, (iii) to go to
the object to be studied, correcting for flexure effects, (iv) to
continuously correct the pathlengths for flexure and thermal
changes, and (v) to return to the bright star after some time At
to check and improve cnphasing. For reasonable use of the MMT as
a phased telescope, it is necessary that At be long compared to
the time needed to cophase the telescopes and that the
pathlength corrections for a 50 offset can be well modeled.

Figure 3.11 shows the result of an experiment in which the
pathlength change between the two extreme vertical telescopes in
the MMT was measured as a function of elevation change while 1!7 7
moving the MMT both up and down. The change is very repeatable
and there is little hysteresis so that apparently the pathlength
change can be modeled to a precision of - 1 0,4am. Much of the
remaining variation is due to thermal changes in the Optics
Support Structure (oss).
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Figure 3.11. Change of pathlength between telescopes B and E as
a function of elevation while repeatedly moving up
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Figure 3.12 shows the pathlength change for an hour long
sequence of observations of a star in the western hemisphere.
Most of the change is due to the systematic elevation change,
such as shown in Figure 3.11. The remaining change is, for a
large part, due to thermal changes in the telescope which can
also be modeled. It appears from Figure 3.12 that even without
further mechanical improvement, and with a single open-loop model
for the elevation change of pathlength, we can control the
pathlength to 5 ,m over about 30 minutes. Further tests are
planned in the future which will include a network of thermal
sensors placed across the OSS. At this moment, we measure a
pathlength change due to thermal variations of - 65A.m/°C (Figure
3.13) so that it will be necessary to monitor the OSS temperature

*" to better than 0.10 C.

A(PI p - rP1 )

.. .
2Obi,

AT(C)
"-03 +0.3

-20Pm ".v.,,

* Figure 3.13. Pathlength difference between telescopes B and E as
a function of the temperature difference. Dashed
line corresponds to 65,4m/°C.

The six pairs of pathlength compensating prisms (mode C,
Figure 3.3) are controlled by an Aerotech system including
stepping motor drives and precision stages with computer
controlable absolute or incremental positioning, and since the
controller is compatible with existing (sparel) MMT telescope
coalignment control interfaces, it was an extremely
19straightforward process to implement an open loop control for
this cophasing system. We determine for each of the five
relative paths a change of pathlength curve such as that shown
for telescopes B and E in Figure 3.11. We fit a quadratic L
equation to each of these five curves and let the computer adjust
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the paths corr-espondingly for• changes in elevation. This system
is now implemn, :"-d and the preli-inary results using it indicate
that the correctý',i implied by 'ý- %.'s in Figure 3.12 can indeed
be achieved for a. five relative pathlengths. We have not yet
added thermal cow..,e-nsation to this system, but plans to do so are
currently underway.

3.4 Instrumental IsoDlanicity and Coherence Co.nniderations

The telescope cophasing system just described allows us to
bring the six principal rays together in the MMT quasi-cassegrain
focus F cophased. This does not imply that (i) the rays stay
cophased when looking at a star-"t f the axis of the telescope (so
that the image is translated off the telescope axis), and (ii)
that rays coming from other points of the telescope pupils arm
cophased with their principal rays.

Backers, Hege and Strittmatter (1983c) have analyzed the MMT
optics to show that the first condition (i) is met by making the
angular converging ray geometry approaching the focus F match
the linear aperture geometry of the telescope. Since the maximum
edge to edge distance of the six 1.82 m diameter MMT mirrors
equals 6.86 m (Figure 3.1), and since the individual telescope
beams converge in F at a f/31.6 ratio, that means that the
overall f-ratio of the MMT should be f/8.39 (8.39 - 31.6 x ,l.
1.82/6.86). With this f-ratio, the white-light fringe crossing
the superimposed images of an unresolved star stays centered on 4.

"that image as the telescope is pointed slightly away from the
star (T.e. as the image is moved off-axis). The small change in
f-ratio from the original f/9 configuration of the MMT is 0
presently accomplished by a small (0.6 inch) raising of the
tertiary mirrors and a small adjustment in the tilt (0.10) of•:; ~these mirrors. :,

The second condition (ii), also analyzed by Beckers, H ege
and Strittmatter, is automatically fulfilled in the focal pla'ne
"of a single perfect telescope. The focal planes of the six MMT
telescopes are, however, tilted with respect to one another so
that the average focal plane of the MMT (the plane at right
angles to the overall telescope axis) deviates from the
individual focal-p-hrain-by 2.5 degrees. As long as the distancl
between the planes is less than the Rayleigh focal range (±2 ; f
or + I mm at 500 nm, and + 10 mm at 5,um), the phase difference,.
between the central and ea'ge rays of the pupil equals less than a,,
quarter wave. This corresponds to a diameter of the field of
view of 164 arc seconds at 500 nm and 1640 arc seconds at 5 .
Over the so-called isoplanatic patch at 0.5Am (- 4 arc sec), the
maximum phase difference is A/160, much less that the differences
introduced by the atmosphere and by telescope imperfections, so
that the focal plane tilts have a negligible effect on the

' cophasing. If desired, however, these tilts can be removed by,
for example, the scheme described by McCarthy, et al. (1982b).
In practice this is not nessary.

.t7
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Figure 3.14 Tummzrizes the analysis of the off-axis
"condition (i). The condition which has to be met is that the
path difference in the centril rays for an off axis star outside
the telescope (&D) equals the path difference between the rays
converging to the common image plane P inside the telescope. The
focal planes of each of the telescopes are shown as dashed lines
in Figure 3.14 whereas the image plane is shown as a full drawn
line. The path difference for the off-axis star inside the
telescope is therefore 2oA. If the effective focal length of
the telescopes equals F then 4. F and 20k- D/F. The beam

convergence (f-ratio) of each of the telescopes is lradians
d/f - 1/31.6 so that the condition (i n met by making 21t/(0-
Did. This means that the angular convergent ray geometry in the
image plane must be mapped into the linear aperture geometry. It
can easily be shown that the same condition has to preserve not
only the overall geometry of the MMT aperture but also the point
to point geometry as well.

I d

F. r....%

F,'. F1

I*17

Figure 3.14. Schematic of optical paths in MMT for two
telescopes I and II. D - geometrical separation of
centers of telescopes, d - geometrical diameter of
single telescope, 20L- angles which principal rays
make in final image, I- angle of off axis star to
telescope axis, andeS- distance of off axis star
image to center of image plane.
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We have analyzed the detailed ef fects of the tilted focal
planes on the non-principal rays. Condition (ii) is met
exactly for the principal rays for both on-axis and off-axis
objects. We can show that the condition (it) is also met with
sufficient precision for non-principal rays by referring to

Figure 3.15

Consider an off-axis# seeing limited image with seeing disk
of m arc seconds produced by a single telescope of diffraction
limit t w 1.2 '?/d. Clearly the cophasing condition Mi will
assure that the psthlengths for all wavelengths are equal at P
(.the white light fringe is centered). The off-axis principle
rays A, and A at the detector focal plane are properly phase
compensated (w flte light fringe also centered) If the geometric
condition (it) in satisfied. It remains only to investigate the
effects due to the phs errors for the non-principal rays within
the seeing distribuETro-7 -Teathlength error at the edge of the
seeing disk is P 24 sPL buEi~ 2 n/Y a-nd S -F/206265 for 1
arcosclond seeing. Thus 2A m 12 jum -P.

.4P

Fiur 3.15 Tildfclpae fto i etlsoe hw

with ~ ~ ~ ~ ~ ~ ~ ~ ~ 4*' reeec otedt,"trfclpaewihi
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Note that, just as the internal path difference at A1

compared to P is matched by the external path difference, this

path difference is also compensated by the external path

difference. The only effect is the difference in phase for light .

of different wavelengths transmitted in a finiftei bandpass

traversing this distance. Let us require that, for negligible

loss of contrast, this phase error be less than 1/10. The

condi tipn (P/ 1 ) " (P/i•j A 1/10 implies that A4 0.l1 /P or

4'A< X1'/20,um - 2.lnm at 500 nim.

For a perfect f/8.39 telescope of 6.86 m aperture in 1

arcsecond seeing, the phase error at the edge of the seeing disk

at 500 nm is np - (S/2)/(tF). Evaluating this at 500 nm yields
n 28. If again we insist that, after n clas, the phase ",. ,
eiroris less than 1/10, n 6 /10 or '?k ;/(l0n ) which at

500 nm gives MA• 1.8 nm. There is also a phase error associated
with the seeing in the individual 1.83m mirrors. For a 1.8m

mirror n (S/2)/(tr) - 7.4 cycles. This reduces the maximum
perminsih[e bandpass for the interferometer system to 47k4 1.6nm-
compared to 1.8nm for a perfect telescope of equivalent
resolution. The ratio 1.8/1.6 implies a 15% effect, at most, to
the precision of these approximations.

We conclude that there is no significant degradation in the
performance of this MMT configuration due to titled focal-plane
effects for I arceecond seeing at 500 nm.

An additional requirement for optimal interference is that
the polarization characteristic of the light passing through the
six telescopes is not affected (or is affected in the same way).
McCarthy et al. (1982) have shown that to be the case for wavo-
lengths > 2 .m. For optical wavelengths linear retardation
occurring on the off-axis reflection3 of the tertiary mirror and

beamcombiner decrease the fringe contrast between non-opposite
telescopes somewhat. In the final configuration we may decide to
restore the full contrast by insertion of retardation
compensating optics. We emphasize that image power spectra do in
fact contain energy at all frequencies expected, as can be seen
by comparing the actusal observed MTF (Figure 3.8) with its
predicted basis (Figure 3.1). No detailed analysis of the
relative amplitudes at particular frequencies has yet been L
carried out. The particular example (Figure 3.8) results from
data taken without even the closed-loop corrections operating, so ,'", '"
it may be expected that amplitude distortions produced by ,.
imperfect cophasing may predominate over any other effects seen
in this preliminary measurement, which represents only a
qualitative proof of principle of these concepts.

3.5 A Six-beam optical Measurement: Capella

Further qualitative evidence of the validity of this phased
array configuration is shown in Figure 3.16 where the binary
nature of Capella is seen as visibility minima crossing the 6.86m
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i'mage power spectrum, also obtained without benefit of open-idop
cophasing correction. From this measurement we infer a
s-eparation of components of approximately 1.5 times the

I diffraction limit -- the second visibility minimum occurs just at
the power spectrum cutoff frequency. Table 3.2 compares the
observed positional parameters with those accurately known from
the well determined (McAlister, 1981) orbital parameters.

750 nm onorssmea Fgre38

Spcsp neck loegram usin thell full 6.83 ee M

observed Predicted

Separation 38,2 mea 40.1 man

Position Angle 3270.3 3210.2

*Relative Intensity 0.5 (750nm) 0.2 (550nm)
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The relative intensity value is obtained by calibrating the
image power spectrum for Capella shown in Figure 3.16 by dividing
it by the image power spectrum for Tau (unresolved) shown in
Figure 3.8, both corrected for noise bias. If the speckle MTF
for both of these measures was identical"tincluding seeing
effec-Ets then this would have produced the square of the
"visibility function for this binary object. The two-dimensional
result is shown, together with an inset showing the average .
visibility profile, in Figure 3.17.

b'• .' * '

I.,, 9,..

Pigure 3.17. Two-dimensional visibility function for Capella.
The smooth curve is a least squares fit from which
a magnitude difference of m - 0.5 is obtained.
The theoretical aperture cutoff is represented by
its circumscribing hexagonal border. The cut is
taken perpendicular to the visibility fringes as
marked A-A' on the two-dimensional quotient.

These preliminary results are very encouraging and are the
only presently available quantitative evidence of the
effectiveness of this phased telescope for optical
interferometry. Open-loop cophaming corrections should only
improve future results and make possible the extension of these
techniques to faint objects. Further data, taken in the interval
November 1983 through January 1984, awaits reduction.
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4. SPECKLE INTERFEROMETRY INSTRUMENTATION

For high resolution imaging of astronomical objects through
the Earth's atmosphere it is necessary to sample images in the

telescope focal plane at the diffraction limit of the telescope
"with integration times sufficiently short .to freeze the
atmospheric turbulence. Most interesting objects are so faint
that only a gentle rain of photons is collected, even with the
largest telescopes. The atmospheric correlation time is so short ,
that only a few detector pixels will collect even one photon
during the short exposure at the required image scale. The
object is to record the coordinates of the pixels which detect
photons.

Since even the best direct integrating video detectors have-
a readout noise of a few electrons per pixel, an imade
intensifier system is used to make the signal due to a single
photoelectron event unambiguously detectable by a standard video
cameras Our present detector consists of four stages of
electrostatic inverters transfer-lens coupled to a Plumbicor
camera, and produces video events of 0.4 volts average peak
amplitude for corresponding photoelectron events (Hubbard, et al.

, 1979, Hege, et al. 1980).

4.1 High-resolution, Minimum Noise Dectector Requirements

Experience with our present intensified plumbicon video
system, together with evidence from other workers (Nisenson et
al. 1982), establishes rather strong criteria for detector
B irformance. In order to have single-photon detection, detector-
lag elimination is required to remove frame-to-frame detector
correlation. This is accomplished by frame-subtraction for both
analogue and raster-event localization schemes, rnd we have found
the results to be effectively lag free. For astrometric and
photometric reasons in conventional speckle interferometry as
well as for differential work, very low geometrical distortion

'* (less than one pixel in a 512 x 512 primary raster) is required.

Proximity focused electrostatic imago intensifiers (Cromwell
et al. 1983), configured in a system with sufficient gain for
io-T-photo-electron pulse discrimination provide greatly
improved geometrical fidelity and geometrical stability compared
to either electrostatic inverters or magnetic focused devices.
High quant efficiency ()20%) and low dark current ( ,10
e.cm -. sec -at -30 0 C) are required in order to obtain useful
specklegrams of myuf 5 or fainter objects, although these levels
of dark-emission are difficult to achieve for proximity focused
devces ith good red response. Also, very fastý4 jIps) output -
phosphors are required if event detection at 10 /sec is to be
achieved.

The geometrical fidelity and stability and the linearity and ""

dynamic range of the system cannot be better than that of the
image intensifier readout system. This immediately rules out
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electron-gun video systems in the changing environments of an
instrument mounted on an astronomical telescope. Solid-state,
direct readout (MEPSICHRON) cameras (Fermani et al. 1984), as
well as the event localizing schemes such as described below
(secton 4.2.2), appear to meet the requirement that the.V
performance of the primary detector (the first stage image
intensifier photocathode) not be degraded.

Although the majority of speckle interferometry to date has
used exposures of 20-50 ms (we typically use 33ms as defined by
the 30Hz video framing rate), we have experienced atmospheric
conditions on many occasions when speckle interferometry could
not be effectively accomplished with exposures greater that 1 to
10 ma. Zn this case, rapid shuttering with frame-subtraction
(with subsequent loss of duty-cycle in a standard video raster
scheme), or time tagging schemes (with subsequent increase in
specklegram rate) are required, The time-tagging, photoelectron-
localization schemes appear very attractive as means of
introducing variable (and therefore optimizable) frame rates.
However, particularly for short correlation times, this places
even greater demands upon subsequent signal processor bandwidths.
It may be desirable to have both time-tagging and conventional
video detectors.

Our proposal to assemble an intensifier/detector system
consiting of 2 proximity focused tubes, a microchannel plate
intensifier and a reducing boule coupled to a fiber optical input
Plumbicon TV camera was not funded.

The analogue resolution of the entire system is dominated by
that of the Plumbicon camera and yields no more than 130 elements
across the target with conventional camera electronics. With the
modifications proposed, it would have been possible to increase
the analogue resolution of the TV by a factor - 2 (the Plumbicon
is capable of this performance). We would ultimately choose to
implement a fiber coupled CCD, primarily for astrometric reasons.
The system can be adapted to CCD use at a later stage if
eventually funded.

We emphasize that for speckle interferometry with raster
scan video detectors (unlike, for example, spectroscopy) it is

Sthe number of analogue resolution elements per frame that is of
importance even in the photon ount ode. The reason for this
is that only eventst-hat occur in the same speckle in the same
frame yield information on the source structure. In practice, w
have found it useful to substantially over sample the
specklegrams beyond the Nyquist frequency associated with the
telescope diffraction limit. The reasons for this are to permit
adequate separation of the detector transfer function (DTF) from
that of the telescope and hence also to provide sufficient
sampling of the aperture MTF that information at this scale can
be recovered. The proposed camera would have provided adequate
sampling at all conventional telescopes and the expected
improvement to the existing TV camera resolution which is
necessary for an optimized system at th MMT. Note that the

36

††††††††††††††† I Ii*...... ....



intensifier package would then yield more than 400 analogue
resol']ution elements at 550 nm which is adequate for full aperture
work at the MMT.

Our experience . with analogue video data-logging has also
revealed severe limitations, both in dynamic range and bandwidth

S inchvideo cassette recorders. This sa.me
experience has# h ver, proven the valuefarchiving the
primary video data, which should be preserved even as on-line
data-reduction capabilities are implemented. Archived data can
subsequently be --reduced by different algorithms to extact
different information (Or to correct prior procedural or
parametric errors) if it is preserved in its original form.

The compressed format of time-tagged event addresses is the
*" best contender for a high-fidelity primary data archive,

expecially for fainter objects where recording only non-zero
ipixels is a considerabl, advantage. Although quite expensive,

J digital video recording techniques can maintain the speeds
required if full-format recording of amplitudes for bright
objects .is required.

F'inally, we proposed to build into the new detector package
better magnetic shielding to minimize differential distortions
introduced by the changing orientation of the telescope,
"particularly important for differential speckle interferometry
(section 4.4).

4.2 Real-time Photoelectron Event-detecting Video Systems

In previous contract work, we had carried out a study of the
pulse height distribution of the detector system and had shown

that the interframe difference signal is highly suited to
unitizing. Therefore it is necessary:

(a) to implement a single frame readout mode (i.e. eliminate
the standard video frame 1interf-ac'",.

(b) to provide line-centroiding logic which will permit
events to be--ocariz-=eiTF t to - 1/2 an analogue resolution
element (- 500 pixels) and later to 1/4 (- 1,000 pixels).

(c) to provide line-to-line event centroiding with closely
similar resolution propertiea.

The resultant output should be addresses of photon events in
ideal form for rapid computation of auto-correlation functions
and phase differences. The hardware must have the capability of

, registering photoelectron events as unique single-pixel events in
*• a 480 x 512 pixel format at 30 Hz frame rates using a standard

video format or in a 240 x 512 pixel format at 60 Hz using a non-
interlaced, repeat field format.
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4.2.1 Video Raster Event Detector

For one-dimensional centroiding to one-pixel precision the
stability of the combined camera-digitizer system must be such
that no relative drifts as large as one pixel can occur. A
hardware processor is required to localize each event to a single
pixel along a raster line and an appropriate computer interface
is needed to output the element address together with its
associated line number.

We have constructed a system (Macklin, et al.# 1982) for
localization of photoelectron events utilizing n intensified
Plumbicon camera and a Grinnell video digitizer. The Grinnell

* digitizer, arithmetic unit and memory are used to produce a real-
time video difference between current pixel value and previous
pixel. value thereby suppressing multiple detection of the same
event. Our event-localization scheme provides double-buffered
line-address and event-amplitude for up to 32 events along a 512
pixel video line. A software algorithm allows localization of
multiple detections of the same event, and provides a unique
address interpolated with single line resolution by the host
minicomputer in a 240 x 256 format.
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Figure 4.1. The basic data path.
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The components of our digital system are 1) a Grinnell
Systems 8-bit video digitizer and memory, 2) a Steward
Observatory specified video aubtractor provided by Grinnell, 3)
real-time digital peak-detection hardware, 4) a FIFO-buffered
burst-transfer Dt4A-channel interface to the host computer, and 5)
cross-line centroiding logic.

The basic data path is shown in Figure 4.1. In the Grinnell
4 system, the RS.-170 video is applied to the input of a TRW-1007

flash converter which produces an 8-bit Analogue- to-Digi tal1
conversion at 10 MHz. The system is totally synchronous from the
TV camera to the computer interface. Camera synchronization is
provided by a 10.080 MHz cryistal-controlled oscillator phase-

* locked to the 60 Hz line at 168#000:1.

The video subtractor option allows this 8-bit video to be
stored in the frame memory as the value for the same pixel in the
previous frame is retrieved and then forms the 8-bit video
difference: current value minus previous value. This video
difference is then analyzed by our circuitry to localize all
peaks which exceed a predetermined threshold amplitude.

The video subtractor is shown schematically in Figure 4.2.
The video frame buffer is 480 lines by 512 pixels at 30 Hz.

DIGITAL VIDEO DIFFERENCE

Ip N

Analogue Video

10 MHz Video
Digitizer

E I at EventCAdresne U

Prlswhrevidou Difference Dfco
Out 

+ Even

<AA

Figure 4.2. The video subtractor.

p. 39



The video difference (Grinnell) is hardware constrained to
be positive or zero; negative differences are suppressed. Thus
only new information in the current field is detected. This
eliminates any lag effects due to the detector. Figure 4.3 shown
a typical example of the digital video input stream.

The upper trace (shown arbitrarily displaced) is a single
line of the digitized input video stream. The lower trace is the
digital video difference output for the same line resulting when
the corresponding line from the previous frame is subtracted.
The traces are arbitrarily shown with 256 point/line by plotting
only even numbered pixels. The point spread function of these
photoelectron events is 4.4 pixels D'WHM (2.2 points as plotted
here) after convolution with the response functions of the image
intensifier, relay lens, camera, video tape recorder, time base
corrector and video digitizer. This is equivalent to l30,Umi FWHM
at the photocathode. The localization of such events with + 1
pixel precision improves the event-localization precision of The
system by somewhat more than a factor of 4 to 30Am FWHM at the
photocathode. Our system resolves the response 114 through 118
as two events at 115 and 117. The overall resolution of the
system remains that of the analogue response fu-nction, howevert

10o 0l |•iI1 1

50-

(Bilk4

PIXEL
• ** .° %

Figure 4.3. Digital video difference.
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'" ~data are being shifted past the comparator at 10 MHzp the logic,...,

,'- ~tests for the, shift-register input to be less than the shift- .. ,,

register output. When this occurs an event-detection strobe is ,:,•....

generated. In order to discriminate between low-level noise"'.

peaks and large-amplitude signal peaks, the comparator in enabled /,

or disabled by a second 8-bit comparator comparing the difference ••

amplitude to an e-bit threshold value. The qualified event-..,""

detection strobe in then passed to the computeye interface. .,
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The centroiding logic, shown schematically in Figure 4.4# ...

. contains a horizontal address/vartical address multiplexor. The ;•

64 by 16-bit 10 M~z PIPO buffer, horizontal and vertical,,:,,

qualification registers, and data channel (DMA) control logic are..'•::

all in the computer interface. 
..

Data are stored in thp computer through the data channel.•:

There are 1 + n words for each video line within the vertical

;:.• qualification window (0 < n < 32). The number n in the number of •:;
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set somewhat arbitrarily by the data channel rate of the Data
General Nova class host computer used in our application. The
entry of a video line-number is tagged by MSB - 1. Horizontal
event entries, tagged by MSB a 0, contain both the horizontal
address and the 5 most significant amplitude bits, Our design
anticipates eventual implementation of 10-bit (I in 1024),I.
horizontal addresses (± 15,44m at the photocathode).

The interface uses a 64 by 16-bit FrIO buffer to allow the
computer to accept burst transfers at up to 6 times the rate that
the data channel can accept them. ror a 10 MHz video-sample
rate, the maximum peak detection rate is - MHz (200 ns peak
separation). The data channel rate is only 800 KHz (1.2 As perword). The 64 word FIFO provides a 2-line buffer with input at 5,..71
MHz and output at 800 KHz.

When the vertical address equa'.s the bottom of the vertical
qualification window, an interr,.,pt in generated to inform the
event-logging program that the c•a'rent frame of data is complete.

Presently cross-line centroiding (1 in 240) is produced by a
software algorithm in the data reduction computer. Using the
analogue amplitude information, photoelectron addresses are
localized to unique pixel events on a 240 x 256 grid which
recognizes cross-line events with -1, 0', or +1 pixel horizontal
displacements. The maximum data-logging rate of 60,000 Hz is net
by the 75 ips 1600 bpi magtape system. This is compatible with
the 322 addresses/frame saturation of the interface.

With a three-line circular buffer a hardware processor to
localize an event multiply detected on adjacent scan lines could

be implemented to produce unique photoelectron addresses.
However, we do this croseline event centroiding (at considerable
cost in processing time, and equivalently in observing duty
cycle) in software in the host minicomputer.

4.2.2 Direct Event-address Readout

Recently a mask-encoding image intensifier event-position
readout system has been developed at Harvard/SAO by Papaliolios
and Mertz (1982). We have begun a collaboration with Drs. C.
Papaliolios and P. Niaenson of Harvard/SAO in order to evaluate
the effectiveness of this detector system in our observing
programs. The present realization of that system was tested
satisfactorily in an observing run using the 2.3m telescope in
October 1983. The primary features of the Papaliolios system are ""L

(i) a 256 x 256 format in an 18 mm square (25 mm diagnonal)
patch of an fmiager•n-•F -- fier output. This may be eventually
expa-ded to 512 x 512 format.

(ii) a maximum event detection rate of 105 events!secondf,
essentially anywhere "iT the field of view.
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(well) resolved asteroid Vesta after doconvolution •-'
u.n:ng the power spectrum of an unresolvabls source. !!,,.

(iii) L~ruý.. sigl pie pont read-f unction. The spatial !
resolution--•;'t by the Nyquist •imtt is 18mm/256 elements (at !:

full resolution) = 70 M.""'

(iv) low spatjtj distortion. The image intensifier ".
presently used with the system has only a single stage of"

4,,

electrostatic inverter gain# followed by distortion-free ,
microchanntl plate gain. A further refinement would be to use a ".,.
proximity focus first stage. ,

i 4 low dark currentr The usual good performance of aros

photoeleF'EF'o~rF~d~ev;-1~s achievedt i.e. less than one dark".,
photoelectron per correlation time (typically about 2i tep

(vi) uniform sensitivitf No significant vrgnetting is

produced -F-U•tle per tenifier gain (or equivalentlysou
increased differential magnification) near the edges of the field
of view. chere areg howeverA some residual flat-field effects.
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These flat-field problems persist even when a flat-field
correction is applied# frame-by-frame (by treating photons as
floating-point numbers inversely proportional to the flat field
response), as seon in the Vesta result.

(vii) true digital output. No further processing is
required to paodUce even '1Mresaes. The output of the system
consists of the time-ordered sequence of digital (x,y) pairs
corresponding to the event coordinates. This could directly feed -
an on-line processing system. Presently this address list is
recorded disitally on a video cassette recorder. This ecordingmedia provides the necessary bandwidth to log up address
pairs per second produced by this detector. Since the events are
merely time-ordered and not time tagged, event rate measurements
are required to divide the address lists into frames
corresponding, on the average, to the atmospheric correlation
time.

Typical results produced in that preliminary obsining run,cshown in figure 4,5# are very encouraging. Especially significant'-

is the proper debiasing achieved by simply subracting the number
of photons detected from each pixel of the power spectrum as
predicted by simple Poison noise statiLsici. Upon further
experimentation, a derivative of this photoelectron event-readout
system, with an improved image intensifier primary detector may
prove to be the system of choice for speckle interferometry.

4.3 High-speed D&a~tal Sinal Procesin for S ckle
-nierl'Far-etry': - A-'pro Poaa r 1or V R aM~tr; ; P ro'ceso amr.

It was an objective of this project to specify in detail
the components of a system capable of producing on-line seeing- ___

corrected autocorrelation functions in 480 x 512 format and to
simulate the performance of such a system in 128 x 128 format.
The system should be able to record on-line, with 100% duty cycle
at up to 1,000 events/frame, the entire 480 x 512 format for off-
line processing to exploit the full image resolving capability of
the MMT. The fast auto-correlation algorithm requires word-
length of at least 18 bits to accomodate the 480 x 512 data
format on-line, and is hence beyond the capabilties of present
Steward Observatory minicomputer systems, ..

The limitation on the array mite arises from limitations in ,".'
the memory capabilities of the EDS.4 computer systems at the
"observing sites. Large autocorrelation functions will require
large minicomputers or dedicated hardware processors and

, associated memories. The 128 x 128 f~ormat is adequate, however,
to sample objects of small extent (0 .5 or less) at the aperture
limit of the MMT. Such a small format would not be able to
sample a region of the scale of the full isoplanatic patch at the
"full resolution of the MMm, however.

Nisenson ot al. (1980) have proposed a scheme based upon the
, accumulation _o? Four arrays, each of which is derived from the
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W7
complex Fourier transform and summed over the ensemble of
specklegrams, which can be the basis for an integration yielding
the Fourier phases. We propose in this paper a hardware
realization of the procedure.

,.," Given FT(i(x,y)) n I(uv) = Alu,v)ei (u,v), the four arrays
which are to be accumulated are:

S<Z(U,). Equivalent to the Long Exposure. (4.1)

1II(uv)12; The usual Power Spectrum. (4.2)

<(*(uv)I(U +Auv)) An X-phase array. (4.3)
<Z*(uv)z(uv + Av)ý An Y-phase array. (4s)l

Nisenson et a&. (1980) show that (4.3) and (4.4) effectively
yield phase dT-ffences which can be integrated to yield the

* destred transform phases for a Knox-Thompson style two-
dimensional image reconstruction. In a subsequent paper,
Nisenson et &I. (1983a) have shown that this method can also be

S ,correctedTor the effects of photon noise bias. Hence it is our
method of choice for both bright objects as well as faint objects
for which the photon noise bias becomes dominant.

In practice, we have found that ordinary computational
methods are prohibitively slow for even the usual power spectrum
processing and that ordinary array processors of the AP-120B
class would not provide the through-put to implement the above
four-array algorithm on a sufficiently fine grid to sample the
diffraction limit of the MMT in a real-time integration at 60 Ha
(or even 30 Hz). We require the accumulation of the four arrays
noted above for 8-bit video data digitized on a 256 x 256 raster
for every 16.7 me (60 Hz) video field in order to utilize the
full duty cycle of the observation for faint objects. In
searching for a technology capable of this task, we found that
the special-purpose signal-processing hardware optimized for
radar and sonar signal processing appears to satisfy our
requirements. Hence we propose a Signal Processing Systems sPS-
10f3 based system (Hege et al., 1983).

The configuration of the proposed SPS-1000 signal processing
subsystem for digital speckle interferometry is illustrated in
Figures 4.6 and 4.7. The system is shown in both minimum and
maximum configurations. The minimum system provides a modest but
acceptable level of performance at a minimum cost. The minimum
system can be incrementally expanded to improve throughput until
an optimum configuration is reached. The maximum configuration
uses a different basic processor and therefore would involve a
more extensive modification if a smaller configuration is built
first. However, since all models of the SPs-1000 use the same
byte sliced building block modules, the smaller processor can be
converted, at the factory, to the larger one. Thus the proposed
system provides a systematic means whereby the performance of the
digital speckle interferometry system can grow.
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An mentioned previously, the use of a conventional
programmable processor such as a general prpose computer and/or
an array processor is precluded by the high computational rates
required by the algorithms used. At the same time, it is desired ,
that the system be programmable to some reasonable level to
permit modification of the techniques used. This desire, coupled
with the high cost and schedule risk associated with development
of a special purpose hard-wired processor, motivated the
selection of the SPS-1000 for the signal processor.

The SPS-1000 is a memory centered multi-processor system
which was developed to facilitate implementation of high speed
real-time signal processing systems such as radar and sonar. It
uses a multi-ported intelligent memory to provide attachmenit
points for a variety of processors each optimized for a specific
part of the overall signal processing task. Theme processors may
be general purpose computers, array processors, microprocessors,
hard-wired modules, etc, For applications which involve Fourier
Transforms, the manufacturer offers an imbedded Fast Fourier
Transform (PFT) processor which attaches to two of the ports of
the memory. A general purpose programmable signal processor (the
SPS-81) with throughput comparable to that of a high speed array,
processor is also offered as an imbedded processor.

The use of intelligent memory as the system integration
medium, coupled with a manufacturer supported block diagram
compiler, permits the system to operate under program control by
application oriented high level language statements.

For the minimum system we selected a small SPS-1000
processor designated the SPS-1016-15. This system includes an
imbedded FFT processor which will perform continuous FFTs of up
to 1024 complex points at sample rates up to 1.9 megabytes. FFT2
larger than 1024 points are accomplished at one half that rate.
Two dimensional FFTs are accomodated by using the same pipeline
for both the row and column FPTs. The throughput of the system
can be doubled by adding a second FFT processor so that the row
and column FFTs are accomplished concurrently. The SPS-1000 can
be prewired to accept the second FFT processor as a plug-in
option to facilitate future expansion.

For the maximum system we selected a faster version of the
SPS-1000 designated the SPS-1016-45 with an additional FFT
processor. This system can perform continuous two-dimensional --

FFTs on complex data input at over 6 megabytes.

Both the minimum and maximum systems use an SPS-81 imbedded
processor as a post FFT processor. In the case of the minimum
system, the SPS-81 can perform the integration of the transformed
data as well as the post integration processing. For the maximum
system, the SPS-81 is not fast enough to do the integration.
Therefore, for this version a specialized imbedded processor will
be used to accomplish the integrations and the SPS-81 will be 7

required to perform only the post integration processing.
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Table 4.1. System Performance Tradeoffs

Minimum System Maximum System

Frame Frame Pixel Frame Pixel
Size Rate Rate Rate Rat*

(Pixels) (Hz) (MHz) (Hz) (MHz)

128 x 128 70 1.15 170 4.42

256 x 256 18 1.17 84 5.51

512 x 512 4.6 1.21 23 6.03

Both the minimum and maximum systems are programmable# soItha t a variety of application software packages can be developed
to provide tradeoffs !)etween various performance parameters. For
example, Table 4.1 indicates the tradeoff between frame size and
frame rate for each of the two configurations discussed in this
paper,

The frame rates and corresponding 'ixel rates indicated in
the table are the maxima which can be accomodated by the system.
since the system in data driven* the data can be input at any
rate up to the maximum for the particular frame size used with no%
change to the software. The maximum frame rates given above for
the minimum system can be approximately doubled by adding the
second FE'T processor which ic indicated by broken lines in Figure
4.6. The performance numbers for the maximum system already
include the second FFT processor. All of the above numbers
presume maximum utilization of the capability of the hardware.
Prudence dictates, however, that some 5% to 10% reduction of
these numbers be applied to allow a performance margin as in all
programmable digital processors.

The input data to the system are real whereas the FFT
operation is inherently a complex number algorithm and the
outputs from the FFT are complex. Although several algorithms
exist for performing real to complex FFTa, the FFT processor of
the SPS-1000 does only complex to complex FFTs. For the minimum
system, the input data will be made "6complex" by inputting zeros
in the imaginary parts of the complex input words. This makes
for some inefficiency in the first (row) P'FT operation but is in
keeping with the concept of a minimum system. The result of a
complex FFT on real input data is a conjugate symmetric array,
one half of which is the desired result. Therefore, one half of
those results can be ignored in doing the column FFTs and no

*further ineffienciy results. Thus, the processing of an N X N
input array results in an N/2 intermediate array and a similiaroutput array.

For the maximum system, advantage is taken of an option
offered by the manufacturer of the SPS-1000 to efficiently
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perform real to complex FFTs. This option, called an even-odd
separator unscrambles the results obtained by performing an FFT
on a pseudo-complex input array which is obtained by packing
successive oven and odd input samples as the real and imaginary
parts ot complex words. This technique reduces the input rate
and the size of the row FFTs by half and results in increased
system performance. The even-odd separator can also be included
in the minimum system to provide a further performance
improvement over and above that which can be achieved by a second
FFT processor. 

%..•

The implementation of the signal processing functions for.
the minimum and maximum systems are illustrated by Figures 4.8
and 4.9. The two implementations are identical except for the
packing on input and the even-odd separation between the row AAId
column FFTs. In the minimum system the four integrations will be
performed by the SPS-81 processor whereas in the maximum system
these will be done by a specialized processor attached to a -
separate port. In both cases the imago reconstruction will be
done by the SPS-81 processor.

The entire signal processor is attached to a host computer
which provides the application program files and the downloading
function. The host computer can be connected directly to a port
or can interface to the system through the SPS-61 processor. We
have chosen the latter since the SPS-81 require& a host interface
in any came and thus one port can be saved.

since the basic concept for this system is an intelligent,
multi-ported memory system, considerable flexibility in
implementation of and variants to the basic speckle processing
algorithm are possible. We have liscumsed only the requirements
for Knox-Thompson based image reconstruction in order to limit
the scope of this discussion. However, the flexibility of the
system is adequate to allow implementation of other image
retrieval methods such as the complex deconvolut;on of
differential speckle imdging or the neighborhood processing
required by phase-following approaches. By employing more
integration buffers and simple firet-moment calculations one
could implement "ro-monitoring" as proposed by Mariotti, et al.
(1983) to improve the precision of seeing calibrations, for
example.

We believe this type of system provides an optimal
compromise between hard-wired signal processors (the ultimate Li
speed) and conventional, floating-point processors (the ultimate
in algorithmic flexibility).
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Therefore we conclude that the data-processing requirements,
which now make speckle image reconstruction computationally
impractical, can be met by implementation of currently available
signal-processing technology. The raw data sets from which true
image reconstruction can be achieved can be accumulated in real-
time (image power spectra and image phase arrays) at the
telescope just as optical spectra (in raw form) are presently
integrated in real-time while the observation progresses. No
serious implementation of diffraction limited astronomical
optical image reconstruction should settle for less.

4.4 The Differential Speckle Camera

Differential speckle Interferometry (DSI) is a technique tn
which simultaneous specklegrams arv taken in two nearby
wavelengths in order to derive information which relates to the
differences in the object as seen in the two different
wavelengths (e.g. due to Doppler shifts# stellar emission or
absorption lines, Zeeman effects, etc.). The differential
speckle camera (Becker& et al.1983a) uses narrowband (0.04 - 0.16
nm) solid etalons with--mr-'a spacers, together with a 2 nm
blocking filter, to produce the two (polarized) observing
bandpasses. These are then deviated to produce separated images
with a Wollaston prism. A 1/2-wave plate can be used to chop
between the two polarization states in each wavelength channel,# v,
or in another mode to cause the camera to act as a differential
speckle polarimeter. In a third configuration, a dispersing
element can be used in place of the narrowband filters to produce
a speckle spectrograph which, when used with a slit of size
comparable to the telescope diffraction limit, produces a set of
one-dimensional specklegrams as a function of wavelength.

Figure 4.10 shows a diagram of the differential speckle
camera (DSC) as it has been constructed for use with the MMT, the
Steward 2.3 m and the KPNO 4 m telescopes. After a reflecting
stop at the telescope focal plane which feeds the field viewing
optics and the TCS of the MMT, the light passes through a
collimator/camera lens system which images the light onto the
intensified video system at either 25x or 45x magnification. The
area between the collimator and camera is a versatile optical
bench/instrument bay into which the various configurations can be
inserted as shown at the right in Figure 4.10. In a few minutes
it is possible to modify the optical configuration to any of
those shown in figure 4.10, or variants thereof, including

(default: no components in instrument bay) conventional speckle
interferometry, in which case the microprocessor controlled anti- r-
dispersion system (Hege et al., 1982a) in placed ahead of the
entire DSC system. This"Tn-•'Trument is now our instrument of
choice for all modes of speckle interferometry at all of the
telescopes noted above.
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Figure 4.10. The Differential Speckle Camera. On the left is
shown the optical configuration of the instrument.
In the middle and right are shown the different
configurations of the instrument bay used for
different types of observations.

4.4.1 Differential speckle imaging mode

In the differential speckle ima_•gn mode the optics bay
contains the following components:

(i) A solid Fabry-Perot etalon ( Dobrowolski filter) which, "
since mica is birefringent, has two pausbands for orthogonal
linear polaritations. The spectral separation is determined by
the mica thickness. Blocking filters (not shown) are required to
eliminate undesired orders. All optics, including lenses,
waveplates, etc*, are high efficiency antireflection coated to.
reduce possible effects resulting from multiple reflections and
to produce the highest possible optical throughput.

(ii) A Wollaston prism which separates the two specklegrams
corresponding to the two polarization directions to produce two
distinct images in the intensified video focal plane. Figure
4.11 is an example of such simultaneous specklegrame of K Tau,
one in the H0, line and one in the nearby continuum.

52

* 4 . . . .• , , m 4I I I I 4I l



(iii) A rotating half-wave plate driven by a microprocessor
controlled stepper motor which, when located in front of the
mica filter and rotated in 22.5 steps, makea the DIC a linear
polarimeter. When located between the mica filter and the
Wollaston prism and rotated in 450 steps it swaps the wavelengths
of the two specklegrams.

LI',

"K

Figure 4.11. Double apecklegram formed by the DSC using Wollaetan .'
beamepli tter. The right# brighter image is taken in ,.
the continuum 0.55 nm to the red of the HA ,
absorption line in A Tau. The left image is taken
at the center of the Hg line. i.i•

4.4,2. Speckle Spectroscopy Mode..

I n speckle spectroscopy the entnance aperture in replaced by
' a 5 jum to 10 jm wide alit (about equal to the speckle esie) and
' ~~the optics bay contains a GRISM (Carot~enrs Priasm) or a zero i.•
" ~~deviation refractive disperser. The part of the specklegram ,"
•'• ~intersected by the narrow alit is therefore spectrally dissected .,,

and recorded by the detector. Figure 4.12 shown a low dispersion •
s peckle spectrogram taken with two opposite phased MMT•-
telescopes. The baseline between the two telescopes runes'..

". ~parallel to the spectrograph alit so that the interference•
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fringes are at right angles to the alit. The spectral behavior
of both speckles and Interference fringes are clearly shown.
Both speckles and fringes separate linearly as a function of
wavelength an they should, being interference phenomena. By
using the rotating (22.5c steps) half waveplate and the Wollaston V
prism, the speckle spectroscopy can be combined with polarimetry,
a feature which in of interest for certain stellar observations
where polarization in lines is known to exist.

N t

figure ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .4.2 pcl"pctormtknwthtopae M

telecope (sparaion 5 ). Wvelegthrunsfro
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5. ALGORITHM DEVELOPMENT

The development of algorithms for image reconstruction and
image analysis has continued to be one of the major components of
this work. All of our previous work had been based on Labeyrie'e

analysis for fainter objects), including our experiments with V
Worden's "self-calibrating" methods. It is generally conceded by
all (even advocates of "phaseless" image reconstruction methods)
that some image phase information is necessaray for the complete
and unambiguous recovery of an image from speckle data.

Since we have, for convenience in image processing and
efficiency of detection and data processing, divided our work
into two categories depending upon source brightness, we have
correspondingly divided our image recovery efforts into direct ....
analog methods for application to bright objects for which
atmospheric statistics dominate (or are comparable to) the photon
statistics, and photon-by-photon event address methods for faint
objects for which photon statistics dominate. The analog methods
rely heavily (but are not limited to) Fourier transform methods.
The faint object methods use autocorrelation or other discrete
event image-plane techniques. All of the significant progress
during this contract interval has involved the analog methods.
However, we have implemented the rudiments of a photon-by-photon
image phase retrieval scheme. .*,

In many instances it is possible to interpret power spectra
(or autocorrelation functions) directly in order to parameterize
models of the corresponding source object intensity function.
These techniques have been particularly useful in the
interpretation of our asteroid measurements.

Since high-speed digital signal processing systems such as
described in Section 4.3 are not yet available to us, it has been
necessary, at considorable overhead in programming, to break down
these complex algorithms into a form that can execute (however
slowlyi) on available minicomputer and micorprocessor systems.
(Access to the KPNO cyber and the University cyber systems has
been severely limited due to limited funding).

5.1 Photon-by-photon Image Phase Retrieval

As noted in Section 4.3, the Knox-Thompson algorithm
requires phase integration which may be accomplished by
integrating X- and Y- shifted quantities given by expressions 4.3
and 4.4. In the photon limited case the n-th specklegram, eq.
1.1, becomes

n(L- Li)(51

where {(L}n? the list of photon addresses (x , yi) for the n-th
frame. dihedscrete Fourier transform of this is
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1(K) exp{(21ri/N)(K-l)(L-l)) I(L) (5.2)

The desired quantities to be integrated (4.3 and 4.4) are of the
form, for shift a, ,'

Qs(K.) - z*(K) z(K+÷). (5.3)

The inverse Fourier transform of this is

q(L) = exp {(-21ri/N)(K-l)(L-l)) Q(K), (5.4)

which is an image-plane expression reducing to
q LT) = * xp{12-Wi/n)(K-l)[I.C( - 1 .:::

Lx exp((2-Wi/N) a -1)) (5.5)

This reduces to the autocorrelation-function-like quantity

q(L) - N I exp((2PW'/N) • (L l}(
x S(L ,- Ln - L +1)# (5.6)

i.e. the autocorrelation function with a complex modulation term. v' ,

since none of the computational resources available to this
project have-sufficient main memory necessary to accumulate
(random access) the three arrays, i.e., the autocorrelation
f--6i-n (real) and the x- and y-shift phases (complex), for even
a minimal 128 x 128 pixel format, one of us (EKH) has obtained
private funds to implement this on a Motorola MC68B00 based
microcomputer system equipped with 0.5M-byte memory, 16 Mbyte
Winchester disk and a 9 track magtape drive for data transport
from and back to Steward Observatory. It executes slow_ I A
complete reduction, including accumulation of autocorrea-Ion
function and phase-shift arrays, for a 10 minute observation of a
bright asteroid requires approximately 20 hours (still the
factor of 1001). Nevertheless this system Is permitting an
investigation of discrete photon image pnsen retrieval, methods.

5.2 Shift-and-Add Methods

These algorithms utilize from one to all of the speckles in
a single specklegram to obtain a "mean" speckle for that
particular specklegram. The average of these "mean" speckles ,,..

over a number of specklegrams is then taken to represent
diffraction-limited information which, in certain circumstances,
can be considered to be a high resolution image of the object
irradiance. A simplistic model for a specklegram is that it is
the sum of a number of discrete speckles. If we let p(xy) be
the profile of a point source speckle then the specklegram can be
considered to be the convolution of such a profile with an
impulse distribution Imp(xy). Thus, for a point source, the ""
observed intensity can be written as

i(xy) - p(x,y) * Imp(x,y) (5.7)
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where * represents convolution.

Now, for a resolved object we can consider each speckle to
be the convolution of the point source speckle with the resolved
object irradiance o(xy). Therefor the specklegram of a resolved
object can be written as

in(XPY) - EPA*lY) * Zmp(x,y)ln * o(Xy). (5.8)
Thus if we look at both a resolved and an unresolved object•'

we can obtain a "mean" speckle for each. The "mean" speckle of •

the former is considered to be the convolution of the point
source "mean" speckle with o(xy). By deconvolving the resolved
object "mean" speckle with the point source "mean" speckle the
object irradiance o(x,y) can then be recovered. This approach was
first applied by LynIsWorden Harvey (1976).

In order for this approach to yield results it is essential '
that the individual speckles in a specklegram should have well
defined maxima. If this in not so, then the "mean" speckle
would blur out the diffraction-limited information and thus would
not be of use*

This analysis is also limited to bright object data where
individual bright analogue speckles are visible. On the Steward
system this translates to objects with apparent magnitudes less
than approximately ms6 to 8 depending upon seeing and observing
bandwidth.

We have implemented algorithms for two variants on this
simple shift-and-add (SAA) idea, and developed two derivative
methods, weighted shift-and-add (WSA) and deconvolvey shift-and-
add which have the further advantage of "flattening" the seeing-
noise background upon which all shift-and-add results are
superimposed.

5.2.1 Simple Shift-and-Add

This analysis wns first proposed by Bates and Cady (1980)
and consists of locating the brightest speckle within a
specklegram and co-adding on a specklegram-by-specklegtam basis.
This is the most straightforward of the analyses implemented. In
this case, the Impulse function is simply a unit delta-function :.,.•
"located at the position of the brightest speckle, which in turn
is defined to be the local maximum of the specklegram. In order
to suppress effects of Poisson noise (photon statistics), we have
implemented various filter functions which may be applied to
(convolved with) the individual specklegrams before further
processing. ',..

"One of the major drawbacks of this form of analysis is that
only one speckle per specklegram contributes to the final image.
A variation on this technique developed by Bagnuolo (1982,3) to
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include more signal from each specklegram has also been

implemented. SAA analysis has the advantage of its simplicity

but has the disadvantages that (M) the brightest pixel can be due

to a noise spike (ion event) (1i) the brghtest pixel could be

saturated and therefore not linearly related to the object

intensity and (iii) more specklegrams are required to reach the

same signal-to-noise ratio (S.N.R.) produced by Bagnuolo's 4.

technique. The Eagnuolo technique therofore appears to be the SAA

method of choice.

5.2.2 Weighted Shift-and-Add

The S.N.R. can be increased tremendously if the majority of

speckles in a specklegram can be used. This was the advantage of

the Lynds,Wnrden & Harvey (1976) method, hereafter retered to as

LWH. In their analysis of Alpha Orionis they created an impulse

function to represent the distributiovi of the speckles in an

individual specklegram, thus obtaining Imp(x,y) in equation 5.8.

This was then cross-correlated with the original specklegram to

produce a "mean" speckle p(xy) for that particular specklegram.

Their impulse function comprised a set of Dirac delta functions

of uniform height. Thus all the speckles contributed the same

weighting to the the "mean" speckle. The actual algorithms used 40

to create p(xy) in fact calculated the cross correlation between

the speckle and impulse frames so as to avoid the problems of

small number divisions in the complex quotient of the

deconvolution process.

This technique however proves to be non-linear because of a

thresholding of the data to locate only the brightest speckles

and also because of the uniform impulse distribution Zmp(xy).

In order to avoid these non-linearities it was decided to weight

the impulse distribution by setting the amplitude of the delta

functions to that of the speckle which they represented. Thus a,.'

all the speckles in the specklegram were being utilized thereby

increasing the S.N.R. compared to the SSA technique. This

defines our Weighted Shift and Add (WSA method.

5.2.3 Formal Analysis of WSA Method

A statistical analysis of the Weighted Shift and Add method

has been undertaken to determine the expected mean speckle

profile for the single point source case, for the multiple point,.

source case and for the extended point source case. Further

analysis to determine the extent to which the "overlapping of

speckles" degrades the results of WSA data has also been

attempted. The tentative results of this analysis are reported.

WSA Profiles 
'"

In all the cases discussed below, a standard technique has

been employed to compute the expected WSA profile. We estimate

the WSA profile by an extrapolation of the method Hunt, Fright and

Bates (1982) applied to the analysis of the simple shift-and-add ,.
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algorithm (SSA). In the WSA case the shifting is done on all the
"speckles in a specklegram and not just the brightest. Simply
then, to obtain to the WSA profile the expectation of the SSA
result subject to models of the speckle intensity statistics is
calculated. Therefore the expected WSA profile .r).(x) can be
written ast

X) -() 2((x)p( d2' (d.8)

where s(x) is the SSA profile, represents the intensities of
the N speckles in the specklegram,

';' p(4%) •(1/41),) exp{ 441} 1.9

is the probability density for the intensity, and 41ý is theSaverage speckle intensity for the frame.

For the point source case the SSA profile was found to be:

Six) w 24Z1 + LRO'Xl1t)2J lSmax - 41)) - Smax (5,10)

where SMaX is the intensity of the brightest speckle found in the
specklegram. R (x) is the autocorrelation of the speckles and is
independent of ?ndividual speckles utder the assumption that the
speckle process remains constant with time. R,(x) is related to"*, the complex coherence factor 4(x) by the expression:

SR(x) 0 (1ý2 C 1 + IAA(xJ 23 (5.11)

•, w he re:I,,,,

0(11AIA Ii~

, After some simplification eq.(5.8) reduces to:e

, 4 N <I), R (x) - 2 (5.1 ) ,

. The above equation reveals that the WSA profile will be the
autocorrelation of the mean speckle of the data set with a
constant, proportional to the average background, subtracted off.
A comparison of the results of the SSA algorithm and the WSA
algorithm reveals that the signal to noise ratio for the WSA
algorithm grows faster than for the SSA algorithm. If we
substitute 12] El.IA(x)12 J for R,(x) in the results for both the
SSA and WSA procedures, and if we associate I/A(x)l with the o

,, signal, then

SNRSSA " [(k-l)/2) SNRWSA

- where k - Smax/'I" for k ) 1.

Thus the WSA algorithm is found to be superior, i.e.
S SRssA<SNRWSA, if k43. By a simple application of the
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"exponential speckle intensity statistics defined by (5.9) above r
(Dainty and Greenaway, 1979), we find that the probability that

*" the intensity of a single speckle equals or exceeds three times
the average intensity is only 0.049, and even allowing for the
large number of speckles in a specklegram, this is still a very
small probability, Thus we can conclude that WSA is almost
always a better algorithm than SSA, i.e., when seeing ý 1".0.

If the object is a multiple point source object with the ,W,*,,
positions of the components located by the T vectors flk then the
SSA profile is found to be:

S~x Sk(xk)

where S given by 5.10 with i.e. the single ',
speckle autocorrelation response Rm(xk),li placed at each of the
source componrj• positions with its appropriate maximum speckle
amplitude S max and average speckle intensity 41
Substituting this summed quantity S(x) and doing the WSA profile
calculation leads to

'-' •(x)- .N (1 2 /,( 2 )(5.

,,i.l kl x C 4 R.(x- 2k -10ik0- 2 41k)3

If we define a T-component point source to be composed of T-
speckles then the WSA profile will have maxima at the same places
as a regular autocorrelation of a frame of a multiple point
source object although the amplitude of the profile at each
maxima will be

SN < Ei14 a%1x- ,-'jU, - ' /I~' I (5. 14) '

where R5 (x') is the mean autocorrelation of the speckles of a
component: since the WSA multiple point source result is just a
superposition of the WSA result for the point source case, the
advantages of WSA over SSA for the multiple source will
correspond am well. Note particularly that, although a response
is produced at each of the coordinates corresponding to the image
autocorrelation function, the Amplitudes are asymmetric (unlike
the case for the autocorrelation function). Thus image phase
information is preserved.

Work on the statistical analysis for extended objects is
still in progress at present. We are studying, initially, the

e. special case in which a speckle is characterized by a single
"local maximum, i.e.the case for a bright star surrounded by a
resolvable atmosphere.

Degradation of Data by Overlapping of Speckles

Up to this point no attempt has been made to determine how

much speckle interferometric data is degraded by the overlapping
of adjacent speckles. To that end a first order statistical
model of the number of overlaps was attempted. Unfortunately,
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though, the model developed has been found to be rather 6.-

cumbersome in use. Because of this a newer model is in
preliminary stages of development.

5.3 Deconvolution and Holographic Methods

Implicit in deconvolution and holographic methods is some
technique for sampling the instantaneous speckle modulation
transfer function (MTF), the quantity which is averaged to
produce the second term in eq. 1.2. In our work we have
experimented with two methods for obtaining this information
which use variants on speckle interferometry made possible with
the differential speckle camera. If the object it essentially
unresolved in one wavelength and well resolved in an adjacent
wavelength (i.e. the continuum near an emission or absorption
feature vs a sample centered on that feature), or if the
observation can be arranged so that a sufficiently bright,
unresolved source is in the field, then a complex deconvolution
consisting of the complex quotient

o'(u,v) - I n(uovr) / ln(utv:u) ,, (5.15)

where I (u'v:r) and ln(u,viu) are respectively the complex 4,'

Fourier Pranaforms of the n-th specklegrams for the resolved and
unresolved oompopents obtained simultaneously, yields a useful
approximation 0 (uv) of the desired complex object intensity
distribution upon averaging a sufficient number of observations.
Quite surprisingly, there appears to be no "division by small
numbers" problem with this quotient.

There is, however, a crucial detector distortion problem in
this method using our present intensified video camera. There is
sufficient geometrical distortion (principally "pincushion") that
it is necessary to correct the data frame-by-frame. We have
implemented a simple grid re-mappihg algorithm which is
calibrated by observing a calibrated, square-grid reticle in the
speckle camera (telescope) focal plane. -,

Because of the complexity of these computations, and the
* need for multiple arrays (some of which are complex) in main .

memory, this program is implemented in several sub-steps, in part
on the Steward Observatory Eclipse (raster extraction and re-
mapping) and in part on the KPNO Cyber (the complex
deconvolutions - see section 6.8 and Figure 6.22).

5.4 Differential SPeckle Interferometry
In addition to the method of complex deconvolution described

above in section 5.3, further algorithms for reductions of DBI.
data have been implemented, primarily for faint object work, on
the Steward Eclipse system. The principle reduction method .0
requires the averaged cross-correlation of the DSI specklegram
pairs. This is convenntly accumulated as a windowed
autocorrelation function treating the specklegram pair as a
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simple specklegram of an "artificially binary" object. The
window is centered on the "binary separation" corresponding to
the instrumentally induced image separation. Further refinements
allow accumulation of separate results corresponding to different
polarization states.

5.5 Model-fitting and Statistics

The limitations of PS or AC? information are in many
applications very serious. These functions have the attributes
of a) preserving size information up to the (possibly filtered)
diffraction limit of the telescope but b) scrambling that
information in a radially symmetric way (because of the loss of
image phase information). Clearly it in d3sirable to analyze a
restored image, but in many instances that is not yet feasible.
Therefore, we use model-based analyses of PS or AC? data to
extract parameters characteristic of some appropriate
mathematical representation of the image of the object measured
by these functions. Generally we begin *by making simple
assumptions about the object, fitting the corresponding simple
model and examining the residuals to the fit in order to attempt
a refinement of the model.

Our methods for least squares fitting are based on the
general methods applicable to a wide class of nonlinear problems
described by Jefferys (1980,1981). Analytic functions are
"linearized" by a first-order Taylor expansion and iterated until..
the solution for the model parameters converges. The Jefferys
method also allows for simultaneously imposing an additional
equation of conntraint upon the model parameters, although we
have not used this capability. Non-analytical functions (that in.
any function which can be tabulated) can be fit by approximating .4,
the first derivative by the first tabular difference. The method
is complete, including the full covariance matrix for evaluating
the validty (error analysis) of the fit. Our resent
implementation includes ths acovariance analysis, but does not
include individual weights for each data point - all data points
are weighted equally in our present implementation of this
analysis on the very small computers presently available to this
project.

Since Speckle Interferometry PS and AC? results are radially
symmetric, a simple procedure (but possibly physically misleading
- the results must be interpreted with great cars) is to
implement fits of radial functions of the form

Nr - A f(rlp(a)) + B (5.16)

where p(a) is a single size parameter in the one-dimensional case ,,
or a set of three parameters (x-scale, y-scale and position angle
in the two-dimensional case. Useful forms for f(r) which
we have implemented are: (5.17)
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1) f(r) = e(r-pla)) 2  Gaussian Cr- p(a)

2) f(r) . *(rlp(a)) 5 1 3  "Seeing"*- 5/3-law

3) 2C _ r JR- r2 / 2 R2 arcsin(r/2R)
ACV of uniform disk of radius Rap(&).

4) f(r) - Averaged radial profile taken from data.

5) f(r) a cos(rlp(a))
a Dinary star visibility: separation ! i/p(a)

6) f(r) - Airy(rlp(a))
a Airy function
a PS of uniform disk of radius p(a).

This technique is used i1 order to correct for the shape of

the noise bias n IcD(u,v)|I> (see eq. 1.3) produced by our

detector which appears with a characteristic Gaussian shape in

both the analogue and the old event thresholding photon detection

methods (Hege et al. 1982a). Since the "physical object' in this

instance is tRe rightness distribution at the output of the

image intensifier consequent to detection of a photoelectron

event, a Gaussian model fits rather well and leads to reasonable
corrections for the noise bias in PS measurements.
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6. IMAGE RECONSTRUCTION RESULTS

Image reconstruction and image retrieval efforts are still
in very preliminary stages of investigation. In this section we
summarize some of the experiments currently under way.

6.1 Fienum Method

Image reconstruction of the asteroids Eros and Herculina was
attempted using Fienup's phaseless method. The data were noisy,
and the objects were only marginally resolved, but the oblong
shape of Eros and the effects of albedo variegations on Herculina
are evident in thp images, shown in Figures 6.1 and 6.2
respectively.

' 7'

5.e~

Figure 6.1 Eros reconstructed image. The montours are marked by
intensity enhancements at each factor of two. The
narrow dimension is just at the diffraction limit of
the 2.3 m telescope.

These images were obtained by the Fienup method, with
minimal start-up information, and used debiased, deconvolved,
cleaned power spectra from event-mode data. Especially in Figure
6.2, effects of video digitization artifacts (the large
horizontal artifact) are evident. Also, the Herculina data may
have a residual power spectrum bias error (leading to the bright
excess in the center), or this may be evidence of the inability
of the Fienup method to properly allocate excess diffraction

* limited energy (e.g. due to bright spots, for which there is
other, independent evidence). There is a hint of evidence of
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albedo variegation comnlensurete with that required to
appropriately model simultaneously the speckle autocorrelatiofl
functions and the lightcurve observed at the same epoch. Further
refinements and expei~inientet using moce data sets, are required
to effectively evaluate the reliability of this method. However,
th. present results ar % encouraging in that these ar* our first
reconstructions for 10t" magnitude objects using discrete photon-
counting techniques.

Figure 6.2 Herculina. (See text)

In rlatd wrk#theuse of the Walker (1982) method for
imag reonsrucionhasbeen investigated, but this method does

not seem to work very well for our two-dimensional images.
McCarthy has had some umuccesso however, by combining the
iterative methods of Walker and Fienup.

Cocke (1983) has also shown that Cauchy's inequality is an
even stronger criterion than the Bochner-Khinchin theorem for use
in further constraining these 'phaseless' image retrieval
methods. However, we have no results yet with this idea.

6.2 SipeSitand Add

Three types of objects have been investigated by this
0 ~technique, (i) a computer generated set of 1t riple star"

simulated specklegratna, and real data for (ii) Supergiant Stars
and (iii) Close Binary Systems.
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Figure 6.3 Triple star simulation. Simple shift-and-add.
Third component response just at noise level, is ,. .°S

marked by arrows.
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figure 6.4 Horizontal cut through centers of expected responses,"
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in triple star simulation SAA result. The recovered .
intensity ration are 1 0 .504 0 .08 compared to :i
input 1 0.• 5 : 0.0625."
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The first data set analyzed was a ten specklegram triple
star noise-free simulation. The ratio of the three components
"was 1 : 0.5 : 0.0625. Figure 6.3 shows the reconstruction. The
two brighter components are clearly visible with the correct
separation and position angle. The third component, however, is
lost in the noise of this process. This noise is introduced from
"the remainder of the specklegram when the whole specklegram is
translated to put the bright speckle at the specklegram centre.
As only ten specklegrams were used in this analysis there was not
enough signal in the third component to bring it out. The
measured ratio of the two brighter components is I 1 0.504.
Jince the known input signal can be used to analyze the output,
one can see that in fact there is a response at the position of
the thitd component as shown in the cuts in Figure 6.4.

-I . .'

Figure 6.5 Shift-and-Add results for unresolved star ( JOri
left) and resolved star ( A. Ori right) at 422.7 nm
using 2.3 m telescope.

The supergiants looked at are part of the Expanded Stellar
* Atmosphere program, the aim of which is to resolve the atmosphere

of cool red supergiants by looking at the structure in the
"atmospheric emission lines, e.g. H 656.3, Cal 422.7 etc. One
"of the program objects is Alpha Orionis (M2 lab) and one of the
comparison stars for this object was Gamma Orionis (B2 I11).
Figure 6.5 shows the Simple Shift & Add (SSA) image of the
latter. This shows the strong central maximum which is of the
size of the diffraction limit of the telescope surrounded by the
first Airy ring, showing that this object is a point source,
"superimposed on the strong "seeing" background produced from the
overlap of the remainder of the translated speckle specklegrams.
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Figure 6.5 also shows the SSA image for Alpha Orionis. Here the
strong central maximum shows a larger size as would be expected
for a resolved object. There is also some indication that the
image is elongated.

In order to further reduce this data the "seeing" background
must be removed. One way to do this is by modelling the
background with a two dimensional Gaussian and subtracting it so •,i
that the central maximum lies on a flat background. Once this is
done for both stars the complex deconvolution of Alpha Orionis
with Gamma Orionis can be computed. See below for results of
such an empirical seeing correction as applied to binary star
data.

i 5-71
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Figure 6.6 Capella by SSA. Lef t is raw result. Right is
12 paramerer model fit (see text).

Two close binary systems have ac far been studied by this
method, Alpha Aurigae and 115 Tauri, the latter being an
occultation binary. Alpha Aurigae is a system composed of two G
III giants of very similar magnitude. The SSA image of Alpha
Aurigae is shown in Figure 6.6. It is interesting to asee that
this image suggest~s three components. This is due to the speckle
statistics. Bach speckle has two maxima, one for each component
of the binary system. The brightness ratio of these maxima will
be equal to that of the two components, modified by Poisson
statistics. As the two components have similar magnitudes it is
possible# occasionally, for the maximum due to the fainter
componen~t to be larger than the other. When this happens the
third component of the SSA image is created. Thus, if a binary
system comprised of two very nearly equal components (to within
measurement limits) then the SSA image would be similar in form
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to an autocorrelation and would therefore conceal the correct
orientation of the system. However, for the more common unequal
component case, the maximum due to the brighter component should
occur much more frequently and, therefore, the correct
orientation can be ascertained by looking at the brighter of the
two secondaries of the SSA image. The ratio of the intensities of

• the two secondaries is therefore related to the magnitude
difference between the two components, Bagnuolo (1982). Refering

, again to Fig, 6.6 it can be seen that the NW component appears
to be the brighter. An estimate of the brightness difference can
be made by removing the background from the SBA image. To do
this a twelve parameter non-linear 2-D least squares fit was
applied to the centre 30 square pixels of the image. The three
"peaks were modelled by gaussians and a gaussian "seeing"
background sitting atop a tilted term (a*x~b*y+c*x*y) was also
assumed. The central five pixels of the image were omitted in L7,
the fit because of the photon spike (noise bias). The intensity
ratio of the two SSA secondary sidelobes was found to be rm-,66
which corresponds to a true binary star intensity ratio of f-l.80
when converting r to f according to Bagnuolo's (1982) statistical
analysis. This model image is also shown in Figure 646.

p..

Figure 6.7 Residual to SSA Model-fit to Capella.

The model did not take into account the Airy rings in the
image and these can be clearly seen in the residual of the fit,
Figure 6,7. Notice that these rings appear "lumpy". This non-
uniform structure also shows up in Airy rings from other SSA
images. The photon spike is clearly seen at the centre of the
residual and represents the region not fitted by the model. The -[ - -
dark area immediately to the left of the central "spike" is
caused by undershoot in the video analogue signal. This is
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produced by the peaking circuit in the Video Cassette Recorder
and cannot be removed in the digitizing process. This again
emphasises need for high quality# distortion-free detectors with
on-line read out to guarantee data integrity. ".

b"'•'*'

• ~I',':•

Figure 6.8 113 Tau (unresolved - left) and 115 Tau (resolved -

right) by BSA.

Fi•gure 6.9 115 Tau deconvolution results from BSA after "'.
crude model-fit seeing correction. An "aperture" """
filter in required before the inverse transforms- '
tion. Filter corresponds to telescope apnrtureo-..,.
(left) and to .7 x telescope aperture (right). •,.
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Figure 6.8 shows the SSA images for 115 Tauri and the
comparison 113 Tauri. At the epoch of observation the separation

I of the two components of 115 Tauri was approaching the
* diffraction limit of the 2.3m telescope, as can be seen by

comparing the images in fig. 6.8. The Airy ring is clearly
visible in this image and the secondary component can be seen
overlapping the Airy ring to the east in the resolved object.
Notice a smaller blurring westward of the central peak due to the
secondary. Note that for 113 Tauri no secondary peaks can be
seen . The Airy ring in both images shows very non-uniform
structure. This seems to be a characteristic of these data sets.
Further analysis is required to tell if it is a statistical
effect or a signature of the telescope OTIF. '

These two images were seeing corrected using a Gaussian
model and then Fourier transformed. The complex quotient of the
two was then computed and inverse transformed to produce a
deconvolved "image', Figure 6.9. We can now see the two
secondary peaks more clearly as the Airy, ring has also
deconvolved. The poor signal-to-noise ratio NNE) of this data
did not allow for a determination of the secondary peak ratio as
only a few hundred specklegranis were used. There is no7
indication of a third component as earlier thought (suggested by
"lumpy" Airy rings). The magnitude ratio is not correct,
appearing to be greater in the deconvolved result than1:
occultation measures show. This is probably due to inadequacies
in the seeing model correction. We have not yet attempted
Weiner-filter based seeing corrections using the data from the
unresolved star to correct the image of the resolved start as
suggested by# e.g., Bates.

6.3 Correlated Shift-arid-Add (D.1

In this experiment# the brightest speckles which correlate
at the known instrumental separation in each specklegram of the
simultaneous DSI upecklegram pair are chosen to define the shift
positions for each component of the DSI pair. The SAA result is
then accumulated separately for each component of the pair. This
will then allow a comparison of the two results for which the
seeing effects should be identical. An example for K Oni
observed with the mica Pabry-Perot with two bandpasses 0.125 nin
wide separated by 0.5 nm is shown in Figure 6.10. Both images
show evidenca tcr a faint, elongated cloud towards the south-
east. The bandpass in the red wing of the line shows this effect
to be weaker. We have not yet completed the analysis of this
data (i.e. W'einer filtering, or complex deconvolution of the
image taken on line center by that taken off-line).

Figure 6.1.3 shows a similar pair of Correlated SAA images
obtained for the unresolved? (optically) star 6L Lyr (Vega). The
curious elongation in the raster direction may be due to a
bright-speckle video saturation effect - it is not verified. It
does show ( c.f Figure 6.10) an object with angular size smaller
than ot Oni.
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Figure 6.10 Correlated BAA Ori. Left -line center. Right
off line.

Figuret 6.11 Correlated SAA. Vega.
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6.4 Deconvolution and Cross-correlation methods

A series of experiments to investigate methods for avoiding :,.,
some of the probl.ms with the original LWH method and to
eliminate inherent non-linoarities in methods requiring a
threshold was conducted.

The algorithm to derive a met of weighted impulse functions
for each specklegram was implemented to avoid problems with the
LWH method when the cross-correlations between the derived
impulses and true spocklegrams wore computed. This was first
done for the ten sptcklegram triple-star simulation and the
results can be soen in Figure 6.12. Notice that like the $8A
image this also thows a triple peak for the two brightest
components of the system. This is easily explained beauise the
cross-correlation between the speckle and weighted impulse fkames
mimics an autocorrelation procedure. As in an autocorrelation a
binary object will produce a triple response. What does make
this cross-correlation differ from the autocorrolation is that a
speckle craos-correlates with a delta function rather than itself
so that the peaks in the cross-corrolation are of the speckle
size instead of twice the size as would be for the
autocorrelation came. Thus* this cross-corrolation is a type of
"quasi-autocorrelation".

L

Figure 6.12 Triple star simulation. Weighted SAA (WSA). ,"~;:
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Thus for the case of a binary system or any multiple system
the ambiguities of the orientation which exist in an
autocorrelation will also exist in the cross-corr*elation.
However, for a resolvable single object, e.g. a supergiant, where
there is only one maximum per speckle then the cross-correlation
peak will represent the "mean" speckle for the specklegram.
Notice in Figure 6.12 that there is a background which is due to
the cross-correlation of a speckle with the delta function
representing another speckle, therefore creating a "seeing" hump
similar to that for the BSA and also in regular autocorrelation. .

In order to use this weighted analysis on multiple system
data so that the orientation information can be extracted, the
impulse function was replaced by the square of itself before
computing the cross-correlation. This has the effect of removing
the amplitude symmetry in the "quasi-autocorrelation". Taking
for example a binary star with components of brightness Al and
A2# respectively, then the secondary peaks in the "quasi-
autocorrealtion" will have amplitudes each of Al*A2. However#"
when the impulse function is squared the amplitudes now become
AI*AI*A2 and Al*A2*A2 respectively giving a ratio of AlUA2, the
ratio of the actual brightnesses. Pigure 6.13 shows the cross-
correlation for the squared impulse distribution for the triple ,
star simulation data. The amplitude symmetry is no longer
present and the Nt secondary is brighter, agreeing with the
results for the BSA case as to the orientation of the system,
of course, if we have the case of identically equal components
then this case too would degenerate into a "quasi-
autocorrelation"i no technique could recover an orientation if H
the two components had identical brightness. This could only be
done if their spectral types were different, and observations
would have to be made at wavelengths chosen to emphasize the
difference. Analysis shows that the original intensity ratio is
preserved in the ratio of the sidelobes (secondary to tertiary)
and that the orientation is given by the orientation of the
secondaFy with respect to the primary. Thus, unlike strict (or
"quasi-) autocorrelation, this non-linear method preserves
essential phase and amplitude information for binay sta_
research.
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Figure 6.14 shows the squared impulse Weight Shift and Add
(WSA) image of Alpha Aurigae. Note that the NW secondary in this
image is the brighter, indicating the orientation which agrees
with the SSA image. The Airy rings due to the telescope are
clearly visible around all three peaks and all three sit atop a
seeing "hump". There is a marked similarity in the WSA and SSA
results. This could be fit in the same manner as the SSA image
to obtain the secondary peak ratios and therefore the brightness
ratio between the two components. Further work is required to
investigate the limits of precision of this method.

An alternative to computing the cross-correlation is n'.
actually computing the full complex deconvolution. This is done
by using just the regular impulse function as opposed to the
squared impulse function. The full complex FFT of both the
specklegram and the impulse frame are computed and the complex
quotient is calculated (similar to eq. 5.15s although this does
have a "small numbers divide" problem). These are summe3-TEO

* provide the average deconvolved object transform. This is then
inverse transformed using an FFT to give the full deconvolution.

For every speckle maximum in a specklegram there will be an
, impulse with a corresponding weight. From equations 5.7 and 5.8

it can therefore be seen that the deconvolution will give the
"mean" speckle for the specklegram. In fact this will be the
mean speckle maximum. If the object is a binary system with both
components unresolved, then each speckle will have two maxima and
therefore each speckle will be represented by two impulses. The
deconvolution will then remove all duplicity giving a single
peak. This is not the desired resultl Thus as a method for
studying multiple systems the deconvolution version of the* ii,

Weighted Shift-and-Add (D/WSA) needs some modification. However
for a point source or single resolvable source meeting the

*' requirements set out in the introduction, specifically, that
individual speckles are characterized kI a single maximum, this
technique should produce a well defined "mean" speckle. An
advantage to this form of analysis is that all speckles are
deconvolved with their respective impulses. This places the mean
speckle at the origin (centre) of the specklegram. Thus there is
no "seeing" background, unlike both the SSA and WSA. This
therefore allows a better determination of any intensity
information as the background does not have to be fitted and
removed. In fact, this is a "seeing" independant technique which
only depends upon the existence of speckles with such specific
properties.

Figure 6.15 in the deconvo'ved WSA (D/WSA) image for the
triple star simulation data set. Notice the bright central
maximum and the flat background. As expected no other structure
is significant. Figure 6.16 is also a D/WSA image but this time
the impulse frame was generated from a smoothed specklegram. The
original specklegram was smoothed with a low pass filter to
"blur" the maxima from the two brighter components to produce
just one maximum. This filtered impulse frame was then
deconvolved with the original specklegram. The sum of ten of
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7 these providing the image. The secondary comiponent is now
clearly visible with the correct orientation# separation and
ratio of the two intensities. The flat "no-seeing" background is
apparent.

Figure 6.15 Deconvolved WSA image for triple star simulation.
The most notable featuare here is the "flattened"
seeinq backqround.

Figure 6.16 Filtered deconvolved WS& for triple star simulation.
Note that now the phase and relative intensity are

* preserved. Fi ltering forced the speckles to have
only a single maximium.
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Another way to Pnable this routine to work for multiple
systems is to edit the impulse function. The regular Labeyrie
autocorrelation or SSA analysis determines the spatial
information about the object, i.e. its separation and position
angle. For a binary system the two components produce two maxima
for each speckle giving two impulses for each speckle. Knowing
the spatial information it is then possible to look for impulse
pairs with the same vector separation. Either the left or right

mpulse from the pair can now be *Cited out of the impulse frame V
and the deconvolution calculated. Figure 6.17 shows the effect
of doing this for the triple star simulation. The secondary is
noticable although there is more structure in the otherwise flat
background since only one half of the impulses are now used. As
for all of the reconstruction tests for this data set the
tertiary component is lost in the noise of the background and is
not visible.

"-'1

Figure 6.17 Edited deconvolved WSA for triple star simulation.
Again the orientation and relative magnitudes are
preserved# but the background is noiser since only
half of the speckles are used.

Figure 6.18 shows the D/WSA image for the unresolved star Alpha
Lyra.. The flat background is very much in evidence as well as
the Airy ring. The N-S and E-W structure in the image background
are effects of the numerical deconvolution, probably of
digitization artifacts, and need to be investigated further. The C
SE-NW striping is also an effect due to the deconvolution and
represents the transform of a couple of anamalously bright pixels
in the quotient (the "small numbers divide" problem). In order
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to fully utilize this technique the quotient problems have to be
eliminated. One way of doing this is currently under teot. This
involves looking for outlier pixels in the complex quotient. If
a pixel has a value which is greater than two sigma from the mean
of the eight murrounding pixels then its value is replaced by the
mean of the surrounding pixels. Unfortunately this involves
extra ov'erhead in the already slow and cumbersome analysis

.routines, and faster and more efficient means of performing this
outlier rejection algorithm are only feasible with array
processor systems.

.4.

Figure 6,18 Alpha Lyraes by deconvolved WSA showing unresolved .. ,
object on flat:tened background. ,...These demonstrations with both real and simulated data.,.sets•

suggest that this method for producing seeing-corrected "
deconvolved images from apecklegrams of bright objects holds--
great promise. Further work is required to ascertain whether,."
these methods are extensible to fainter objects where a speckle '''•..
maximum is only definable an a local maximum in a generally quite.•:"

S,m

:" ~~sparses photon distribution. ,"

S~~~6,5 Holographic and Differential Deconvolution Methods ,..

The differential speckle camera was used to record :.
simultaneous specklegrams of ALI and Seo. Since O Sea in a ••
fainter B-type companion to b•l sSat it can bev 1sed as a
holographic reference for a complete image reconstruction of 0(l .-
Boo. In order to balance the relative intensities of these .
objects, we placed a neuitral density filter in front of the ,..
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intensified video camera (speckle) focal plane so that it just

interce ted the image of 04, but not .2" The simple SAA results
for both objects were accumulated separately, and the results are
shown in Figure 6.19. We have not yet completed the comparative
analysis of these images, but the resolved nature of 4l Sco, and
possibly evidence for extended structure, is clearly seen.
Initial efforts to perform the holographic deconvolution using
eq 5.15 were not convincing due to insufficient data to produce
a good SNR. (The statistics in the quotient are, of course,
limited by the fainter object). A longer integration should
produce good results.

...., .......

S,', *'

Figure 6.19 Simultaneous SSA results for A Sco. Oe2 SCO left. .;-;.i Se right.....

Better results have been achieved with the two band-pass DSI
approach. Figure 6.20 shows results for O Sco obtained by the
integration 5.15 applied frame-by-frame to DSI data in which the
Fourier transform of the data on line center is divided by the
data off line for which A Sco is only paritally resolved. In
order to restore an image which should more nearly represent the
true appearance of the object, the integrated quotient transform
was multiplied by the Fourier transform of a uniform disk of the
size corresponding to the continuum disk site of A Sco from
conventional speckle interferometry. This may not be exactly .4. a,..,

correct, as 1( Sco may not be a perfect, symmetric uniform disk in
the continuum. The results are nevertheless encouraging, and
show definite evidence for an elongated gaseous envelope.
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6.6 Other Direct Phase Retrieval Methods

The triple star simulation data set was also analysed by the
Knox-Thompson and the phase-unwrapping (Cock* 1980) techniques.
The results are shown in Figure 6.21. For this "noise-free"
simulation, the Knox-Thompson method gives superior results. It
is not clear that this will be the case for Poisson statistics
limited data, We do not yet have comparative results for these
methods lpplied to' roetlI astronomical data. We have previouslyI. .u'b% ehn (ege m. N -aL 1982a) broad-band (I - 10 rim) imsages 9or
"Aetelgouse and daMp 9e.-a using the Knox-Thompson proced-ute, and
have preliminary results (see section 7.2.2, Figure 7.3) for two
-narrow-band (.3nm) images of Betelgeuse, using the Pienu~p
pr ocedure only. We -intend to extend the 4o.Mparative stud'iewJ of
Knox-Thompson and phase unwrapping procedures to these data sets.

6.7 Image Hodllina Results -

We applied non-linear least squares procedures to the
intorpreta•tion of the Alpha Orionis data, ýets. (see section
7.2.A). We compared the averaged measured radial profile to that
computed for a uniform, circular disk (in which case a "4diameter"
can be extracted) and for a Gaussian radial profile (in which
case a scale height can be extracted). In all cases, these
simple model profiles departed from the observed intensity 4
profiles at large radii. However, at small radii, even at the
diffraction limit of the 4 meter telescope (effectively 3.5m in
our filtered reduction), there ware too few pixels within the
stellar limb to constrain even a simple gray-model for limb
darkening in a significant least-squares sense.

Analysis of the full, two-dimensional measurements of Alpha
Orionis showed clear asymmetries. In order to characterize the
principle asymmetry in a simple way, we chose A model
characterized by a major-axim, a minor axis, and a major-axis
position angle. Surprisingly several of the broadband measures,
in addition to the H-alpha and Call narowband measures, showed an
asymmetry near 1100 when this model was fitted to the inner 70msa
of the AC? results. The two narrowband measures, however, showed
additional structure at larger radii at different position
angles. In addition, close inspection of the data contours,
compared to the model contours, showed evidence for another
significant position angle near 100 near 1 stellar radius.

Our most recent use of this model-fitting procedure was to
fit elliptical contours (again major axis, minor axis and
pos 4,tion angle) to the observed PS data for asteroids (Drummond,
et al. 1984). Setao of these parameters, taken at various times
Tt•'respect to the asteroids rotational phase as established by

its lightcurve, are used in a subsequent least-squares model
analysis to fit three body axes and the pole orientation for an
ellipsoidal models of the asteroids. A detailed discussion is
contained in Drummond et al. (1984). "
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6.8 Conclusion: Computation Limited

The data processing bottleneck is the single most crucial
impediment remaining in the implementation of high resolution
imaging systems for use in our Air Force sponsored 3 peokl"
interferometry projects. For each observation, from 10 to 1I
frames of video data (256 x 256 x 8-bits) must be corrected for
geometric and amplitude distortions and Fourier transfromed (or
autocorrelated). A typical flow of data through our present
computer systems is shoiýn in Figure 6.22. The array processor we
proposed in section 4.3 has sufficient bandwidth to accomplish
this task at the rate at which the data accumulates at th..H
telescope (7.5 frames/sec for analogue video data - up to 1 0
addresses/see for event mode data). With our present hardware,
this takes from 50 to 150 hours for each hour of observing time.
An array processor facility is crucially important to the timely
production of sensitive observations for which results could
potentially be obtained within, hours of the actual observations
rather than weeks, as at present. It would also allow the
empirical investigation of statistical questions dependent upon
analysis of large ensembles of data, and for which theoretical
modelling is inadequate, a technique which is presently too
expensive Computationally to be considered given our limited
resources.
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PROCEIING BRIGHT SPECKLE IMAGES
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Figure 6.22 Schematics of Speckle Data Reductions Systems."
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7. SCIENTIFIC RESULTS

The principal effort in this work has been to develop the
"MMT for interferometric work and to implement techniques for
"speckle interferometry, including in particular image

ml reconstruction. Nevertheless, some effort to produce useful
measurements has been expended, and we will summarize here some
of the principal areas of investigation currently in progress.

7.1 Observations of Artificial Satellites

Due to limited funds for this component of our work, only

limited satellite observations were made with the objective of
producing proof of principle results. We were able to observe a
geosynchronous satellite at the diffraction limit of the MMT, to
acquire and track an intermediate range object, and to track a
near earth orbit object.

7.1.1 Measurement of FLTSATCOM1 using MMT Interferometer

on 30 March 1983 FLTSATCOMI was observed for 30 minutes and
again on 31 March 1983 for an additional 30 minutes using mirrors
B and E (opposite, vertical). The mirrors were cophased using a
bright star at similar elevation (within 20). The observing
"bandpass was 10 nm at 550 nm. The range of the object during
both observations was approximately 37,000 km.

The debiased power spectra, averaged along the direction
corresponding to the mirror separation, for FLTSATCOMl and for an
SAO catalog* star near the same elevation (observed to similar
statistics) are shown in Figures 7.1 and 7.2 respectively.

From the cut-off frequency in Figure 7.1, the size of the
object is approximately 1/50 arceecond. This corresponds to 3.6

m at the range of the object. It is impossible from this noisy,
inadequately calibrated (i.e. bias uncorrected) pair to produce a
significant deconvoluti.". Such a measure would require:

1. A longer integration (Better SNR)

2. Accurate calibration of the photon PSF, or better still a
measurement with a true "photon counting" detector (cf
"section 4.2.2). The present scheme of localizing
events in a video raster leads to non-"dolta-function"
photon responses.

3. Active pathlength monitoring to assure that the telescope
"MTF is stable during such extended integration and
calibration measurements.

S. ,,*.:
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A second observation of FLTSATCOMI, with the same observing
"* parameters, on 5 May 1983 was reduced in somwhat different

manner* No effort was made to correct for noise bias. The
measurements were taken from the raw autocorrelation functions.
A gaussian model was used to correct for the seeing distribution.
Then a uniform disk profile was fit to the central residual, but
%-at radii r compared to the size of the photon detection PSF.
A similar measure of an SAO star was used to correct for the
effects of convolution by the telescope diffraction size. Using

(Diameter) 2 0 (Measured) 2 
- (Star) 2  (7.1)

to deconvolve, in Gaussian approxination, the diffraction-limited
(stellar) response from the measured satellite response to give
value 6.1 m for the satellite diameter in the vertical direction.

These two values either disagree drastically, or agree well.
But we can-n--o say whTiFhi thout Iurther analys. sT were
observed under different conditions of solar illumination, and
the results of our asteriod analysis show conclusively that such
large differences in the autocorrelation (or equivalently power
spectrum) size can arise•from illumination effects. A model
analysis of these results has not yet been attempted.

Clearly an image reconstruction or better yet an imageretrieval (the difference being whether image phase information

is inferred or actually measured) is much to be desired. We
have only begun to apply image reconstruction methods (Fienup) to
asteroid data and are only in preliminary stages of image phase
retrieval (Knox-Thompson) for photon-limited data.

"The best estimate presently availabe is the average of these
two measures.

Vertical Dia. FLTSATCOMI - 4.9 m (+2,0 m)

No measures have yet been obtained with the recently
implemented six-beam interferometer (full aperture MMT). We
expect that, with open loop control to compensate for temperature
effects, and with discrete event Knox-Thompson phase retrieval
methods we are now in position to make a well calibrated two-
dimensional measurement and, possibly combining Fienup and Knox-
Thompson methods, to produce a diffraction-limited image for such
an object.

7.1.2 Tracking of Intermediate- and Low-Earth Orbit Objects

Several recent improvements to the MMT have enhanced its
performance as a satellite tracking instrument. A new 18 bit D/A
and software to match has been installed for both the AZ and EL
servos. There is no longer a requirement for separate gain set-
tinge for tracking and slewing, thus the glitches formerly in-
duced in changing between tracking and slewing have been elimina-
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ted. Autoguiding software is now operational in the Telescope
Coalignmenat System which allows common mode tracking errors to
be removed by the mount control and differential errors to be
removed by the secondaries. This is particularly important for
maintaining the cophased condition when operating the telescope
as a multiple-aperture interferometer. The present closed-loop
operation of this system at 4Hz removes tracking errors at 1Hz,.

Experiments

1. Pageos was acquired (about 1/2 degree from predicted
position) by manually executing a. "square spiral" search around
the predicted trajectory. No useful observations were obtained.

4:. (i) The accuracy of the Aerospace supplied ephemeris was
limited to 2 decimal places (36") for each point.

(ii) The coordinates were spaced at one minute intervals.

Thus it was extremely difficult to manually apply guiding correc-
tions to keep the object centered in the 5" observing aperture.

Proposed Improvements

(i) The ephemeris must be accurate to 4 decimal places.

(ii) Three or more points per minute are required.

(iii) Such an ephemeris must be supplied in machine readable
format to be transferred to the MMT mount-control floppy
disk.

2. Space Shuttle was observed using coordinates acquired
from Johnson Space Center. These were accurate only to three de-
cimal places (3".6) at 5 second intervals. The object was acqui-
red in the Celestron wide field, and tracked in the 90'° field of
view of the MMT top-box with tracking errors of 10-20". This was
too imprecise to make spectroscopic observations ( the purpose of
that exercise) but it was encouragingly small for such a rapidly
moving object.

Proposed Improvements

(i) A machine-readable, 4 decimal place, 5 second interval
ephemeris is certainly required. On-line generation
"from the orbit elements would be better still.

(ii) The present autoquiding capablilties ( common mode or-
rors to mount - differential mode errors to secondaries)
at 4Hz may make possible small aperture observations of

N such low orbit, rapid movin objects with existing capa-
bilities. Purther fine tuning of the autoguider may be
possible.
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Conclusions and Future tests required

1. Intermediate range objects (such as Pageos) present no
particularly difficult problems with present telescope
capabilities.

(i) improved precision coordinates on a finer time grid in i,•
machine readable form will allow acquisition and track-
ing with muvdratic interpolation will permit manual
guiding in a 5" aperture. Coordinate generation

directly from the orbital elements would be preferred.

(ii) Autoguiding should make such observations of
intermediate range objects routine in a 2" aperture.

2. Low earth objects (such a. Space Shuttle) present more of
a challenge, but appear possible given sufficiently accurate
coordinates and autoguiding capabilities.

a. Autoguiding will be required, even for 5" aperture, but
an improved detector will be required to observe at the
diffraction limit of the MMT in such a large field of,
view.

b. Improved autoguider performance, especially increased ;'

bandwidth (ION%) rapid-guiding, appears to be necessary
for speckle interferomety in a 2" aperture.

c. Further experiments to determine the properties of the
present autoguiding capability are required.

7.2 Astronomical Results .,;

Our principal astronomical programs are studies of
S asteroids, the gaseous envelopes of red o upergiants, the nuclear

regions of Seyfert galaxies, atmospheric phenomena affecting
. diffraction limited imaging, and design of future high-resolution

imaging interferometric systems.

7.2.1 Asteroids

Assuming that an asteroid is a smooth triaxial ellipsoid
rotating about its shortest axis, the asteroid will project onto
the plane of the Earth's sky as an ellipse. At low to moderate
solar phase angles (<450), the illuminated portion of an asteroid
can still be approximated by an ellipse. Ah the body rotates it
presents a time series of ellipses that change in size, shape and
orientation. There is a transformation from this series of
observable ellipses to body parameters that involves six
variables (three size parameters and three angles). .. .

Fc-om these parameters the body axes sizes and direction of
rotational axis, including the sense of rotation, can be found.
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We have obtained observations of more than a dozen resolved
asteroids, and are in the process of reducing the data to
dimensions and pole for each.

As of this report we have the following results:

433 Eros

Axes Diameter (Km) Speckle Interferometry

42.1 + 2.6 RA 3590 +90
15.5± 2.0 DOC +450 -

14.0 + 2.4

Others' Results

37.5 + 1 RA 100 +20
15.6 ± 1 DEC +160
14.9± 1

532 Herculina

Speckle Znterferometry

261 + 14 RA 1200 +60

222 16 DEC -330 --
213 18

Others' Results

220 ------

2 Pallas

Speckle Interferometry

731 + 38 RA 2300 +60
547•+ 74 DEC 00 -
543 :; 18 ."

Others' Results

558 + 8
526 T 12 RA 200 +200 •
532 30 DEC +37 ,

The possibility of a satellite is not confirmed.

The results for Eros may (especially for our pole) be com-
promised somewhat by the Influence of the large solar phase angle
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during our observations (400 and 520), but we feel that the
results are in good agreement with others'.

Our observations of Herculina only yield plausible results
if 4 out of our 8 measurements of the minor axis are ignored. In
other words at certain aspects the short dimension (as measured
in power spectrum space) in much too short. F'rom an extensive
analysis of simulated data we conclude that these effects are
caused by a bright spot on the surface of Herculina, having the
following chaiEa-"Ir -Tcst :

Longitude (measured from the 1600 ,.'
long axis in the
equatorial plane)

Latitude -350

Albedo (relative to non-spot 2.2
surface)

Diameter of spot 350 or 70 km

Lightcurves of Herculina have been obtained at 4
oppositions, in 1954, 1964, 1978 and 1982. All but the 1978
observations showed one maximum and one minimum in 9 hours,
leading to a rotational period of about 18 hours. However, the
1978 observations clearly showed two maxima and minima in 9
hours, the true rotation period. Our results for a bright spot
near the tip of the long axis explain the lightcurves quite well.

All but the 1978 lightcurvea were obtained at southern latitudes
(based on our pole) where the bright spot "filled in" one minimum
leading to only one maximum and one minimum in 9 hours. The
1978 lightcurves were obtained at northern latitudes, when the
spot was mostly invisible throughout the lightcurve.

. No evidence for a satellite larger than - 50 km exists in
the speckle interferometry data. In 1979, we announced that

*~ speckle observation of 2 Pallas could be interpreted as caused by
a large satellite circling Pallas. We have just applied our
ellipsoid model analysis to this same data set, and obtained the

. single body resulta given in the previous table. It is
immediately apparent that neither interpretation can be ruled out
from speckle. However# the binary model predicts a maximum
lightcurve amplitude of .10 mag, the ellipsoid model an amplitude
of .31 mag, and the maximum observed has been .15 mag.
Therefore, lightcurve data favors the binary hypothesis. We have
nearly completed the preparatory reduction of more than a dozen
observations of Pallas obtained over two nights in 1982, which
will hopefully resolve the question (and the satellite if it
exists).

Also in the "pipeline" are 511 Davida for which we have
* completed the computationally intense preparatory reductions
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(converting data to two dimensional power spectra with
atmospheric seeing removed) and 12 Victoria which is in the
preparatory reduction stage. In addition, we have suitable data
awaiting the first preparatory reductions for 10 other asteroids:
I Ceres, 9 Metis, 10 Hygeia, 16 Psyche, 21 Lutetia, 88 Thisbe,
115 Thyra, 145 Adeona, 182 Elsea and 349 Dembowska.

*t*,m S.q•

7.2.2 Red

We have preliminary results from two programs for
observations of red supergiants, the first using conventional
speckle interferometry at the 2.3 and 4 meter telescopes and the
second using speckle spectroscopy at the MMT

7.2.2.1. Conventional Speckle Interferometry

The Steward Observatory intensfied vidoo speckle camera
(Hubbard et &l. 1979, Hege et al. 1980,1982) was used at the KPNO4 meter tae-scope on 2 and" F-Bruary 1981 for observations of
Alpha Orionis. For each of the observing barnd-passes (see Table
7.1, col 1) 10 minute observations of both 9 Oti and ' Ori (for
seeing and instrumental calibration) were recorded on U-matic
video tape. Since in all cases (including the 0.3nm emission- _-

line filters) the speckle images (specklegrams) were sufficiently
bright, analogue data amplitudes were recorded with 15ms
exposures at 7.5Hz. At this shutter frequency the image in-
tensifier afterglow is sufficiently decayed between exposures
that it can be removed by our digital procedures, which subtract
from each video exposure the frame immediately proceeding (the
dark frame).

The Steward Observatory Point 4 minicomputer system with
a Grinnell digital television system was used to record approxi-
mately 600 dark-subtracted video frames, digitized 8-bits deep in
a 128 X 128 raster, yielding a detector image scale of 7.22 --

milliseconds of arc (msa)/pixel, on 9-track tape for both at Or
and t Ori. These digital specklegrams were then Fourier
transformed and converted to power spectra, which were then
coadded to form the average image power spectrum for each object
in each band-pass using the KPNO CDC Cyber-175 computer. These
power spectra were then written on 9-track tape for subsequent
analysis using the Steward mini-computer.

The st rting point of the analysis is the summed power
spectra ( PS) of the individual 15ms epecklegrams. Each 2 PS --
of & Ori at a given wavelength was calibrated by a similar 4 PS
for the nearby point source ?I Ori, the two data sets being taken
as nearly simultaneosly as possible, to ensure similar statistics
for tho seeing.
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Table 7.1

SIZE PARAMETERS FROM C( ORI AUTOCORRELATIONS

Wavelength Diameter Diameter Shell Principal Relative
(Radial) (2-D fit) Radius Asymmetry Shell Inten.

41Onm l0nm 61.7msa 53.8msa 280msa 950 1%
520 10 49.6 48.1 250 110 1
650 2 54.9 47.5 - (Round) <0.3

l 656.3 0.3 54.3 48.1 235 130 3
850 10 46.5 39.9 - (Round) C0.5
854.2 0.3 53.0 41.7 290 110 11

The a Ori ' PS were deconvolved by the following proce-
dure: (i) Each X PS was deconvolved by the appropriate detector
transfer function (DTF)i which was obtained by finding the 7 PS
of a large number of frames uniformly illuminated at low light

* levels (isolated photoelectron events). (ii) The resulting
quotients were debiased by subtracting a constant, determined by
theaverage quotient value at the theoretical telescope aperture
cutoff. (iii) the raw seeing-corrected 6 Orn power spectra were
then obtained by dividing the debiased oL Ori power spectra by

, the similarly debiased calibrating 7t Ori power spectra. This
* .. data reduction procedure is described in more detail in Hege, et

al., (1982). This deconvolution in written as

PS(( ori) - BiasDeconvolved PS - " (7.2)

"As expected, these seeing-corrected power spectra seemed well-
behaved at spatial frequencies less than the aperture limit; but
near this point, they became very noisy because of the low
signal-to-noise in the quotients, and, of course, beyond the
aperture limit they are meaningless. (iv) Finite resolution was
then reintroduced, in a consistent way, by filterin (multi ly-
ing) by a computed aperture function, chosen to gave a high
frequency cut-off about 10% less than the telescope diffraction
limit in order to suppress the high-frequency noise. (v) The
resulting filtered spectra were then cleaned by an iterative
technique which forces the physical constraint that both members
of an autocorrelation-power spectrum pair be non-negative. Cor- ..
rections for certain systematic artifacts, recognized to be
caused by video processing of the data, were also made.

The resulting autocorrelation functions showed several
features suggesting departure from simple radial symmetry, and
from a simple (limb-darkened) round disk. Since image autocorre-
lation functions (or power spectra) have the effect of a)
preserving the original image frequencies (up to the filter cut-
off) but b) scrambling the image frequencies radially (because of
loss of the image phases), it is necessary to use mathematical %%"
models in order to interpret them. Thus we compared the averaged J,
measured radial profile to that computed for a uniform, circular
disk (in which case a diameter can be extracted), and to that for
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some limb-darkened radial profiles (in which case a scale height
can be extracted). We then examined the residuals of the least-
squares fits of the model profiles to the observed profiles in
order to refine the models. In all cases, uniform disk profiles
departed from the observed intensity profiles. However, even at
the diffraction limit of the 4 meter telescope (effectively
filtered to 3.5 meters by the combination of its 3.8 meter pupil
mask and our final noise filter), there are too few pixels within
the stellar limb to constrain even a simple grey-model for limb
darkening in a least-squares sense. Thus we report in Table 7.1
(col 2) radial profile core diameters which are the results of
fitting a uniform disk autocorrelation profile (convolved with
the filter resolution) to the averaged radial profiles. Empiri-
cally these diameter measures were found to be within about 5%
(equivalent to the precision of the measures) of the 2rdiame-
tore for gaussian profiles (c- half width at 1/e)fit to the
same data.

Except for the results at 650nm and 850nmo, the data profiles
fell more slowly than the model profiles at distances greater
than 1-2 core diameters. The shell radii reported in Table 7.1
(col 4) are the radii at which these profiles fell to the noise
level of the measurement background. These excess profile
intensities appear to be particularly significant in the narrow-
band measurements at 656.3nm and 854.2nm, and for the broad-band
measures at 410nm and 520nm. The relative shell intensity (col
6) is a measure of the integrated excess intensity in these
"shells" compared to that modelled in the radially averaged core
profiles.

Analysis of thie full, two-dimensional measurements showed
clear asymmetries, wtich to some extent were shared by all of the
measurements and which also showed individual variations. In
order to characterize the principal asymmetry in a simple way, we
chose a three-parameter fit to the two-dimensional intensity
distribution in which a uniform-disk intensity profile was azimu-
thly scaled in order to extract a major-axis, a minor-axis, and
a major-axis position angle. That postion angle is given as the
position angle of principal asymmetry in Table 7.1 (col 5) and
the mean diameter (a+b)/2 is given as the 2-D fit core diameter
(col 3). These core diameters are consistently smaller than
those extracted from the averaged radial profiles, a result which
emphasizes the model-dependent nature of the results of such
model parameterizations. The principal asymmetry, which appears
to be shared by all of the data sets parameterized this way, is a
preference for a SE-NW position angle near 1100 (modluo 1800,
range 950 to 1300).

There appear to be signiificant departures from this general
tendency which we characterize in Table 7.2 by listing the
position angles of the intensity maxima of thi measured auto-
correlation intensity profiles taken at constant radius.
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Table 7.2

POSITION ANGLES OF ASYMMETRIES AS A FUNCTION OF RADIUS
(All angles are mod 1800)

Radius
Wavelength 18msa 36msa 54msa 72msa I0Smia 144mma 18moa

410nm 1100 1100 .0 _0o .o .0o

52 110k0 110 813 -0650 0 0 10" i, .- i /.

656.3 90 100 120 115 880130 ,125 85,120
.850 40 40 40 j130..." ""

S54.2 90 110 110 110 110 10 75

* Reported in Goldberg et al. (1981) as 280.

- Too noisy to measure at-Mm radius.
Two maxima in the circular profile.

From these morphological interpretations, we infer the
existence of a resolved core, corresponding to the photosphere of

K Ori, and also an extended low-intensity asymmetric structure
which we refer to as a "shell". The shell is most prominent in
the emission-line autocorrelations at 656.3nm and 854.2nm. The
effect of the Fourier noise fWlter is agaumed to follow the
approximate convolution rule d Mode d Cne + d pilt r The
uncertainty in both core estima ems (Table 7. ols 2 an% 3) is
about 2.Omsa (2'). This represents the systematic variation
obtained by changing the bias corrections for both the object and
the calibration power spectra, as well as the noise-filter cutoff
frequency, within reasonable limits.

We note that the values of the 2-D fit core diameters for
the group 410nm-656.3nm are all approximately 50msa, whereas
dcor for 850nm-854.2nm Is about 40msa. We believe this result
is sagnificant, and it seems to corroborate earlier measurements
by We1ter and Worden (1980).

All of these measures (both Tables 7.1 and 7.2) were taken
from the final, reduced autocorrelation functions, and the two-
dimensional measures in Table I were restricted to the central
70msa. Only for the narrow-band measures at 656.3 and 854.2nm
is there unambiguous evidence in the two-dimensional analysis for
structure beyond about 120msa. It is only in the averaged radial
profiles that we see what appears to be evidence for even larger
(to about 25msa) extensions. The evidence for the larger scale
structure should be considered only suggestive as there is
considerable uncertainty in the low frequency calibrations
"(seeing corrections) provided by the VOri deconvolutions. These
calibration uncertainties also contribute to a large uncertainty
in the actual values of the integrated shell intensties given in
Table 7.1; however, we expect that the enhanced intensity of the
shell observed in H and CaII, as well as the similar extensions
with lesser intens'qty in the broader bands and 410 and 52rmm
which span many spectral 'Ceatures, is real.
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A method for reconstructing 2-D image phase information from
image autocorrelation functions developed by Fienup (1978,1980)
was used to produce the images shown in Figure 7.3 for the
656.3nm and 854.2nm measurements. We believe that the finer
details of these maps may not be si_9nificant, but that the over-
all morphology (except for a 1801 orientation ambiguity) is
probably correct. Thus we see that the inner 50msa core (highest
brightness contour) is quite round and that the principle asym-
metry at about 110-2900 is shared by both. They both show
evidence for distortion at approximately 15-2050, consistent with , .•'

that previously reported for a measurement at 650nm in Goldberg
et al. (1981), at a smaller radius. Because of the relatively
T•ow'esolution of these measures, it is difficult to assert
whether such distortions of the intensity contours a'•'e caused by
a surface feature near the limb (as asserted in Goldberg et al.)
or by a chromospheric feature near the surface.

The preliminary results reported by Goldberg et al. (1981)
are reassuringly similar to those report-Rd here. The-2r Nov 1980
data, acquired in the "photon event" mode at 656.3nm show, in
common with the present data set, evidence for an intermediate
range (1-3 core radii) extension at about 1100 and for a smaller
one (about 1 core radius) at about 200. In the present data set,
the largest scale extensions, seen unambiguously in the H and
Call only, appear to be at about 800 (at 2-5 core radii, beyond
the radii tabulated in Table 7.2). The earlier data has poorer
reso3ution, having been taken at the Steward 2.3m telescope, but
the two data sets yield the same physical sizes for the
extensions. Thus the sizes of the resolved features measured do
not depend on the system resolution. It is doubly reassuring
that data acquired in two very different modes (photon event vs
analog) show the same overall features.

AL__

Figure 7.3 Reconstructed (Fienup) images for Alpha Orionis. Left
- 656.3 nm. Right 854.2 nm.
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The 24 Nov 1980 da-ta can be compared well with data taken at
nearly the same time by Roddier (1983). Figure 7.4 presents two
power spectra. Spectrum (a) is from data taken by us at the 2.3m
telescope, and (b) was prepared by Roddier from data acquired by
means of his shearing interferometer about a week earlier at the
3.8m CFH telescope. The two power spectra are strikingly similar,
giving yet a third cross check on our measurements.

L.
Figure 7.4 Alpha Orionis power spectra. Left our result. Right

- Roddier (1983).

Thus we see that the results of our speckle observations
pass some crucial tests: The measurements give values for- sizes
and orientations that do not depend much on resolution or on
acquisition mode, and totally different observing systems yield
results that are quite similar.

7.2.2.2 speckle Spectroscopy

Low resolution speckle spectroscopic observations of Gamma
Cassiopeiae, Alpha and Beta Ceti, Rho Persei and Alpha and 119
Tauri were carried out at the MMT on the night of 6 Dec 82 using
the speckle spectrograph configuration described above. The 20,^m1
alit was chosen so that the seeing distribution is sampled over a
scale width corresponding approximately to the width of the
single mirror speckles, and the slit was oriented perpendicular
to the interferometer fringes. The slit was then imaged through
the zero mean deviation prism onto the photocathode of the
Steward Observatory intenhified video speckle camera (Hege, et
al., 1980) using the 45x microscope. The analogue video data was4
recorded on 3/4inch video cassettes. Later in the laboratory the 0
taped video data was digitized 8-bits deep, 128 pixels per line
and stored as 240 line frames on 9-track digital mnagnetic tape.
The Fourier transform and square modulus of each line of each of
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3600 frames of digitized data was computed and the transformed
data was coadded line by line and frame by frame. The result for
each observation is a 64 pixel per l i ne by 240 line spectral
density array.

The MMT speckle spectrograms for an unresolved source are ,
characterized by a low frequency domain, corresponding to single
mirror speckles and by a high frequency domain characterized by
fringes corresponding to the two-mirror baseline which, as
expected, curve to higher frequencies with decreasing wavelength.
A typical line of the spectral density distribution is shown in
Figure 7.5. These one-dimensional spectral densities for each
wavelength interval result from a convolution of the atmospheric
"seeing" and the telescope optical transfer function with the
object in the direction perpendicular to the slit at the
wavelength corresponding to that line. Each line also includes
an additive noise bias corresponding to the mean number of
photons detected per frame and multiplied by the detector
transfer function corresponding to the point spread function for
photon detection.

The power spectral density PS(u,# ) can be written as

PS(ua ) - {<O(uk )I 2 IA(u,A )I2 +n(k ))<ID(u,; )12> (7.3)

where

Io(u,) I 2 - square modulus of the FT of the object
intensity function at wavelength

[A(uk)12 -square modulus of the FT of the atmospheric

optical transfer function convolved with
the telescope optical transfer function

-MIAt(uA~)l2 IT&(u,i )12 (7.4)

n(') - average number of photons detected per frame

> - time average, i.e. average over many frames

as discussed in Hags, et al. (1982a).

If we had a perfect detector, photo s would be detected as
delta functions thus making 41D(u, ;) I • a spatially constant
term. Perfect detectors do not exist, however, and photons are
detected as splotches of small but finite size. Thus the FT of
the detected photon spots appears in the PS as a nearly gaussian
curve (se& Figure 7.5).

Since the telescope modulation transfer function IT(u,))12

has a finite cutoff frequency u (') determined by the maximum
baseline in the aperture, for e uenciee greater the uc(A) qe
measured spectral density PS(u, ;uu,(;k)) - n(?) cJ)(u)l >
contain only information about n( )j, the number of photons, and
OID(u)I % the detector transfer function. This is true at any
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other frequencies for which T(u,A) - 0 such as the intermediate
frequencies not transmitted by the two-mirror MMT interferometer
aperture. If the detector plans is sufficiently over-sampled#
i.e. itf there are sufficiently more than 2 pixels per diffraction
limited resolution element, then a gaussian curve fit to
PS(u,,u),uc) providoesa n estimate G(u, ) of n( c) IID(u)I .asa
shown by the broken-line curve in Figure 7.5. Thus# we form the
debiased estimate

telll-
,rrrrrrrrrrr~rf~19Tr~rT1~TM T *r

I,, I Li LA'. .. ..

p ~Ju

%: where 41M,(UIA )12) ~- - ------------ (76

S.,,, .i.±I....2hL .. ,.,*,I*.a.** *., Ii IJl~.
U'I Ii I II 'II II SII, ,

'* IplIIUIwc,

it tgure 7.5. Average poaer spectral density along a typical

ditibto andckhe tapsoke and rentectr transfe functiponse .

unrso l stmirror pair. u s rt .

,P(EO, )- . ....

10u 12 ~~ n(A ---- (7.5)

<l,* (u , ) 124 * I(u,;A )I2"

where <I'(u,• )12  (.-9• .n( ;%) ID(U)I 2 (7)

•" •Lwth the reasoriable assumption that the ob:ject intensity ,.''
++.•" distribution and t~he telescope and detector transfer functions " ':., .

are not (significantly) time"4.4p,!ndent. '..

The reduced modulation transfer function <lN'(u, ,)1 2 ) is"•":. ,
"* estimated by similarly reducing a set of observations of n .-.

".. ~unresolvable star acquired under similar circumstances. The " ',.,+,
.* deconvolved osbject visibility (squared) is then estimated by..".,.

: Io(u, • )12 -n(~ {P80) (7.)71( '." -"

::+ (Ps ,(u, ;I )/G ,(u,,;! 1) - 1 .'-,
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where the subscripts o and * refer to measurements of the object
and an unresolved star respectively. The factor n'(;L) -
n*( k)/no(;X) is not determined by this method, but this is only
a scaling factor which does not affect the size determination,
as it is the ratio of the two wavelength spectra. Par icularly,
it does not affect the value of u at which 1O(uo )I becomes
zero for a resolved object.

VA&,°,

Figure 7.6 Gamma Cas. Debiased one-dimensional power spectra as
a function of wavelength.

Figure 7.7 Speckle Spectroscopy of 04 Tau. The star is resolved
at a mean diameter of 22 mra. There is evidence for
a larger diameter (about 24 msa) at the 616 nm TiO
band.
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The debiaqed estimates for ?. Tau, and for the unresolvable
star f Cas aro shown in Figure 7.6 and the quotient representing
the (squared) visibility estimate for V Tau for frequencies
sampled by the/ MNT interferometer is shown in Figure 7.7.

7.2.3 Seyferk Nuclei

The onlk significant result from our active galactic nuclei
project is a& continuum measurement at 550 nm for NGC 1068 showing
it to be unkesolved at the 2.3 m telescope (upper bound 15roma).
The N-S anj E-W autocorrelation profiles are shown superimposed

* in f igure' 7.8. The artifacts at small radii are due to
• difficulty, s with the photon PSF (noise bias) calibration, again

", evidence/for our need for better event-detecting systems and
methods.,,'

.125 *

N

t s

too i 15 It I 15 1 ;ý I; 1• 30 135 140 l 1 4 ti, 11i

Figure 7.8 Central region of NGC 1068 autocorrelation (seeing
corrected) - unresolved at 550 nm, 0".0092/pixel.

7.2.4 lsoplanicity Studies and Seeing Phenomena

Two aspects of the seeing problem are currently under
investigation. The first, primarily the work of Christou (1983),
concerns the efFects of intrinsic atmospheric phenomena on the
speckle imaging process. The second, Woolf and Ultch (1983b),
concerns the effects of site, and especially winds, on the
general image quality.
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7.2.4.1 Isoplanicity Measurements .1
A study of the effect of non-isoplaniticity upon speckle

interferometric data is being carried out as part of a doctoral
dissertation. This non-isoplanaticity affects the instantaneous
Point Spread Function (P.S.F.) of the telescope/atmosphere
combination as a function of position in the object plane. For
example, the two components of a close binary star can have
different P.S.F.'s associated with them. In the speckle process,
i.e. time averaged power spectra, the effect of the differing
P.S.F.'s is to reduce the fringe modulation in the power spectrum
of the binary star. Thus the computed intensity ratio of the two
components is increased over its actual value unless non-
isoplanatism is taken into account.

For any wide-field imaging problem non-isoplanaticity is an
important consideration. One of the aims of this project is to
determine, in a quantitative manner, the limitations upon
interpretation of reduced speckle data (power spectra) due to
non-isplanatic effects. These quantitative measurements take the
form of time averaged cross spectra between the instantaneous
speckle patterns of the components of binary systems of differing
separations. The relationship of the cross spectra to the Fried
seeing parameter, ro, is to be investigated and ro is determined
from the actual specklegrams. An offshoot of these measurements
of ro is to be able to bin the specklegrams so that
deconvolutions between program object power spectra and point
source power spectra are performed for similar seeing conditions
in order to improve the precision with which visibility functions
may be calibrated.

This analysis also enables statistical measurements of the
seeing variations to be made for a given data set. Such
measurements could then lead to possible wind driven models and
therefore provide atmospheric information. Because of this a
number of sites and telescope aperture sizes and geometries are
being used for the data acquisition.

7.2.4.2 Seei~ Phenomena

Most large telescope science output is critically dependent
on the degree of blurring of the image. Two pernicious effects
are liable to blur a telescope image beyond the limits set by the
instruments optical quality. Many astronomers still believe that
most "seeing" is caused outside the telescope facility, and that
telescope "sailing" can be prevented by the use of windscreens.
It is our thesis that most seeing for most large telescopes is
self-induced, and is in part caused by an attempt to shield them
from the wind.

The route to this conclusion is painful, since many millions
of dollars have been poured into giant telescopes which produce
mediocre images. It is likely we would still be building
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telescopes with poor images but for the novel character of the
MMT. Aided by good luck, and driven by a shortage of funds, the
design of the MMT facility allowed a reduction of facility seeing
below the level of that produced by the remainder of the
atmosphere. This then revealed that other lage telescopes were
not routinely reaching the limits permitted by the atmosphere.

This surprising result has still not been used to full
* advantage. At this time, the MMT primary mirrors still have an

inadequate figure that was meant to match the average seeing
anticipated (1-2"). Nontheless, it has been possible to explore
the reduction of facility induced seeing, and to confirm that a
necessary part of the strategy is to expose the telescope to the
wind.

The MMT is very rigid, and winds at Mt. Hopkins are low, but
despite this the vibration of the MMT is just marginally
permissible. Scaling this result to larger sizes suggests that
wind vibration will be a major problem with giant lightweight
telescopes, and a major task of both telescope design and site
selection is to keep sharp images from being lost and "Gone With
The Wind".

20000

14000: Free Atmosphere

400 0.5 0vs8 T
300 .
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5 10 20 30 40506070 80 90 95

% of Time r0 ' Is Less than Given Value

Figure 7.9 Free atmosphere seeing compared to actual seeing at
the MMT.

Overall site performance may be expressed as a single figure
by Fried's parameter <ro >, at a standard wavelength such as 500
nm, which is a measure of the reciprocal of the image area (Woolf
1982). The seeing of the free atmosphere has been measured by
balloon soundings (Barletti et al. 1976), and is plotted in
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Figure 7.9. Beckers (1982c) has observed the instantaneous FWHM
at the MMT on 91 nights, and has published his observed
distribution function. In Figure 7.9 we have plotted the
distribution function for his results by converting the FWHM to
ro with the relation 0 *"0.995 • / ro, appropriate to a seeing
image. Also shown in Figure 7.9 are the results corrected for
the interferometrically measured optical imperfection of the
telescope (Beckers and Williams, 1982d). From the figure, the
MMT seeing measured by image area is about 30% poorer than the
free atmosphere alone, and the seeing is better that 1" some 85%
of the time. It is possible for instantaneous images to be faL
better that average, and indeed from the 2.3 m telescope we have
recorded an instantaneous image of Arcturus with a 0".2 FWHMj
when the mean value of ro was 12 cm. Fortunately, there are some,
other types of seeing measure that check and confirm these ."
results.

Forbes and Woolf (1983) show that image motion can be used
to measure seeing, even for giant telescopes. They published one
such measure of MMT seeing. Woolf, McCarthy and Angel (1982)
have published a further five such measures. Unfortunately, one
measure was taken on a night when the telescope was opened at
midnight with a 40 C temperature difference from inside to
outside, and with appropriately awful seeing. Por the other five
nights with good measures, the computed values of ro are
consistent with the results in Figure. 7.9. From the Backers
data, the mean value of 4r0 i is 320 cm whereas from the image *6 Md

4

motion the value is 350 cm . The corresponding value for the
free atmosphere is about 500 cm2 .

Details of this study are published as Woolf and Ulich
(1983b).

7.2.5 Interferometer Design Studies

In an effort related to this project, Woolf and his
collaborators have been studying designs for high resolution,
interferometric imaging systems, including both ground based and
deployable configurations.

7.2.5.1 The Versatile Array

The surge of interesting observational results encourages
the design of higher resolution and sensitivity imaging systems
The very large change in quality of interferometric data, with
modest changes in observing conditions, suggests that _
interferometry makes a poor sole justifier for a giant facility
at optical and IR wavelengths. An optimum facility would exploit
extraordinary conditions for interferometry and yet facilitate
high interest conventional work when conditions are more
ordinary.

A stiidy of the optimum use of collecting area in a visible
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or IR interferometer shows that greatest tiensitivity is obtained
by dividing the area into two equal apert ires, and moving one so
as to sequentially explore the U-V piane. For a practical
interferometer, there is a benefit from reducing the types of
motion needed for a large aperture, and in keeping the moved
apertures to manageable dimensions. We have chosen to balance
these needs by considering an array of four 8m mirrors, in which
the exploration of the U-V plane is done by an azimuth motion of
the array, coupled with the diurnal apparent motion of the sky.

The concept welds together four main ideas. Pirst, due to
Low (1980), in the idea that a linear array which point. at right K..
angles to the array line, and which rotates on a track for
azimuth pointing is a very convenient form of interferometer.
Second is an idea from Traub and Gursky (1980) that an optimum.
form for a small number of telescopes in a line is as a non-
degenerate array. Third, originating with the 200-inch
telescope, and picked up by Angel (1983), is the idea that
lightweighted castings of borosilicate glass make good
"inexpensive telescope mirrors. Indeed, though we now know how to
get them into better thermal equilibrium with the air and
themselves, the performance of the 200-inch is itself the
clearest indication that this is a good route. Fourth, arising
from Backers' and Hege's work (see section 3) with the MMT, is
the realization that an MMT-like focus can, by careful choice of
geometry, be operated as a phased focus over the field width for
which the atmosphere allows isoplanatiem.

Figure 7.10 shows an optical scheme for a Versatile Array,
when used in non-degenerate array form. Details of this concept
have been published by Woolf, et al. (1983a). In the non-
degenerate configuration, the centr to center separation of the
outside mirrors is 72 m. If one of the mirrors is brought to the
other side of center, this separation is increased to 108 m, and
is therefore useful for obtaining the highest possible
resolution. However, such observations would leave a gap in the
"U-V plane. The third configuration is to use the system as three
"separate telescopes (non-interferometrically).

Figure 7.11 shows the MTF for the array at 2.2 microns, in
the direction of highest resolution. At right angles to this '
direction the pattern in like that of a single 8 m disk. The
resolution in the pattern is somewhat poorer than if the two
outer mirrors were used alone as an interferometer. The two-
mirror 108 m spaced mirrors gives better resolution.

Because the diffraction pattern of the array only produces
high angular resolution in one direction, reconstruction of a
picture requires combined use of the apparent diurnal rotation of
the sky, and the rotation of the array. Observations in a least
14 different position angles are needed to specify the U-V plane.
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Figure 7.11 MTF for the Versatile Array at 2.2 urn.

The use of a system like the Versatile Array for high
angular resolution mapping would need the systematic errors of
individual visibility measures to be brought down to a level
where they do not dominate picture noise. This level is about
I%, and is far better than has been accomplished with speckle to
date. In order to achieve this precision, a systematic measure
of seein correct to about 0.5% is required. Lena (1982) has
suggested that visible seeing should be monitored during IR
speckle measures. Since the instantaneous wavefront disturbances

* are unlikely to match the Kolmogorov spectrum of the average,
"this may be inadequate for most telescopes. For the Versatile
Array it is definitely incorrect. When adaptive optics is used
on the separate Sm telescopes, the long wavelength wavefront
corrugations are substantially smoothed, but the short wavelength
corrugations remain. Thus the visible and IR seeing become
"decoupled. It is recommended that monitoring the seeing should
be performed at the same wavelength as the speckle observations.
Indeed, there is a possibility that a variant of the Welter and
Worden (1978) method in con unction with frsun reference to a-
nearby star may be the biet method of-crrecting for seeing.

In addition to seeing modifying the speckle transfer
function, it in also modified by the exposure time, if that
becomes comparable with, or longer than, the speckle change time.
This effect can inject random differences in transfer function
between the reference star and the object. The use of TV frame

i•7 ~.. -...
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rates for visible speckle observations may be one reason why
visible region speckle results tend (consistently) to be less
precise than IR measures (especially at high spatial
frequencies). This again emphasizes the need for a discrete
event photon-detecting system such as that of Papaliolios and
Mertz (1982, of section 4.2.2) or other advanced t.chnology
scheme such as the MCPSICHRON (Firmani et al., 1983). 1"*

7.2.5.2 Deployable Configurations *.--

Experience with the MMT and with radio telescopes seems to
show that there is a relatively easy approach to aligning and to
phasing mul-tiple optics telescopes by means of astronomical
sources, using astronomical observing equipment. After extensive
review of the existing and proposed methods for coaligning and
cophasing not only the MNT but a wide range of existing and
proposed telescope configurations, from optical to radio ,
wavelengths, Woolf and Ulich (1983b) and Meinel, Meinel and Woolf
(1983) conclude that large deployable arrays, with panel geometry
sco.•le set by the si•e of the Space Shuttle instrument bay, are
feasible.

It is beyond the scope of the present work to review these
papers here.

'O: 4 ,'
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10. LIST OF PUBLICATIONS

* In this section we list the titles, authors, publications
and abstracts of work partially supported by and directly
relating te this AFGL contract work.

A REAL-TIME PHOTOELECTRON EVENT-DETECTING VIDEO SYSTEM

R.H. Macklin, E.K. Nega and P.A. Strittmatter
SPIE Proceedings 359, 135 (1982)

We describe a system for localization of photoelectron
events utilizing an intensified Plumbicon camera and a Grinnell
video digitizer. The Grinnell digitizer, arithmetic unit and
memory are used to produce a real-time video difference between
current pixel value and previous pixel value thereby suppressing
multiple detection of the same event. A master clock provides ,,.
synchronization with the camera in operation at 60Hz in 240

Y: lines/field, repeat field mode. Our event-localization scheme
provides double-buffered line-address and event-amplitude for up
to 32 events along a 512 pixel video line. A software algorithm
allows localization of multiple detections of the same event, and
provides a unique address interpolated with 1/2 line resolution '

by the host minicomputer in a 480 x 512 format.

COMBINING THE SIX MMT BEAMS COHERENTLY WITH MINIMUM EFFORT

J.M. Beckers and E.K. Hoge
MMTO Technical Memorandum 82-10 (1982)

A coherent, phased focus can be achieved with tilted focal
planes if the tilt angle is chosen so that the internal phase
differences exactly com ensate the external ?has* differences.
This amounts to a slight change in configuration such that the
beams are brought together at f/8.39 rather than the present f/9.

THE USE OF THE MULTIPLE MIRROR TELESCOPE AS A PHASED ARRAY

J.M. Backers, E.K. Hoge, N.J. Low, D.W. McCarthy, and P.A.
Strittmatter
SPIE Proceedings 440, 136 (1983)

We summarize the experiments which have used the Multiple
Mirror Telescope (MMT) sub-apertures as a phased array in the
optical, infrared, and sub-millimeter spectrum regions. Those
experiments exploit the unique, very high angular resolution of
the MMT being equivalent to that of a conventional telescope
686cm in diameter. The operation of the MMT as a phased array is
not only important for obtaining high angular resolution, but .

also for obtaining the higher detection sensitivity which results
from the better discrimination against the sky emission
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background for infrared diffraction limited images. We describe
future plans to make the MMT into a phased telescope.

OPTICAL INTERFEROMETRY WITH THE MMT

V. J6M. Seckers and E*K• Hege
4*' SPIE Proceedings 444, 85 (1983)

By adjustment of the optical pathlengths of the MMT
telescopes, it is possible to make the MMT into a phased array
with a 686cm baseline. We will describe experiments in speckle
interferometry and spectroscopy which have been done this way
unsing 2 and 3 of the MMT telescopes. We will describe planned
adjustments of the optical configuration of the MMT to achieve
coherent operation over a large field of view with all six
"telescopes phased simultaeounly.

THE DIFFERENTIAL SPECKLE INTERFEROMETER

J.M. Deckers# E.K. Hege and H.P. Murphy
SPIE Proceedings 445 462 (1983)

"We describe a new technique called "Differential Speckle
Interterometry" (DSI) which uses simultaneous narrow band images
of astronomical objects to study their structure. Simultaneous
specklegrams of red supergiant and giant stars taken in the
hydrogen lines and in the nearby continuum allow us to
reconstruct the image of the extended chromospheres of these
stars at resolutions of 100 nanoradians and better. We describe
the instrumentation, analysis techniques, and results related to
DSI.

HIGH-SPEED DIGITIAL SIGNAL PROCESSING FOR SPECKLE INTERFEROMETRY

E.K. Hege, W.J. Cocke, P.A. Strittmatter, S.P. Worden and W.C.
Booth
SPIE Proceedings 445, 469 (1983)

Speckle Interferometry has now been shown capable of yielding
diffraction limited information on objects as faint as visual

. magnitude 16. Research in progress at Steward Observatory is
aimed at improving (a) the resolution, (by using the Multiple
Mirror Telescope with its 6.9 meter baseline), (b) the accuracy

" of the derived results (by implementing better recording devices
and reduction algorithms), and (c) the efficiency and speed with
which the information can be provided (by means of high-speed
digital signal-procesasing hardware),
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CAUCHY'S INEQUALITY IN IMAGE RECONSTRUCTAXON AND POWER SPECTRUM
ANALYSIS

W. 0. Cocke
Optics Lett. (Submitted) (1983)

Cauchy's inequality is applied to image reconstruction and
* ~power ispectrurn analysis in the case where the image or

autocorrelation in question is assumed to be non-negative. The
inequall.ty is a restriction on the Fourier transform and is shown

* to be a useful diagnostic in phaseless multidimensional image
reconst'ruction and power spectrum analysis.

RESEARCH AT THE UNIVERSITY OF ARIZONA IN LARGE OPTIC FABRICATION
ANZ TH VHAMG AN TREKYWG- O-tEXffr TUM- Ts~ Zr

J.R.P. Angel, E.K. Hege, P.A. Strittmatter, and R. Parks
A Report Prepared for the Defense Technologies Study Team (1983)

The University of Arizona has a strong and practical
intereast in large and multi-element optical systems. Our
multiple-mirror telescope, shared with the Smithsonian
Astrophysical Observatory, is the first large scale realization
of such a device, with six l.Bm mirrors operated together
coher:ently or as an interferometer. The success of this
instr.ment has atimlated our development of technology for much
larger successors. While our motivalon is to make large
teleescopes for astronomy, the research and technology we are
developing is highly relevant to problems of surveillance,
acquisition and tracking, and to directed energy.

0, 
,

FRINGE CONTRAST MEASUREMENTS FOR TELESCOPE PHASING

S.B. Shaklan, E.K. Hege and J.M. Beckers
MMTO Technical Memorandum 83-15 (1983)

We demonstrate here the capability of measuring the contrast
and position of interferometric fringes produced by two phased
mirrors of the MMT. The goal of this experiment was to give a
prEliminary indication of whether or not an automatic mirror

"*• phasing system using one of the MMT Point-4 computers would be
feasible. We conclude that 10 seconds is sufficient time for
phasing a given pair of mirrors (hence, about 1 minute to phase
the entire telescope) using stars up to 6th magnitude given a .-

mcdest hardware FFT device.

117 '"

,•-"-"'•+-•:'•."." " ' "*',"•" ,':'•,"" "... "•'-'':" -::" : :"." " ":".;++.'•.:•.'..".:'.'.'".' ". "'..'N e.'4"; .':","•'.'.':".,'•;:•



SPECKLE INTERFEROMETRY OF ASTEROIDS. I. 433 EROS

J.D. Drummond, W.J. Cokce, E.K. Hege, P.A. Strittmatter and J.V.
Lambert
Icarus (Submitted) (1984)

We derive analytic expressions for the semimajor and
semiminor axes and an orientation angle of the ellipse projected
by a triaxial ellipsoid (an asteroid) and of the ellipse segment
cast by a terminator across the ellipsoid as functions of the
dimensions and pole of the body and the asterocenteric position
of the Earth and Sun, Applying these formulae to observations of
the Earth-approaching asteroid 433 Eros obtained with the speckle
interferometry system of Steward Observatory on December 17,18
1981 and January 17,18 1982, we derived the following dimensions:
(42 + 2.6 ki) x (15.5 + 2.0 km) x (14.0 + 2.4 kmn). We find Eros'"nortl pole to lie within of RA(cliptMi -°of 3510p Doc - +450°elpi

longitude 210, latitude +410). Other than knowing the rotation
period of Eros, these results are completely independent of any
other data, and in the main confirm the results obtained in the
1974-75 apparition by other methods. Our dimensions, together
with a lightcurve from December 18, 1981, lead to a geometric
albedo of 0.14 + .02. We include a series of two-dimensional
power spectra and autocorrelation functions for the resolved
asteroid that clearly shows it spinning in space.

GONE WITH THE WIND, OR SAILING AND SEEING WITH A GIANT TELEBCOPE

N.J. Woolf and B.L. Ulich
ESO Workshop on Site Selection for Very Large Telescopes (1983)

Both anecdotal and quantita'ive information on seeing and
wind shake at the MMT are used to discuss the problem of site
aelection for a giant telescope. An adequately isolated mountain
peak is defined, and such peaks are not rare. It is shown that
at such a peak, the site contribution to seeing will, in general,
be much less than the contribution of the remainder of the
atmosphere. In contrast, the typical seeing at a large
observatory is tisually dominated by the contribution of the
facility. Because seeing is mainly a problem of facility design,
site selection criteria can strongly weight the major problem of
wind shake. Wind oscillatory torques are a major problem for a
facility designed for excellent seeing. These torques increase
with the square of wind speed. It is not yet clear how the
responsibility for these torques should be apportioned between
the site and the facility. Extreme care in all relevant factors,
but particularly in site selection, will be needed to ensure tnat
excellent telescope images are not spoiled by wind shake.
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THE VERSATILE ARRAY

N.J. Woolf, J.R.P. Angel and D.W. McCarthy
SPIE Proceedings 444, 78 (1983)

We discuss a four element non-degenerate array telescope-
interferometer for ground use. The elements are 8 meter mirrors,
and the maximum array spacing and two element spacing are 75m and
108m respectively. The array may be used as three separate
telescopes, one 11.3m and two Sm for work not requiring highest
angular resolution. We discuss the problems of making speckle
measures to high enough precision for synthetic images to be
produced. We conclude by showing that the high resolution
presents opportunities to make types of observations that are
neither possible with VLBA nor NNTT.

ALIGNMENT AND PHASING OF DEPLOYABLE TELESCOPES

N.J. Woolf and B.L. Ulich
SPIE Proceedings 383, 11 (1983)

We describe the experiences in coaligning and phasing the
MMT, together with studies in setting up radio telescopes. We
discuss these experiences and on the basis of them, we suggest
schemes for coaligning and phasing four large future telescopes
with complex primary mirror systems. These telescopes are MT2, a
"15m equivalent MMT, The University of California Ten Meter
Telescope, the 10m sub-mm wave telescope of the University of
Arizona and the Max Planck Institute for Radioastronomy, and the
Large Deployable Reflector, a future apace telescope for far IR
and sub-mm waves.

DEPLOYABLE REFLECTOR CONFIGURATIONS

A.B. Meinel, M.P. Meinel and N.J. Woolf
SPIE Proceedings 383o 2 (1983)

We discuss both the theoretical reasons for considering a
non-circular format for the Large Deployable Reflector, and a
potentially realizable concept for such a device. The optimum
systems for diffraction limited telescopes with incoherent
detection have either a single filled aperture, or two such
apertures as an interferometer to systhesize a larger aperture.
For a single aperture of limited area, a reflector in the form of
a slot can be used to give increased angular resolution. We show
how a 20 x 8 meter telescope can be configured to fit the space
shuttle bay, and deployed with relatively simple operations. We
discuss the relationship between the sunshield design and the
inclination of the orbit. We conclude by discussing the possible

* IJSue of the LDR as a basic module to permit the construction of
supergiarnt apace telescopes and interferometers both for IR/submm
studies and for the entire untraviolet through mm wave spectral
region.
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