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Table 2. Filters Used in DSC

A (nm) K[I -Al(nm7 FWHM (nm) Peak Note
- Transmission
MICA:
589.0(Dy) 0.053 0.037 28%
l 656.3(Ha) 0.38 0.045 24%
: 656. 3(Ha) 0.02 0.12 74%
656. 3(Ha) 0.09 0.09 >65% on order
656.3(Ha)é— 0.55« 0.12+ 78%+
K 656.3(Ha) 0.80 0.16 78%
. 854.2(Ca") 0.5 0.09 >65% on order
BLOCKER:
. 587.5 (He D3) N/A 1.47 82%
589.0(D3) N/A 1.38 66%
656. 3 (Ha) N/A 1.26 70%
854.2(Ca*) N/A 1.3 >60% on order

BRI e el L S AP TRy
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Figure 2. Double image formed by DSC using Wol laston prism beamspl

(e)

(d)

brighter image is taken in the continuum 0.55 nm to the re
line in a TAU. The left image is taken at the center of t

A rotating Half-Wave Plate driven by a computer controlled stepper mOotor 1in increments
of 22.5° or 45°. when located in front of the mica filter it makes the DSC a full-
fledged linear polarimeter if rotated at 22.5°. When located be’uee- the mica filter
and Wollaston prism and rotated at 45° steps it swaps the wavelengths of the two
images, a feature that is used for the stellar rotation and spectroscopic binary

studies.

In speckle spectroscopy the entrance aperture is replaced by a 5 um or 10 um wide slait
(about equal to the speckle size) and the optics bay contains a GRISM (Carpenters

» 3 ref "1 r mad £ v | A © - | ™ re £
Prism) or a zero deviation refractive disperser made of BK7 and ¥4 glass. The part of
the speckle image intersected by the narrow slit is therefore spectrally dissected and
recorded by the detector. Figure 3 shows a low dispersion speckle s,e;trOﬂ:ar taken
with two opposite phased MMT telescopes. The baseline between the two tel lescopes ::rs

parallel to the spectrograph slit so that the interference fringes are at ri ght angles
to the slit. The spectral behavior of both speckles and interference fringes are
clearly shown. Both speckles and fringes separate linearly as a function of wave-

length as they should, being interference phenomena. Table 3 lists the four spec"ur
dispersers now available for the DSC. Again, as with all DSC optics, they are modular
so that they can be interchanged among themselves within a minute. In addition they
can be replaced by the filter setup in a similar time. By using the rotating (22.5°

steps) half waveplate and the Wollaston prism, the speckle spectroscopy can be combined
with polarimetry, a feature which is of interest for certain stellar observations where
polarization in lines is known to exist.




o —

Figure 3. Speckle spectrogram taken with two phased MMT telescopes (separation = 5 meters.s

haxe;e:;;n rans from 450 nm on top to 850 nm on the bottom. The fringes are
caused by the interference betwee the two telescopes. The larger scale inhomo-
geneities are due to the intersection of the combined speckle pa::e:ns of the %
two telescopes. -

Table 3. Spectrum Dispersers Usec in DSC
vpe wWavelencth Range (nm) Spectrum Resolution (5 um siit; 5/ 2
Prism 430 - 860 ~ 4nm %
Grism 470 - 535 0.6 nm
Grism 580 - 605 0.25 nm
Grism B25 - 885 0.6 nm

Observations using differential speckle interferometry have produced images of late
supergiant and giant Ha envelopes and measures of the spectroscopic binary o VIR and of the
rﬁta’;on of y CYG. These observations, obtained at different telescopes with a variety of

filters, are now being analyzed using a variety of software programs. The analysis soft- .
ware is guite different for the photon-limited case where the location of the individual
photoelectrons are used than for the "bright" objects where the specklegrams are digitized.*
as a whole maintaining the pixel to pixel brightness variation'.

Red supergiant and giant star envelopes.

Because of their low surface gravity, the envelopes of these stars are very extended anc
rather cold making them, for example, visible in the light of the hydrogen Balmer lines :
{e.g. Ha) and of the singly ionized calcium lines (e.g. %28542). 1In March 1982 observatio’»;
we'e cbtained with the Steward 2.3M telescope of o ORI with the 0.45 £ Ho filter at seven'-
different wavelength positions centered around the Ha line (Ha + 1.5 %; Ha + 1.0 8; Ha -2
0.5 , and Hao + 0.0 X) selected by adjusting the filter temperature. Because of the low
filter transmission these observations are photon-limited. The data was analyzed by crosw
correlation of the continuum specklegram with the line specklegram. Figure 4 (left) show.
a cross section of the cross correlation so obtained bgoth for a wavelenghh at the line
center (Ha + 0.0 8) and in the far Ho wings (Ha + 1.5 R). The continuum image of a ORI is
in fact close to the speckle image of a point source since the continuum size (- 250 nrad)
is somewhat less than the speckle size of the telescope (300 nrad). This cross correlati'.-
is therefore close to what has been called speckle holography®, giving Ha images of the s’
Superposed on the image is, however, a large background due to the cross correlation of the
average atmospheric seeing disks. Subtraction of this background is tricky since it is
continuously variable and since it is not exactly known. Assuming a gaussian shape for
this background and adjusting it to the far wing of the cross correlation profile, we ar-"
rive at the image cross section after background subtraction shown in Figure 4 (right). =
The extended envelope around the star is clearly visible having a diameter of 1-2 urad or
4-8 R, (R, = stellar radius) at the Ha center and disappearing in the far Ha wings. In ti=
blue wing of the line (He - 0.5 X) the Ha envelope is larger and better visible than in t-
red wing (Ha + 0.5 A) probably because of the expansion of the optically thick envelope
with -~ 20 km/s expansion which obscures the stellar disk in the blue wing but not in the
red wing where the small stellar disk speckles therefore dominate the cross correlation.
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Figure 4. Cross section of Ha line and nearby continuum speckle images of a ORI taken with
the Steward Observatory 2.3 meter telescope. Left before background subtraction,
right after. Scale Abcissa: 1 division = 16 pixels = 0.4 arcsec.

¢ Figure 2 is an image obtained with the_ 1.2 R Ha mica filter at the KPNO 4M telescope.

. It is a bright speckle image at Ha + 0.0 and in the continuum 5.5 away. The latter is
an image of what we assume to be a known limbdarkened stellar disk with a diameter deter-
mined from interferometry, occultation, or other means. It is used to determine the atmos-

. §here-telescope—;nstrument apparatus function which is then used to deconvolve the Ha + 0.0

image. This technigue appears to work exceedingly well. Figure 5 shows an image of a
point source (a LYR) and of a resolved red supergiant (a HER). The point source has a pro-
file close to theoretical whereas the red supergiant image shows rescolved structure.

Figure 5. Ha images of the unresolved star a LYR (left) and of the resolved red supergiant
R a HER (right). Angular resolution is ~ 100 nrad. Size of each area is 0.285 x
¥ 0.285 arc seconds.
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where d, is a measure of the seeing quality and in good con-
ditions may be as large as several metres. The corrugations move
at about the wind speed, so that large-amplitude deviations over
a scale of 10 m change on a time scale of 1 s, while ripples on a
scale of 10 cm vary 100 times faster

If a true diffraction limited image is to be obtained at any given
wavelength, then the deviations across the telescope aperture
must not exceed about A/ 10 (see ref. 2). For visible light, the task
of correcting the wavefront of a large telescope to this tolerance
is extremely difficult. The length scale of ripples with amplitude

»A/10 is 10-20 cm at best and the time scale is short. Compen-

sation has to be made at an optical surface that can mimic all
these rapidly changing small-scale ripples. Considerable pro-
gress in making such ‘rubber’ mirrors has been made by Hardy’
Apart from engineering difficulties, however, a fundamental
limitation to achieving complete correction of the visible light
wavefront is that of deriving the information needed to make the
correction. This requires that the source being observed should
be bright, or that there should be a bright source no more than a
few arc seconds away whose wavefront, similarly distorted, can
be used to derive corrections

Although full correction of the wavefront is generally not
possible, correction of the errors on a scale of metres is. Faint
field stars within a couple of arc minutes of a target are adequate
to provide the necessary much reduced amount of information
From equation (1) we see that the wavefront tilts 5/d are almost
as big at large scales as at small, varying only as 4 ’, s0
significant improvement of visible image quality can be ex-
pected. Woolf* has analysed in detail the improvements that can
be made in various conditions: typically, 20-30% reduction in
image size can be expected in visible light***. The better the
seeing, the greater the improvement to be made

In the IR, there is dramatic potential for high quality imaging
with large telescopes. At 10 um, for example, the smali-scale
ripples that do most damage to visible images are below the A/10
threshold, and are not noticed. The seeing disk, resulting only
from large-scale waves, will be only a little more than half that of
visible light. Woolf has pointed out, though, that if the large-
scale errors can be measured and continually corrected with the
aid of a nearby visible star, fully diffraction limited performance
at 10 wm is achieved in reasonably good seeing conditions. For a
filled aperture of 15 m diameter the FWHM of the Airy disk is

Fig. 1 An aenal view of the Multiple
Mirror Telescope in Arizona. The
location on top of a sharp, high peak,
gives favourable conditions for sharp
images. The MMT is jointly owned
and operated by the University of
Arizona and the Smithsonian Insti-
tution

0.16 arcs. Because almost every source of interest at 10 um is
fainter than sky background, the advantage of operating a large
telescope at this high resolution is enormous

Thermal control

The frequency of occurrence of different degrees of atmospheric
turbulence and hence wavefront distortion has been measured
with small, low level, test telescopes by Walker'. The resuits
show little difference between the good test sites. From these
data and balloon observations of turbulence by Barletti er al.®,

Fig. 2 An example of high resolution imaging from the ground,
the QSO PG1115+08. It shows multiple components because of
gravitational bending of light rays by an intervening galaxy. The
two unresolved round images, separated by 2 arcs, have FWHM
of 0.6 arcs. The brightest, elongated image is shown by speckle
interferometry to be a double with 0.5 arcs scparanon‘ This
figure, courtesy of E. K. Hege, was made by Doug Tody at Kitt
Peak National Observatory using the [PPS facility with contours
space logarithmically by factors of two
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a honeycomb-faceplate sandwich mirror 1.8 m in diameter that
will be figured as a parabola and tested alongside the fused
silica mirrors in the MMT. We hope to work up to a 7.5-m
blank over the next few years.

1deas for reducing cost are needed in optical figuring. Tradi-
tional methods of grinding and polishing are time consuming
and expensive for aspherics. One solution was devised Dby
Schmidt, to make the aspheric corrector plates for his camera. A
glass blank 1s polished spherical by conventional methods while
being stressed in such a way that on release it takes up the
required figure. Lemaitre™® has demonstrated this method for
making on-axis paraboids, making a diffraction limited /
parabola of 40 cm diameter. Nelson er al.** have extended the
technique to make a precise off-axis parabola 35 cm in diameter,
stressing the blank during manufacture with levers at the edge.
The major effort of Kitt Peak National Observatory in the field
of large telescopes is directed towards making ma!ched off-axis
elements 2m in diameter by the same method®*. Precise
tolerance in curvature (~1 in 10°) is needed if a large parabola is
to be made from separately figured segments. Another area of
concern’’ is how these elements are to be made hexagonal, so
they can be fitted together to make a nearly seamiess surface of
low thermal emission. Trimming a large thin circular mirror
could disturb its figure as strain is relieved.

Traditional methods of figuring glass are based on the fact that
two rigid blocks rubbed against each other with abrasive
between will develop surfaces that are very accurately spherical.
Machines to do the rubbing need not have any great precision,
they only have to drag one piece across the other in a suitable
nattern. A different approach is used in the production of optical
surfaces by diamond turning of metal substrates. This is done
with an extremely accurate lathe, and a single diamond tool of
large radius advanced gradually so as to leave a mirror-like finish
with only very shallow grooves. Optical elements up to a metre
or so with surface accuracy of the order of micrometres have
been produced by this method. Polishing can then give surfaces
with better than a wave accuracy and remove the small-scale
structure™*

Unfortunately, metai substrates have not yet been demon-
strated that can withstand the repeated temperature cycling of
mountain top observatories without gradually losing their
shape. Glass, while stable, cannot be finished like metals with a
single diamond, but precision direct machining is possible with
an abrasive diamond grinding wheel. This can again bring the
surface to within a micrometre or so of the final figure, minimiz-
ing the work to be done in polishing. Large mirrors or segments
would be turned on an air bearing about a »emcal axis, and the
tool moved across the surface as in Leighton’s” method of
making precision radio telescopes. Parks and Angel® have
worked out a scheme to make mirror segments in which the
grinding tool moves on an arm turned about an axis inclined to
the vertical, vielding naturally a very close approximation 1o a
parabola

Electronic image stabilization
Despite the electronic sophistication available, large telescopes
are being built which rely exclusively on massive rigid optics and
supports to maintain image quality: only the MMT has used
active control to replace force rigidity. The potential for achiev-
ing very large collecting areas by this technique at relatively low
cost is enormous; the MMT has been built for about one-quarter
the cost of its rigid equivalent

There are various ways that active correction might be made
For single-mirror telescopes (or individual elements of a bigger
telescope) we can alter the forces that support the primary, or
leave it alone and devise a mechanism to distort the secondary
or subsequent mirrors For high frequency control, Hardy's
scheme” uses piezc-electric actuators acting on the back of a
thin mirror. Merkle er al. have demonstrated™ an electrostatic
force system. Magnetic actuators could be used for correction
on a less rapid time scale

Fig. 5 The diffraction pattern computed by Meinel er al. for a
phased circular array of six mirrors separated by 0.15% of their
diameter. 40% of the total energy is within the first dark ring. The
peaks in the continuous hexagonal ring reach 0.11 the intensity of
the central peak, the six isolated peaks 0.06. The Airy pattern of
one individual mirror, with a first dark ring of diameter shown by
the white circle, has a resolution nearly four times poorer then that
of the phased pattern

To achieve a single focus in telescopes that have more than
one collecting mirror we need to sense and correct the alignment
of each mirror. In the MMT the tilt of individual secondary
mirrors is controlled by micrometers driven by stepper motors,
giving single steps of 0.05 arc's at the combined focus. Gabor™
has demonstrated a ball screw actuator suitable for tilting 2-m
primary elements with even higher angular precision.

How do we derive the information necessary to make cor-
rections? Elastic deflections arising from differing orientation
with respect to the gravitational field are repeatable, and tables
of corrections necessary for their compensation can be stored in
the control computer. There will remain unpredictable errors,
such as wind forces, uncompensated thermal gradients in the
structure, and friction in mirror supports, and in the MMT these
residual effects amount to about 1 arcs in image motion” and a
few tens of micrometres in pathlength error as the telescope is
moved to different parts of the sky"". The residuals which might
be achieved in a 15-m class instrument, probably not much
worse than in the MMT, are comparable with the random
wavefront error already present from atmospheric turbulence

To realize fully the potential of active optics, one must
determine how rays from a star illuminating different parts of the
reflecting surface come together at the focus, and feed back
corrections to the active elements. This will correct both the
structural errors and the large-scale wavefront errors, if done
with a frequency response of a few hertz. One method is by




Fig. 6 Interference fringes spaced by 30 marcs in the highly
magnified image of an unresolved star The image was formed by
two of the 1.8-m mirrors of the MMT, with a centre-to-centre
spacing of S m. (Courtesy of E K. Hege and P. A. Strittmatter

automating the knife edge test: in its basic form the star image 18
focused on a sharp edge, such as a razor blade, and an auxiliary
lens is used behind the edge to form an image of the primary
mirror. A tilt of the wavefront in a particular region will then
show as a bright or dark patch in the image. Hardy"' has used a
scheme in which an oscillating grating cuts across the star image,
and the pupil is imaged on a bank of photomultipliers. Phases of
the signals from each photomultiplier then give the tilt error of
each part of the pupil. A variant of this idea is where the
reference star is imaged on a sharp four-sided pyramid, and each
reflected beam passes through a Fabry lens to image the pupil on
one of the four sensitive imaging detectors‘. A complete map
across the pupil of tilt of the wavefront in both directions is
obtained by intercomparison of the four pupil images. An
alternative method that does not use a knife edge uses a lens
placed after the combined focus to image the pupil on an array of
tilted mirrors. Each mirror directs light from a part of the pupil
to a field reimaging lens, and imaging detectors monitor the full
field image from each pupil segment. Image locations relative to
a reference dot in the combined focal plane then give the tilt of
each pupil segment. In both these schemes the problem of
maintaining co-alignment of a multiple element telescope
reduces to the same problem addressed by offset guiders in
today's single element telescopes. An automated system has to
be reproduced for each section of the primary that will be
independently corrected.

For the wavefront error correction to work, one must either
use part of the light from the program star itself, or use a field
star close enough for it to share the same large-scale wavefront
errors. The angular separation « of shared motion is approxi-
mately d/ h, where d is the scale of the wavefront error and h is
the effective height of the wavefront disturbance. For d =2 m
and h =4 km (ref. 42), a is about 2 arc min. Well correlated
motion of two stars 50 arc s apart observed with a 1.8 m aperture
in conditions of reasonably good seeing (1.2 arcs) is shown in
Fig. 4 (ref. 43)

Because much of the work of a large telescope will be with
faint objects giving no useful signal for electronic stabilization,
the capability for continuous fine tuning of the image relies on
finding a guide star within the field of common motion.
Fortunately, the development of CCD detectors of excellent red
sensitivity means that adequate signals can be obtained. Con-
sider, for example, stars of R magnitude <16, which with a
red filter would stand out clearly even in full moonlight. At the
sparsest regions near the galactic poles these have a density of

382 per square degree*’, and will thus be found with 75%
probability within a 2 arc min radius. The light from such a star
collected by a 2-m element will give a signal of 8000 electrons
s~ in a CCD, adequate to implement the schemes outlined
above with a frequency response of a few hertz.

When rapid wavefront tilt corrections are made to a telescope
with continuous primary and secondary surfaces then instan-
taneous large-scale phase errors are also removed. As discussed
earlier. this should allow diffraction-limited performance to be
achieved in the [R. Even if the full coilecting aperture is made
from separate zlements it should still be possible to maintain
correct phasing from tilt measurement provided that the ele-
ments are close to each other, and that no steps are allowed to
develop in the wavefront going from element to element. Rela-
tive phases between elements can be established by occasional
observations of broad band interference in an unresolved
reference source’’. For a system of adjacent segments making a
single surface, capacitive sensors such as those developed by
Gabor*® can be used to maintain accurately steps between
adjacent mirrors.

The diffraction pattern of MMT type telescopes when mul-
tiple circular apertures are combined perfectly in phase has been
explored elsewhere®***“*. The intensity at the central maximum
of the pattern depends only on the total collecting area; at this
point all the radiation is added in phase no matter where it was
collected. The width of the central peak depends on the
diameter of the full array. An exact calculation of a typical
diffraction pattern is shown in Fig. 5. This is for a circular array
of six mirrors, separated by 0.15% of their diameter. Such a
close array could potentially be maintained in phase from tilt
sensing. The power of such a telescope for IR imaging is realized
when we consider the potential resolution at 10 um. Equation
(1) shows that the phase errors over individual 6-m mirrors will
get to A/ 10 or less in good seeing. An MMT configuration of six
such mirrors with active correction of phase differences between
mirrors would give images close to the diffraction limit of Fig. 5,
that is 0.11 arcs FWHM of the central peak, the same as for a
filled aperture of 22-m diameter.

Although active wavefront correction to achieve directly
diffraction limited images for visible light is not generally possi-
ble, various interferometric techniques can be used to study
spatial structures at the diffraction limit. Very large single mount
telescopes will allow resolution of ~5marcs at 0.5 um. An
example of interferometry between the full surface of two of the
1.8-m mirrors of the MMT is shown in Fig. 6. The centres of the
mirrors are separated by Sm, giving a fringe spacing of
30 m arc s at the observed wavelength of 0.75 um. A specialized
interferometric telescope array, such as Labeyrie is building, will
give longer baseline and higher resolution than any single large
telescope, but the latter will be able to reach considerably fainter
objects*’

Instrumentation and operation

We have focused on current ideas for making the large tele-
scopes which, nevertheless, have excellent images; it i beyond
our scope to review other characteristics, but we can indicate
some of the challenges.

The sensitivity of present large telescopes in the wavelength
range below 1 um is being brought close to the theoretical
maximum using silicon arrays. CCDs have near unit quantum
efficiency and negligible noise for nearly all applications. We
must also plan to use these detectors in very large tele-
scopes: the challenge is to handle the inevitably large detector
area. Because optics of present telescopes and spectrographs are
close to the fastest practical speeds, increases in detector area
proportional to the primary collecting area are inevitable.
Detector areas from 10 to 1,000 cm® will be needed, depending
on the number of spatial and/or spectral resolution elements to
be resolved in a single exposure. Just as we will probably make
large collecting areas from more than one piece of glass, we will
probably need to make the detector from more than one piece of
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in the thermal IR would be poor because of varying background
as the detector tracks across different parts of the sphere. Also
sky coverage is limited and it is difficult to correct spherical
abberation ove- a large field of view. Furthermore, it would be
expensive to raise such a telescope above the turbulent thermal
boundary of the ground. A valuable application for this type of
telescope would be for multiple object spectroscopy, in which a
small corrector would be used for each point object under study,
and many such correctors would be tracked at once across a
limited spherical focal surface of some 20-30° (ref. 29). Multiple
object spectroscopy is, of course, an important application of
any of the giant telescopes discussed here.

A large telescope configuration thai might become very
important, with more experience with interferometry, has been
suggested by Low’’, Several telescopes would move on circular
tracks, so as to remain in a line perpendicular to the object under
study. If individual lightweight and stabilized telescopes of 5 m
or more in diameter could be moved in this way, then the array
would also be a good general purpose telescope. A fundamental
question is the image quality that can be achieved in telescopes
close to flat ground with no domes

Making mirror elements

A central issue of any plan for a very large telescope must be a
technique to fabricate the huge reflecting surface at acceptable
cost and in a reasonable period of time. Without new ideas,
mirror costs could take up most of the entire budget. If very low
expansion materials are to be used then any structures other
than solid sheets are probably ruled out because of very expen-
sive fabrication costs. Costs for material alone are in the range
$50-100 kg™"

Borosilicate glass honeycomb is an attractive alternative for
large mirror elements. The raw material is inexpensive and can
be easily fabricated into complex structures by casting at rela-
tively low temperatures. Figure distortion is a problem in solid
borosilicate glass mirrors because temperature gradients persist
for a long time, but will not be significant in a structure that can
rapidly be made isothermal. The Palomar 5-m, the Lick 3-m and
the KPNO 2.1-m mirrors are ribbed Pyrex structures with
thickness of faceplate and ribs of ~10 cm. Thermal distortion of
these mirrors is generally below the 1 arcs level®'. At Steward
Observatory we have undertaken to make large blanks consis-

Fig.3 A honeycomb-faceplate sand-

wich mirror blank cast from borosili-

cate glass as a single pwce"‘ itis 60 cm

in diameter and 35 cm thick, with ribs
6 mm thick on 15-cm squares

ting of 3-cm faceplates and still thinner wall honeycomb
sandwiched between. These will be ventilated internally with air
at ambient temperature, so equilibration will be rapid. A
fundamental advantage is that mirror seeing, discussed earlier,
will be eliminated. Two 60-cm test mirrors have been made from
borosilicate glass: one has a slotted strut type of construction®”
and has been figured to a A/8 r.m.s. sphere. The other, a similar
honeycomb sandwich but made by a single casting in a complex
mould, is shown in Fig. 3. Thermal relaxation and structural
properties of both mirrors are being investigated by inter-
ferometry. Efforts are now directed towards casting in one piece
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Fig. 4 Atmospheric-induced motion in one coordinate of two

stars close to the North Pole separated by 50 arcs. Each data

point gives the centre of gravity of an image integrated for 1/6s

The r.m.s. fluctuation of the difference in positions is 0.11 arcs
ref. 41)






















































