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Castrai Baraaa far Aatraaaalaal Talagraaa 
INTIBNATIONAL ABTIONMICAL «MIOH 

>MU1 Mfiaaa: tatnl Bru— Car Autnaateal %U(naa 
hitl acaUa Aatrnjlriiaul Ouaraatory. CWbriila*, M (BUA. D.AX 

•m 710-120-6»C Mnnaw CM IhlafÉna «l-M*S-TÏ44/T440/7444 

PLUTO 

B. K. Bai* tad I. Drvaaond, Itavard Obaarvatory, writ* that a 
aall-oalibratad apaakla iatarfaroaatric obaanratioa aaAa aa Fab. 
K.44 UT with tba Barrard apaakla aaaara at a aia|la l.B-a airror 
ef tba Haltlpla Mirror Talaaaopa ahoaad tba aatalllta 197* PI ta 
ba aaparatad tram taa prlaary bjr 071(1 ♦ 0701 1a p.a. 177* 1 1*. 
Tba pradietioa bp Barrialtoa aad Cbriaty (19(1. Aai- M> gara 
aaparatioa 07M 1a p.a. TtS. Tba dlacordaaaa la poattloa aa*la 
aoaflraa that faaa* aarliar (Baga at al. 1911. laaiaa jS. 72) aad 
ahova tha aatalltta'a orbital laallaatloa («Ith raapaat ta tha 
plaaa af tha akp) ta ba 94* ! 1*. a dacraaaa of 1* ♦ 1* orar tha 
pradletla« (aad U aoatraat to a î* ♦ 4* iaaraaaa orar pradlatloa 
ahaarrad i* 1910 Jaaa). Thla aaffaata that tha aipaetad aallpaaa 
ef tha apaiaa ahoald ha oaaarrla* ehaa Plate aast baaoaaa faror- 
ablp plaaad, although areata aap ha dalaped bp - 4 hr. 

FBB100IC COMET SCBAUMASU (1974 XV - 19*4a) 

J. Sihaoa reporta hla raeorarp af thla aoaat a* ahora balar. 
Tba ladlaatad aorraatlaa te tha pradlatloa oa WC 7*40 la AT • 
-4.10 dap. Iba raeorarp appaara to eeaflra a aiagla, hitherto aa- 
reported, obaarratlaa of tha aaaat bp B. loaaar at tha 197( ratara 
(at AT • -0.03 dap froa tha eerreapoadia* pradlatloa). 

UT 

197( Oaa. 27.5414( 
19*4 (apt. 5.4((13 

(.47(09 

•ataa ( aaia 

15^4^5*703 -14*0( 42.4 
( 43 01.(5 *20 42 2(.2 
( 44 10.(5 420 44 0(.5 

a, Ohaarrar 

1(.5 Beeaer 
19 Olbaoa 

B. Baaaar (Btarard Obeerratorp. Cltt Paak (tatlaa). 2.3-a raflec¬ 
tor. Tha aaaat'a laaga la a falat aaadga. raak aad dlffaae la 
poor aaelag at 1er altitade. 

J. Olbaoa (Palaaar Moaataia Ohar. ratorp). 1.2-a Sataidt talaaaopa. 
(tallar aoadaaaatioa rlth rarp raak eoaa. 

Caapatatlaaa bp tha aadaralgaad ahor that Uakaga ef tha 
1*59-19(0. 197( aad 19(4 oh aa real Iona eaa ha aoaoapllahad »a lag 
tha aaograeltatioaal paraaatar A, • -0.051. Thla eoaparaa rlth A, 
• -0.03( darlag 1911-192( aad Aa m -0.041 darin 1944-19(0. 

19*4 (eptaaber 12 Brlaa 0. Naradea 
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Speckle Interferometry of Asteroids 

I. 433 Eros 

J. D. DRUMMOND, W. J. COCKE, E. K. HEGE, and P. A. STRITTMATTER 

Steward Observatory, University of Arizona, Tucson, Arizona 85721 

AND 

J. V. LAMBERT 

Department of Astronomy, New Mexico State University, Las Cruces, New Mexico 88003 

Received May 4, 1984; revised September II, 1984 

Analytic expressions for the semimtuor 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 are derived. Applying these formulae to observations of the Earth- 
approaching asteroid 433 Eros obtained with the speckle interferometry system of Steward Obser¬ 
vatory on December 17-18. 1981, and January 17-18, 1982. the following dimensions are derived; 
(40.5 ± 3.1 km) x (14.5 ± 2.3 km) x (14.1 ± 2.4 km). Eros’ north pole is found to lie within 14° of 
RA = OMb" Dec. = +43° (ecliptic longitude 23“, latitude +37“). 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 1974-1975 apparition by other methods. These dimensions, together 
with a lightcurve from December 18, 1981, lead to a geometric Joedo of 0.156 ± 0.010. A series of 
two-dimensional power spectra and autocorrelation functions of the resolved asteroid dearly show 
it spinning in space. O IW Acadrmk Pint. lac. 

I. INTRODUCTION 

While speckle interferometric observa¬ 
tions of asteroids have been made in the 
past (Worden, 1979; Hege et ai, 1980a, b; 
Bowel! et ai. 1981), they have been used 
mainly to demonstrate the high angular res¬ 
olution capability of the technique. [For an 
introduction into astronomical speckle in¬ 
terferometry we recommend Dainty (1975), 
Worden (1979), and Hege et ai (1982a).] To 
obtain the most information from this pow¬ 
erful direct method, an asteroid needs to be 
followed throughout its rotational cycle. By 
assuming that the asteroid can be modeled 
as a rotating triaxial ellipsoid, we show in 
Section II that the changing semimajor 
axis, semiminor axis, and orientation of the 
projected ellipse theoretically lead not 
only to the three axial dimensions of the 

asteroid but to the location of its spin axis 
as well. We also include the case of a non¬ 
zero solar phase angle and take into ac¬ 
count the terminator cast across the pro¬ 
jected ellipse. These analytic expressions 
for obtaining the dimensions and pole of an 
asteroid as functions of quantities observ¬ 
able with speckle interferometry can also 
be used to interpret an entire photometric 
lightcurve not just the extrema or ampli¬ 
tude, if it is assumed that a lightcurve is 
generated by the visible illuminated portion 
of the projected ellipse. 

With the speckle interferometry system 
at Steward Observatory (Hege et al., 
1982a), we have begun a program to ob¬ 
serve asteroids of various taxonomic 
classes to provide a check of the assump¬ 
tions and results obtained by radar, radiom- 
etry, photometry, polarimetry, etc., and to 
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c 
provide calibration asteroids for these 
methods. To demonstrate the ability of 
speckle interferometry to obtain useful 
results, we begin our program by applying 
our speckle technique to 433 Eros, since 
the various methods used to observe it in 
1974-1975 have converged to well-agreed- 
upon dimensions and pole, summarized by 
Zellner (1976). Our observations of Eros 
with speckle interferometry in 1981-Í982 
and the subsequent analysis are presented 
in Section III, and in Section IV we display 
a spectacular series of power spectra and 
autocorrelation functions clearly showing 
Eros spinning in space. 

In several cases, asteroids have been im¬ 
plicated as ’ .ving satellites from speckle 
interferometric observations (Hege et ai, 
1980b; Bowell et al., 1981). If a satellite can 
be detected with speckle interferometry, 
then the proof of its existence will be in the 
ability of the technique to follow the satel¬ 
lite in its orbit about the asteroid, which will 
also lead to a determination of the mass of 
the system. Hege et al. (1982b) summarize 
speckle interferometric observations of 
such a system as represented by Pluto and 
Charon. We have in hand or have sched¬ 
uled observations of several of the sus¬ 
pected binary asteroids, but Eros gives no 
indication of having a satellite by speckle 
observations. 

II. THE FUNDAMENTAL EQUATIONS 

A. Derivations 

x'Tx' - 1 
Ilia2 

= (x'y'z') Mb2 

\ 
= (x'la)2 + {y'lb)2 

+ (zVc)2 - 1 = 0. 

A 

c 

of the ellipsoid onto the plane of the Earth’s 
sky is an ellipse of the form ÿQy, where y is 
a two dimensional vector and Q is a 2 x 2 
matrix. In an arbitrary coordinate system 
the equation for the ellipsoid is 

Six - 1 = 0. (2) 

Let x' = Rx, where the transformation 
between coordinate systems x' and x is 
given by the rotation matrix R. Then from 
(1) and (2) 

Six = x'T'x' = SftT'Rx (3) 

which implies that T = ftT'R. 
Writing (2) explicitly 

STx -1 = 2 TijXiXj - 1 
V 

= T\\x2 + 2Tnxy + T22y2 + 2T,3xz 
+ Tjjz2 + 2T2iyz - 1 = 0. 

Or, gathering terms in x 

Tux2 + 2(Ti2y + Tnz)x 
+ (T21y2 + 2T2,yz + Tnz2 - 1) = 0. (4) 

If we orient ourselves so that the yz plane 
is the plane of the sky and x lies along our 
line of sight to a triaxial ellipsoid asteroid, 
then for a point on the edge of the apparent 
ellipse not only must x satisfy (4), but since 
for a given y and z there is only one x which 
corresponds to the edge, the roots of (4) 
must be real and equal. Thus the discrimi¬ 
nant of (4) must vanish: 

In matrix form, the equation for a point 
on the surface of a triaxial ellipsoid (aste¬ 
roid) can be written as 

4(7’12y + Tnz)2 
- 4Tn(T22y2 + 2T23yz + T33z2 - 1) = 0 

or gathering terms in y and z and multiply¬ 
ing by -1/4711 

[1/7,,1((7,,722 - 722)y2 
+ 2(7,,723 - 7,27,3)yz 

+ (7,,733 - 7|3)z2] -1=0. (5) 

(1) 

Now this equation is in itself quadratic and 
diagonalizable and can be expressed as 

Let a > b s c be the principal axial radii, 
c being the rotational axis. The projection 

ÿQy - 1 = 0, 

where ÿ = (y, z) and 

(6) 
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Q _ 1 / T\\Tz2 - Tln T\\T-n - T\t.T\-\ 

T"\TnT2i - TnTn TnTn - T2n )' 

Since (5) is the general equation for an 
ellipse in the yz plane of the sky, the pres¬ 
ence of the cross term in yz indicates that 
the semimajor (semiminor) axis of the ap¬ 
parent ellipse makes an angle y with the y(z) 
axis, where y is given by 

tan 2y = 2Ql2/(Qn - Q22). (7) 

To relate the matrix Q to the semiaxes of 
the apparent ellipse we need to find the ei¬ 
genvalues q of Q, where 

Qy = qy. 

The equation we need to solve then is 

constant ir/2. The third Euler angle, t//, is 
the rotationa’ phase angle defined as the an¬ 
gle between x' (along which a lies) and the 
line of nodes; i/i is 0 when the longest body 
axis is perpendicular to our line of sight and 
occurs at maximum projected area. The 
transformation (3) leads to the symmetric T 
matrix, where 

^ cos20 sin2i/> cos20 cos2i// 
" ã2 + P 

sin20 

„ ^ cos 0 sin i/j cos ip 
7,2 -T2,~ ã2 

cos 0 sin ip cos ip 
+ b2 

|Q - ql| = 0 = 
ßii - 9 

Ö.2 

0.2 

022 - q 

or 

<72 - (011 + 022>q + (011022 - 012) = 0. 

From the quadratic formula 

_ „ cos 0 sin 0 sin2i// 
7-,3 = 7-,, =-7-- 

cos 0 sin 0 cos2,// sin 0 cos 0 
¿2 + p 

„ cos2i// , sin2,// 
T22 — —2-—rr~ 

* * *• *, '- * • * 

(011 + 022) ± K0II + 022)2 

-4(0,,022 - 0Î2)],/2 m 
q =-2- 

and q is related to the semimajor and 
semiminor axes a and ß by 

Now in defining our coordinate system 
let us choose the y axis as coincident to the 
asteroid’s largest axis (a) at the instant in 
the rotation when a lies unprojected in the 
plane of the Earth’s sky perpendicular to 
our line of sight. This allows us to use Euler 
angles as defined and illustrated by Gold¬ 
stein (1950). Thus the Euler angle 0 is the 
angle between our z axis in the plane of the 
sky and z1, the asteroid’s spin axis. The 
Euler angle </> is the angle between the line 
of sight to the asteroid and the line of nodes 
(which lies in the plane of the Earth’s sky), 
and by our chosen coordinate system is a 

7-2, = 7-,2 = 
sin 0 sin ip cos </> 

sin 0 sin ip cos ip 
F2 

7-,, = 
sin20 sin2i// + sin20 cos2i// 

b2 

COS20 

After simplification (8) can be written 

q__-B,Vgr^c (9) 

where 

A = a2b2c2T\\ = b2c2 cos20 sin2i// 

+ a2c2 cos20 cos2i// + a2b2 sin20 

-B = a2b2c2T\\(Q\\ + Ö22) 

= a2(sin20 sin2i// + cos2i//) 

+ ¿>2(sin20 cos2i// + sin2i//) + c2 cos20 

C = ü2/>2c27-„(ß„g22 - 0Î2) = 1. 

V. 
V. 
V. 
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Therefore, the semimajor and semiminor 
axes of the ellipse projected by a triaxial 
ellipsoid are 

ß = (<7+) -112 = [- 
l-B + 

2A 11/2 

Vfl* - 4ACi 

a — (q ) -\-il2 2A 11/2 and y makes an angle with the y axis 
VB2 - 4AC-I 

= i tan-' [ 
2 sin 0 cos t)/ sin i|»(fc2 - a2) 

a2(sin2d sin2i|i - cos2i|i) + 62(sin20 cos2i|» - sin2i|>) + c2 cos2öJ 
(10) 

from (7). 
Note that (9) is expressed as a quadratic 

solution which has some well-known prop¬ 
erties. For instance, since the product of 
the roots of a quadratic equation are 

q+q- = CIA, 

we can easily express the projected area of 
the triaxial ellipsoid as 

naß = n(q+q~)~il2 = (AIC)112 = A'12 

= abcT'u since C = 1. 

Over a few rotations of the asteroid, we 
can regard 0 as constant and <t> = nil. 
Therefore we can find a, ß, and y as func¬ 
tions of only ip, the rotational angle. If the 
latitude of the sub-Earth point is high 
enough, the projected ellipse will rotate 
smoothly through 360°. If, however, the lat¬ 
itude is low the ellipse will appear to re¬ 
verse directions. Taking the derivative of y 
with respect to ip we can see that when the 
sub-Earth point lies in the body’s rorthern 
hemisphere (0 > 0), y will increase mono- 
tonically, or decrease monotonically if in 
the southern hemisphere (Ö < 0), provided 
that cos20 < (a2 - b2)l(a2 - c2). If cos20 > 
(a2 - b2)l(a2 - c2) the projected ellipse will 
reverse directions when 

cos2»|» = {[sec20(a2 - b2)/(a2 - c2)] - 1}/ 
{[(a2 - b2)/(a2 - c2)] - 2}. 

Another consideration is that there is a 
twofold ambiguity in the determination of 
0. The rotational axis can make either an 
angle 0 or 180° - 0 with the plane of the 
sky, both corresponding to the same lati¬ 
tude in the same hemisphere for the sub- 

Earth point. The northern or southern hem¬ 
isphere can easily be determined by the 
sense of rotation: if the apparent ellipse ro¬ 
tates through the y axis (through the maxi¬ 
mum a) in a counterclockwise (north-east- 
south-west) direction, the sub-Earth point 
lies in the northern hemisphere, and vice 
versa. However, without some other piece 
of information, such as would be conveyed 
by a terminator, it is not possible to resolve 
the 0 ambiguity. 

We now have the equations relating the 
body dimensions and rotational pole direc¬ 
tion to the observed size, shape, and orien¬ 
tation of the ellipses projected by a rotating 
triaxial ellipsoid. Using a nonlinear least 
squares technique we can solve for the six 
unknown parameters a, b, c, 0, and the 
zero points ipo and yo, from measurements 
of the observables a, ß, and y as a function 
of time (or ip) for a known rotational period. 
Thus far we have assumed, however, that 
we see the projected ellipse at full illumina¬ 
tion, i.e., at a solar phase angle of 0. Partic¬ 
ularly at large phase angles we must take 
the terminator into consideration. We will 
now outline the derivation for the size, 
shape, and orientation of the terminator el¬ 
lipse segment as a function of the same pa¬ 
rameters, with the added information of the 
known position of the Sun, but this time 
from a vector analysis approach rather than 
from the use of matrix transformations. The 
answers should converge for a solar phase 
angle of 0. 

We first note that in body-centered coor¬ 
dinates, where a point on the surface of tri¬ 
axial ellipsoid is given by (1) 
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f(x\ y', Z') = (x'/a)2 + (y'/b)2 

+ (z'/c)2 =1, (11) 

the unit vector to the Earth is given by E = 
(/, j, k) where 

i = -cos 8 sin \li 

j = -cos 6 cos i/i 

k = sin 0 
(12) 

and the unit vector to the Sun is gi w i by S 
= (/, m, n) where 

/ = -cos 6q sin \fiQ 

m = -cos 0Q cos </»o 

n = sin Oq. 
(13) 

The body centered celestial coordinates of 
the Earth and Sun are 0, tp, and 0O, ip0, 
where the 0’s are latitudes of the sub-Earth 
and sub-Sun points and the ip's are related 
to the longitudes of these points (L, mea¬ 
sured in a right-handed coordinate system 
from the a axis) by ip = -(I + 90°). 

Since the outward normal for a point on 
the surface of an ellipsoid described by f 
(Eq. (1)) is given by Vf, and since the termi¬ 
nator is the locus of points whose outward 
normals are perpendicular to the direction 
to the Sun (S), the terminator equation is 
S • V/ = 0, which leads to 

-xt cos 0o sin ipo/a2 

- yr cos 0Q cos ip0lb2 

+ zt sin 0ö/c2 = 0 (14) 

where from (1) 

(xj/a)2 + (yj/b)2 + (zt/c)2 = 1. (15) 

As before we rotate the yz plane of the 
Earth’s sky so that the z axis coincides with 
the projection of the body’s rotational axis. 
The obliquity, p, is the angle required to 
rotate about the line of sight to the asteroid 
(the X axis) until the spin axis is in the jcz 
plane. If the Earth and Sun defíne the origi¬ 
nal xy plane, then p is also the angle be¬ 
tween the position angle of the Sun (cen¬ 
tered on the asteroid) and the y axis, 
measured counterclockwise (N-E-S-W) 
from the Sun (see Appendix I). We then get 

xt, y?, and zf in terms of the new coordi¬ 
nates X, y, z 

xt = -X cos 0 sin ip + y cos ip 

+ z sin 0 sin ip 

yr = -X cos 0 cos ip - y sin ip (16) 

+ z sin 0 cos ip 

Zt = X sin 0 + z cos 0, 

and substituting into (14) and recombining, 
we obtain 

x(il/a2 + Jm/b2 + kn/c2) 

+ y(/ cos ip/a2 - m sin ip/b2) 

+ zd sin 0 sin ip/a2 

+ m sin 0 cos iplb2 

+ n cos 01c2) = 0. (17) 

Next we solve (17) for x, substitute this 
back into (16), and use xt, yT, Zt in terms of 
only y and z in (14). This yields an expres¬ 
sion for the terminator as seen projected 
onto the Earth’s plane of sky, which we 
transform into an ellipse as we did in the 
solar phase = 0 case, except that the dis¬ 
criminant of (4) does not vanish, and there¬ 
fore (4) must be solved fully. 

It is advantageous to express the unit 
vector to the Sun in terms of known con¬ 
straints, e.g., E • S = cos o), where <u is the 
known solar phase angle: 

/ = -cos 0© sin ipQ 

-[cos (o cos 0 sin ip 

+ sin (»(sin p sin 0 sin ip 

- cos p cos ip)] 

m = —cos 0© cos ipQ 
= -[cos (i) COS 0 COS Ip 

+ sin &>(cos p sin ip 

+ sin 0 sin p cos ip)] 

n = sin 0© = cos to sin 0 

- sin (a cos 0 sin p. (18) 

We finally get after solving (4) and (8) for 
the terminator as seen by the Earth, and 
simplifying, an expression analogous to (9) 
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<7t - 

-Bt ± VB\ - AA\Cj 

2Ai 

where At = b2c2il + a2c2jm + a2b2kn 

Cr = b2c2l2 + a2c2m2 + a2b2n2 

-Bf = —BCj - a2b2c2 sin2 &> 

and the expression analogous to (10) 

n 
1 _! F_sin 0 sin 2ift(a2 - b2) + sin2&) sin IpaW^ICr_1 
2 tan L[cos 2\l/(a2 - hi2) + (a2/2 + b2j2 + c2k2) - c2 — sin2o> cos 2pfl262c2/Ct]J' 

B. Implications for Lightcurves 

Since the cusps are points that lie on the 
edge of both the projected ellipse and the 
terminator ellipse, since the terminator el¬ 
lipse is internally tangent to the projected 
ellipse, and since a line connecting the 
cusps passes through the common center of 
both ellipses, it can be shown that the illu¬ 
minated visible area (A¡) of a smooth ellip¬ 
soid seen at some phase angle is given by 

A¡ = (■naß + 7rar/3r)/2 

= 7t/2[Ai/2 + Af/Cr2] 09) 

and the area in shadow is 

As = 7t/2[Ai/2 - Aj/Ct2]. (20) 

The area in shadow is larger than the illumi¬ 
nated area when At < 0 (and therefore ßr is 
negative). Derivations of the lightcurve 
equations for a geometrically scattering tri¬ 
axial ellipsoid are given by Barucci and Ful- 
chignoni (1982) and by Ostro and Connelly 
(1984). The latter authors correct some of 
the equations of the former and note that 
the area in shadow can be larger or smaller 
than the illuminated area depending, re¬ 
spectively, on whether or not “the plane of 
the terminator intersects the solar phase an¬ 
gle.” 

Equations (19) and (20) lead to some in¬ 
teresting considerations with regard to in¬ 
formation gathered from photometry. As¬ 
suming that a lightcurve is generated by 
only the changing illuminated area as a 
function of rotation, then (19) is our ana¬ 
lytic expression for a lightcurve. In reality, 
(19) may only be proportional rather than 
equal to the observed intensity as a func¬ 
tion of time, but the proportionality factors 

should be expressible as functions of not 
only at, the solar phase angle (the usual 
phase function), but also of the obliquity p 
and the aspect (90° - 0). In fact, any at¬ 
tempt to deduce microscopic or macro¬ 
scopic properties of asteroids should in¬ 
clude the geometrical effect that a 
terminator has on the amount of area in 
shadow. The usual phase function does not 
completely describe the behavior or the 
brightness of an asteroid over time. Espe¬ 
cially at larger phase angles, comoletely dif¬ 
ferent lightcurves or extrema of brightness 
can result from a different Ö or p at the same 
b> (Dunlap, 1971; Surdej and Surdej, 1978; 
Barucci et al., 1982). 

The three methods of rotational pole de¬ 
termination, the lightcurve amplitude/as¬ 
pect relation, the brightness/aspect rela¬ 
tion (Zappalà et al. 1983; Zappalà and Kne- 
íevid 1984), and photometric astrometry 
(Taylor, 1979; Taylor and Tedesco, 1983), 
are all affected by improper consideration 
of the area in shadow bounded by the ter¬ 
minator and the dark limb. The amplitude 
and brightness of lightcurves should be 
judged taking the location of the terminator 
into effect. Photometric astrometry, which 
relies on a comparison of extremal timings 
over long intervals, will lead to spurious 
results if the terminator is not considered, 
because the epoch of maximum and mini¬ 
mum light shift with respect to the maxi¬ 
mum and minimum projected total area as a 
function of at and 0 and p. Taylor and Te¬ 
desco (1983) are aware of this and restrict 
lightcurve comparisons to observations 
made at the same ecliptic longitude and so¬ 
lar phase angle, which eliminates the de¬ 
pendence of lightcurve shifts with respect 
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lipse of the body seen in projection for rolar 
phase angle w = 0 are (from Eq. (9) et seq.) 

(a-)2, (0+)2 = 
-B ± VB2 - 4AC' 

where superscript signs specify the corre¬ 
sponding eigenvalues and 

Fig. 1. The ellipse projected by a triaxial ellipsoid. 
a, ß, (aT, ßi) are the semim^jor and semiminor axes of 
the projected body (terminator) ellipse, and y(yT) is the 
position angle of o(aT) measured from y in the yz plane 
of the Earth's sky. The x axis lies along the line of sight 
to the asteroid. The obliquity p is defined in Appendix 
I. 

A = (bei)2 = (acj)2 + (abk)2 

-B = aHl - i2) + ¿^l - j2) 

+ cHl - it2) 

c= 1, 
and 

tan 2y = [sin 0 sin 2i/»(a2 - b2)]/ 

{cos 2i/»(a2 - b2) + [(a/)2 

+ (¿y)2 + (cit)2] - c2}. (22) 

to 0 and ia, but not to p. We define an ampli¬ 
tude of a predicted lightcurve as the maxi¬ 
mum illuminated area divided by the mini¬ 
mum over a rotation, a phase lag as the 
epoch of maximum illuminated area minus 
the epoch of maximum total projected area, 
and list these quantities in the results of 
each model fit for Eros in Section III. 

We note that y reverses direction if 

a2 - b2 
cos20 > 

For solar phase angle ¢0=/=0 the semiaxes 
of the ellipse due to the terminator (sub¬ 
script T) are 

C. Summary 

Recapitulating, with reference to Fig. 1, 
to Appendices I and II, and to the unit vec¬ 
tors (12) and (18), the semiaxes of the el- 

(<*ï)2, (ßi)2 = 
-Bt ± VB\ - 4A\Cr' 

where the sign convention for the roots is 
as for Eq. (21) and 

At = (bc)2il + (ac)2jm + (ab)2kn 

Ct = (bel)2 + (acm)2 + (abn)2 

-By = Cy(-B) - a2b2c2 sin2w, and 

[sin 0 sin 2>l/(a2 — b2) + sin2w sin 2pa2b2c2/Cy] tan 2yT = 
{cos 2ifi(a2 - b2) + [(a/)2 + (bfi2 + (cA:)2] - c2 - sin2o> cos 2pa2b2c2ICT}' 

III. 433 EROS Note that as the solar phase angle goes to 0, 
CY—► A, AT-* A, By-* AB, and, thus, aT, 
ßy—*a,ß, and yT-» y. The illuminated area ^• ^Pec^e Interferometry 
is given by (19) and the area in shadow by 
(20). 

To inaugurate our speckle interferometry 
studies of minor planets, treated as smooth, 

•*. S. V. 
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featureless, geometrically scattering tri¬ 
axial ellip.-.oids, rotating about their short¬ 
est (c) axis, we chose the asteroid 433 Eros 
since it is perhaps the best studied asteroid 
of all, with well-agreed-upon rotational pole 
coordinates and axial dimensions. With a 
300-À-wide filter at 5500 Â, we made seven 
10-min observations of Eros over the two 
consecutive nights of December 17 and 18, 
1981, and again over January 17 and 18, 
1982, using the 2.3-m telescope and speckle 
camera and equipment (Hege et al., 1982a) 
of Steward Observatory. Each Eros obser¬ 
vation was preceded and followed by a sim¬ 
ilar observation of a nearby (<1°) star. The 
unbiased two-dimensional speckle image 
power spectrum of Eros was divided (de¬ 
convolved) by the unbiased power spec¬ 
trum of the stars observed before and after 
to remove the modulation transfer function 
of the telescope and the seeing (Hege et al., 
1982p). The adopted parameters of the pro¬ 
jected ellipse for each observation are the 
averages of four independent measure¬ 
ments of a. ß, and y\ each deconvolution 
(one with a star observed before and one 
with a star observed after Eros) was exam¬ 
ined over two regions (one at high spatial 
frequencies and one at low frequencies). 
The semimajor axis, semiminor axis, and 
relative position angle of the long axis were 
determined by finding the best fit to the 
power spectrum of a uniformly bright el¬ 
lipse. 

We assume that the measured ellipse will 
be well approximated by an ellipse that is a 

TABLE I 

Least-Squares Results for Eros December 
17-18, 1981: Biaxial Case a» = 40° 

2» 2b 0 *0 p 

2a - 38.9 ± 2.3 km 2.3 km 
2b = 14.0 i. 1.9 km 0.11 1.9 km 

0 = -75“ ± 26" 0.66 -0.02 26" 
*o*-7"±l06° -0.05 0.14 -0.19 106" 
p = 69" ± 105" 0.06 -0.14 0.20 -1.00 105" 

Noie. Pole (1950): RA = 48" DEC => +48"; (±31"). Phase lagof masi- 
mum: +64°. minimum: +66°. Amplitude: I.W4. Standard error of fit: 4.8 

km. 

TABLE II 

Least-Squares Results for 433 Eros January 
17-18, 1982: Biaxial Case id = 52° 

2a 2b 0 0o p 

2a = 43.8 ± 4.3 km 4.3 km 
2b = 14.6 ± 3.0 km 0.08 3.0 km 
0 = -58° ± ir 0.51 -0.15 12° 

0o = 48° ± 14° 0.09 0.56 0.24 14° 
p = -59° ± 14° -0.08 -0.54 -0.25 -0.94 14° 

Note. Pole ( 1950) RA = 5* DEC = 37*; (± I0"). Phase lag of maximum: 
-4*; minimum: -2°. Amplitude. 1.369. Standard error of fit: 7.9 km. 

mean between the ellipse due to the termi¬ 
nator and the projected ellipse. To form this 
mean we calculate the ellipse that has the 
same area and the same ratios of moments 
as does the visible illuminated part of the 
asteroid as found with the equations de¬ 
rived in Section II. Assuming uniform illu¬ 
mination, a y moment, z moment and cross 
moment can be calculated for the illumi¬ 
nated figure as 

fy2dydz, jz2dydz, fyzdydz, 

respectively. We include a “photometric 
constraint” by requiring that the mean el¬ 
lipse have the same area as does the visible 
illuminated portion of the asteroid, in addi¬ 
tion to having the same ratio of y, z, and yz 
moments. We then compare these calcu¬ 
lated mean ellipses to our observations us¬ 
ing sets of measured a, ß, and y, as func¬ 
tions of rotational phase, by means of a 
nonlinear least-squares program adapted 
from Jefferys (1980). To put the dimension¬ 
less y on equal footing in the least-squares 
program with a and ß we weight each y by 
(o2 - ß2)1'2. This makes sense because the 
more eccentric the ellipse, the easier it is to 
determine its position angle, and the greater 
the weight assigned to y. 

Table 1 lists the results of a five-parame¬ 
ter (biaxial) fit for the December 1981 run, 
while Tables II and III list the biaxial and 
triaxial results for January 1982. Biaxial fits 
yield the diameters 2a and 2b (c = b), the 
asterocentric sublatitude of the Earth, 0, a 

C 
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TABLE III 

Least-Squares Results for 433 Eros January 17-18, 1982: Triaxial Case <o = 52° 

2a 2b 2c <l>o 

2a = 46.7 ± 4.5 km 
2b = 18.8 ± 3.7 km 
2c = 13.3 ± 13.3 km 
e = -51° ± 9° 

«K = 30° ± 15° 
p = -43° ± 15° 

4.5 km 
0.21 
0.01 
0.56 
0.08 

-0.08 

3.7 km 
-0.17 
0.03 
0.50 

-0.49 

13.3 km 
0.35 

-0.01 
-0.00 

9° 
-0.01 
-0.02 

15° 
-0.94 15° 

Note. Pole (1950) RA = 356° DEC = +46°; (±10°). Phase lag of maximum: -8°; minimum: +4 . 
Amplitude: 1.365. Standard error of fit: 8.3 km. 

rotational zero point, tpo, and the obliquity, 
p. Triaxial fits also yield c, but near a polar 
aspect c is so foreshortened that it becomes 
indeterminate and only a biaxial fit becomes 
possible. This was the case in December 
and a triaxial solution could not be found. 

The 0, 180° - 0 ambiguity exists only for 
a solar phase angle of 0. In theory, the ef¬ 
fect of the terminator should resolve the 
ambiguity, but in practice the difference 
may not always be significant enough to 
provide a solution. For every model, we 
examined fits for both counterparts of the 0 
ambiguity, but near a polar aspect only one 
global minimum in the \2 hyperspace is to 
be expected since the ambiguity disappears 
when 0 = ±90°. Thus, between the two so¬ 
lutions for January, the one most closely 
matched to the single December solution is 
chosen. 

In each table are listed the results and the 
la- (standard deviation) errors determined 
from the fit. The full correlation matrix, 
where the diagonal elements are these same 
formal errors and the off-diagonal elements 
are the normalized correlation coefficients, 
is given in each table as well. The 1950 ce¬ 
lestial coordinates of the pole derived from 
0, p, the position of the asteroid, and the 
position of the Sun are then given, followed 
by the phase lags and lightcurve amplitudes 
as previously defined, with the phase lag for 
maximum listed first. Finally, the value of 
the standard error (in kilometers) from the 
fit is listed, i.e., 

SE = 
[residuals2! iß 
L N-n J 

(25) 

where N = 2\ equations of condition, n - 5 
or 6 parameters, and the residuals are be¬ 
tween the measured and predicted a, /3, and 
(a2 - /32)l/2y. To mitigate, to some extent, 
the model dependence of our final determi¬ 
nation of the dimensions and pole of Eros, 
we first form weighted averages of the pa¬ 
rameters from Tables II and HI for January 
using c = b from biaxial fits, and using the 
lia2 as weights. Then we find weighted av¬ 
erages between January and December. 

The determination of the error in the lo¬ 
cation of the pole depends only on the er¬ 
rors of 0 and p. The area of uncertainty on 
the sky surrounding each pole is wedge 
shaped, but we quote the radius of a circle 
with the same area for convenience. When 
finding the weighted pole between two de¬ 
terminations (for example, between the De¬ 
cember and January poles), we weight each 
according to the area of error and locate the 
pole between the two. 

Our best estimate of the dimensions and 
pole are given in Table IV, along with a 
consensus model from Zellner (1976), who 
used photometric, polarimetric, spectro¬ 
scopic, radiometric, radar, and occulation 
results from the 1974-1975 apparition of 
Eros to synthesize a coherent model. His 
pole is based on the results of Millis et al. 
(1976) and Scaltriti and Zappalà (1976), who 
used an amplitude/aspect relationship to 
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TABLE IV 

Comparison of Results for 433 Eros 

Dimcniions 

Speckle interferometry (this paper) 

2a - 40.3 ± 3.1 km 
2b = 14.3 ± 2.3 km 
2c - 14.1 ± 2.4 km 
Consensus model (Zellner, 1976) 
2a = 36 ± I km 

2b - 13 ± I km 
2c - 13 ± I km 
Radar (Jurgens and Goldstein, 1976) 

2a ~ 37.2 ± 0.3 km 

2b » 15.7 t 0.3 km 
2c assumed - 14 km 
Radiometry (Lebofsky and Rieke. 1979) 

2a - 39.3 ± 2.0 km 
2b = 16.1 ± 0.8 km 
2c assumed - 2b 

Pole (1930) RA -4 
±14' 

DEC - +43 

Pole (1950) RA = 10 ± 2” 
DEC - +16 ±2" 

Assumed Pole 

Assumed Pole 

Pole Coordinates 
1930 Ecliptic 

This paper 
Scaltriti and Zappalk ( 1976) 

Millis et al. (1976) 
Dunlap (1976) 
Lumme et al. (1981) 
Taylor (1984) from 1974-1975 

from 1981-1982 

Longitude Latitude 
23’ (+ 14") +37" 
ir±i* +10" ±4* 

13.4" t 2.2" +9.3" ± 3.8" 
16" ±3" +12" ±1" 
15" +20" 
ir <+ 2.<P) +7" 
21" (±3.3")+13" 

find a pole, and of Dunlap (1976), who used 
photometric astrometry. Table IV also 
shows the results of the radar study of Eros 
by Jurgens and Goldstein (1976), who as¬ 
sumed a c axis diameter of 14 km and from 
Dunlap's pole a sublatitude of 20° (although 
according to our calculations with Dunlap's 
pole it should have been 6°). A detailed 
thermal modeling of Eros was compared to 
radiometric observations by Lebofsky and 
Rieke (1979), who assumed b = c and 
Zellner’s pole; their results are also shown 
in Table IV. The ecliptic coordinates of 
Eros’ pole as determined since Vesely’s 
(1971) summary of the subject complete Ta¬ 
ble IV. Taylor (1984) has used photometric 
astrometry for the 1974-1975 apparition of 
Eros, and independently for the 1981-1982 
lightcurves to find the poles listed in Table 
IV. 

Figure 2 shows our weighted model (solid 
line) prediction and the measured major 
axes (upper symbols) and minor axes 
(lower) points for the December (solar 
phase angle = 40°) run. The upper dashed 
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Fig. 2. Major diameter (upper part of figure) and minor diameter of 433 Eros as a function of 
rotational phase over Dec. 17-18, 1981. The measured diameters are shown as dots (solid for major 
and open for minor diameters), the solid lines are the predicted measured diameters using our results 
from Table IV, the dashed line above each solid line is the predicted projected body diameter, and the 
dashed line below is the predicted terminator diameter. 
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Fig. 3. y as a function of rotational phase over Dec. 17-18, 1981. Measured y’s are dots; the solid 
line is the predicted position angle of the illuminated ellipse using our parameters in Table IV. The 
position angle of the projected ellipse and the terminator fall within the width of the solid line. The 
negative slope indicates that the sub-Earth point lies in the asteroid's southern hemisphere. 

line through each set of points is due to the 
projected body ellipse while the lower 
dashed line is due to the terminator ellipse; 
the actual model fit always falls between 

the two. Figure 3 shows the fit to y. Figures 
4 and 5 are for the January (52°) run, but 
this time the nonlinear, least-squares pro¬ 
gram tended to values of 0 for the minor 

Rotational Phata (f) 

Fig. 4. Same as Fig. 2, but for Jan. 17-18, 1982. Because the minor diameter was apparently 
unresolved, we do not plot the measured minor diameters. The nominal resolution limit of the 2.3-m 
telescope is 0?05. 
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Fig. 5. Same as Fig. 3, but for Jan. 17-18,1982. The dashed line through (0,0) is the position angle of 
the projected ellipse. The other dashed line is the position angle of the terminator. 

axes, implying that the short dimension of 
the projected body ellipse, made even 
smaller by the terminator, was 0, i.e., was 
not resolved. We, therefore, set the “mea¬ 
sured” minor axes equal to 0?05 (=11.5 
km), the nominal resolution limit of the 2.3- 
m telescope, but did not use the ß residuals 
in finding SE, set N = 14 instead of 21 in 
Eq. (25), and did not plot measured ß's in 
Fig. 4. While the scatter is rather large for a 
and ß (with some systematic trend evident 
in the residuals for January), it is small for 
the y curve. This is to be expected since the 
viewing geometries during these runs is 
rather polar, with latitudes of the sub-Earth 
point being -74° in December and -57° in 
January. Such situations create little 
change in a or /3 and a nearly linear change 
in -y as a function of rotational phase. It is 
immediate'y obvious that the Earth lies in 
the asteroid’s southern hemisphere because 
for our coordinate system a 0 < 0 yields a 
negative slope for the y curve, and for 0 > 
0, a positive slope, as a function of i|i. The 
sense of rotation is undoubtedly the easiest 
piece of information to obtain from speckle 
interferometry, whereas neither photomet¬ 

ric astrometry nor radiometry (Matson, 
1971 ; Morrison, 1977) can determine this in 
less than several months. 

Figures 6 and 7 illustrate the lightcurve 
for December and January generated by 
(19), again with the upper dashed line repre¬ 
senting the area of the projected ellipse, the 
lower dashed line that of the terminator el¬ 
lipse, and the solid line that of the total illu¬ 
minated area. 

B. Eros’ Lightcurve and Albedo 

On December 18, 1981, D. Tholen ob¬ 
tained the lightcurve of Eros shown in Fig. 
8 with the 154-cm telescope at the Catalina 
station of the University of Arizona. A min¬ 
imum of B = 10.% occurred at 4.517 UT 
and a maximum of 10.59 at 5.955 UT. With 
a rotational period of 5.2703 hr from Te- 
desco (1979), which is the mean of the side¬ 
real periods determined by Millis et al. 
(1976) and Dunlap (1976) during the 1974- 
1975 apparition, we note that the difference 
between the maximum and minimum is 
1.438 hr or 98° in rotational phase. A com¬ 
parison of Tholen’s lightcurve characteris¬ 
tics with one predicted from Zellner’s 
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Fig. 6. Predicted “lightcurve" of Eros for Dec. 17-18, 1981. Assuming that the lightcurve is 
generated by the illuminated area, the upper dashed line is the predicted area of the projected body 
ellipse, the lower dashed line is the area of the terminator ellipse, and the solid line is the illuminated 
area, all from our model for Eros given in Table IV. The dots in the figure are the products of our 
measured a and ß. 

model, one from the December fit, and one 
from our weighted model (Fig. 6) is listed in 
Table V. (Note that the ordinate of Fig. 6 is 
area, which if assumed proportional to in¬ 

tensity, leads to the superimposed light¬ 
curve in Fig. 8.) 

Specification of the positions of the Sun, 
the asteroid, and the asteroid's pole does 
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TABLE V 

Comparison of Observed and Theoretical Liohtcurve Characteiustics 

Tholen Zellner Dec. fit Dec. + Jan. 
only model 

Rotational phase difference 
max - min 

Rotational phase difference 
of max from Tholen's max 

Rotational phase difference 
of min from Tholen's min 

Amplitude in mag 

98° 

0 

100° 

-24° 

88° 

-33° 

112° 

-36° 

0 
0.37 

-22° 

0.23 
-43° 

0.10 
-22° 

0.07 

not lead to predictions of the times of ex¬ 
trema unless an epoch and period are also 
known. In other words, even if the pole is 
known it is not possible to predict the light- 
curve for a given night without a time refer¬ 
ence. Therefore, in order to compare the 
observed lightcurve to the predicted ones 
we proceed as follows. With the position of 
the pole it is possible to predict the position 
angle of maximum elongation (the location 
of the y axis). Then it is merely a matter of 
noting the time that the rotating ellipse at¬ 

tains this position angle, which establishes 
rotational phase zero. For high sub-Earth 
latitudes, y varies nearly directly with i/i, as 
can be seen by the slope of nearly — 1 for 
the y curve in Fig. 3 and the cross correla¬ 
tion of -1 for i/»0 and p in Table I. Thus the 
sum of i/io and p is nearly a constant, and if p 
is known then ^ can be obtained from the 
measured value of the constant. From Ta¬ 
ble I the value for the constant is 62°, from 
the adopted pole p is -98°, and ifo, then, is 

20° relative to the time of our first mea- 
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sûrement point (the fourth point in Fig. 6). 
Using the same constant, but p as predicted 
from Zellner’s pole, we can also make a 
predicted lightcurve for Zellner’s model, all 
of which leads to Table V and Fig. 8. 

At first it might appear that the agree¬ 
ment between the observed and theoretical 
lightcurves is poor. However, since both 
Dunlap (1976) and Millis et al. (1976) found 
that lightcurve amplitudes from models 
must be scaled up, especially at larger solar 
phase angles, in order to match Eros’ ob¬ 
served amplitudes, the amplitude discrep¬ 
ancies are not worrisome to our results for 
the size and shape of the asteroid. In addi¬ 
tion, it should be recalled that our predicted 
“lightcurves” are only the total projected 
area in illumination and do not include any 
particular scattering law, although at lower 
solar phase angles (<20°), assuming that 
the intensity is proportional to the illumi¬ 
nated area is tantamount to assuming Lom- 
mel-Seeliger scattering. In fact, the poor 
phase and amplitude match between the ob¬ 
served and predicted lightcurves could 
result from any one or combination of the 
following: high sub-Earth latitudes produce 
low-amplitude lightcurves containing rela¬ 
tively little phase information, making it 
difficult to establish a zero phase point ac¬ 
curately; no scattering laws are included; 
and Eros may depart from a smooth triaxial 
ellipsoid. Indeed, Jurgens and Goldstein 
(1976) noted that not only was Eros rough 
on the scale of 3.5 and 12.6 cm, as well as 
70 cm (Campbell et al., 1976), but that the 
projected axis of rotation did not equally 
divide the projected area, as would be the 
case for an ellipsoid. For these reasons we 
place little importance in the phase discrep¬ 
ancies, attributing them to the microscopic 
properties of Eros. The gross features (size, 
shape, and pole) are well established by 
speckle interferometry. 

Using the phase coefficient of 0.024 mag/ 
deg, the reddening of 0.001 mag/deg, and 
the B - V of 0.88 for Eros from Zellner 
(1976), together with the maximum B of 
10.59 from Tholen’s lightcurve and our de¬ 

termination of the illuminated area at light¬ 
curve maximum, we find a Vo(l,0) (magni¬ 
tude at maximum light corrected to unit 
distance and zero solar phase angle) of 
10.85 and a geometric albedo of 0.156 ± 
0.010. This Vo(l ,0) is somewhat fainter than 
Zellner’s 10.78 ± 0.04 from the 1974-1975 
apparition of Eros, which was 0.5 mag 
brighter than that found in earlier appari¬ 
tions. The error in our albedo covers the 
extreme range induced by assigning maxi¬ 
mum or minimum illuminated area, from 
the December results or from the combined 
January/December model, to the observed 
maximum in Tholen’s lightcurve. The al¬ 
bedo stands between Zellner’s 0.19 ± 0.01 
and Lebofsky and Rieke’s (1979) radiomet¬ 
ric determination of 0.125 ± 0.025. 

IV. A VISUAL COMPARISON 

Figure 9 is a summary of the actual 
speckle data for the 17-18 December 1981 
observations after processing to correct for 
atmospheric seeing effects. The principal 
result of this analysis is the set of debiased 
seeing-corrected power spectra [see Hege 
et al. (1982a,b) for further details of 
speckle data reductions] shown in the cen¬ 
ter row. On the left is the result for an unre¬ 
solved star showing energy, nearly uni¬ 
formly, to the diffraction limit of the 
measurement. The next seven frames show 
results for Eros at different lightcurve 
phases. These are characteristically differ¬ 
ent from the result for an unresolved star in 
two ways: the energy falls off more rapidly 
than the diffraction-limited result (i.e., the 
object is resolved) and it does not fall off 
uniformly (the object is more highly re¬ 
solved—longer—in a particular direction). 
Unfortunately, instrumental effects are also 
present, notably vertically (N-S), and es¬ 
pecially near the center (at lowest spatial 
frequencies). Nevertheless, the two signifi¬ 
cant attributes of these data sets, those 
showing the object to be resolved and elon¬ 
gated, are sufficient to support the further 
analysis described in this paper. 
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In order to help the reader better visual¬ 
ize these attributes, intensity contours 
(shown as brighter regions) are superim¬ 
posed on the power spectra in the bottom 
row. The intensity is maximum at (or near) 
the center. Each energy contour is a factor 
of 2 less than its neighbor toward the cen¬ 
ter. Typically five contours are visible indi¬ 
cating a signal-to-noise of about 25 = 32. 
Although not exactly elliptical, the gener¬ 
ally oblong character of these contours is 
easily noted. Our first least-squares param¬ 
eterization fits elliptical contours to each 
of these energy distributions in order to ex¬ 
tract three characteristic primary parame¬ 
ters, the semimajor and semiminor axes, 
and the position angle for each observation. 
This set of a, /3, and y values is analyzed 
using a second least-squares procedure to 
determine the actual body parameters and 
pole as previously described. 

The top row of frames is the same set of 
data, presented as autocorrelation func¬ 
tions (Fourier transforms of the power 
spectra in the middle row). These are more 
directly comparable to the actual diffrac¬ 

tion-limited telescopic images in that they 
preserve both the ratio of length to width 
and the orientation of the object itself. The 
stellar (unresolved) autocorrelation shows 
a strong, symmetric Airy minimum and a 
faint (if asymmetric) first Airy maximum 
surrounding a central diffraction disk. The 
results for the asteroid all show, to a greater 
or lesser degree, evidence for an elongated 
object at a characteristic position angle. 
The instrumental artifacts, seen vertically 
in the power spectra, are now (by the prop¬ 
erties of the Fourier transform) seen hor¬ 
izontally and mainly at larger distances in 
these autocorrelation functions. We have 
made no attempt in this work to analyze the 
significance of the obvious departures from 
simple elliptical shape (e.g., particularly in 
the third and fourth Eros frames) which are 
caused in part by details on the surface of 
the asteroid. We have limited this analysis, 
as noted above, to considerations only of 
overall shape (length and width of projected 
image) and orientation (position angle). 

Figures 10 and 11 are side-by-side com¬ 
parisons of our measured ellipses superim- 

I 
.■ 

: 

i 

Fig. 10. Comparison of predicted projected ellipses and measured ellipses for Dec. 17-18, 1981. Our 
adopted solution for the dimensions and pole of Eros (Table IV) results in the upper series (AA) of 
projected ellipses (solid line figures). The dashed ellipses are our measured ellipses at the same 
rotational phase. The lower series (AZ) are the projected ellipses from the consensus solution (Table 
IV), and again superimposed are our measured ellipses at the same rotational phase. From our solution 
the sub-Earth latitude during this run was -74° and the sub-Sun latitude was -34°. The difference 
between 'he sub-Earth and sub-Sun longitudes was +6°. For the consensus model the sub-Earth 
latitude * as -58°, the sub-Sun latitude was -30°, and the difference between the longitudes was +43°. 
The solar phase angle was 40°, Eros’ position was ^44°1. and +40' and its distance from the Earth was 
0.311 AU. On the 0?05 diameter circle, which corresponds to the minimum resolution disk of the 2.3-m 
telescope, north and east are indicated. On the first ellipse of each series, the direction to the Sun and 
to Eros' north pole are shown according to each solution. 
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^ 0 0 

^ 0 <7 § 
Fie. 11. Comparison of predicted projected ellipses and measured ellipses for Jan. 17-18, 1982. As 

in Fig. 10, the upper series (BB) of solid line ellipses are from our solutions, and the lower seríes (BZ) 
are from the consensus solution. The sub-Earth latitude from our model during the Jan. run was -37°, 
the sub-Sun latitude was -11°, and the difference between the sub-Earth and sub-Sun longitudes was 
-32°. For the consensus model the sub-Earth latitude was -56°, the sub-Sun latitude was -4°, and the 
difference between longitudes was +6°. The solar phase angle was 52°, Eros’ position was 2l'57m, +32° 
and its distance from the Earth was 0.317. 

posed on our model and on the consensus 
model of Eros for December 1981 and Janu¬ 
ary 1982, respectively. Presented in this 
manner the agreement between the two 
models is indeed convincing. Judging from 
the agreement between earlier works and 
the current speckle interferometric efforts 
for Eros, it appears that speckle is capable 
of obtaining the same information for aste¬ 
roids as several other methods in concert, 
but in only one or two nights, provided the 
rotational period is known. 

angle measured in a counterclockwise di¬ 
rection (N-E-S-W) is positive and varies 
between 0 and 2ir. 

Define three position vectors in the aste¬ 
roid’s coordinate system (Section IIA), one 
for the Earth, one for the Sun, and one for 
the line of nodes: 

E = (i,j,k) 

S = (/, m, n) 

Ÿ = (cos i/», -sin i/i, 0). 

APPENDIX I 

In an attempt to avoid any possible con¬ 
fusion of the term obliquity as used in this 
paper and as used by Dunlap (1971) and 
Barucci and Fulchignoni (1982), or Taylor 
(1979), we present Fig. 12, which shows the 
position of the Sun projected onto the plane 
of the Earth’s sky, centered on the aste¬ 
roid, for each possible quadrant. The z axis 
is the projection of the asteroid’s spin axis 
and the y axis is the line of nodes (the inter¬ 
section of the asteroid’s equator and the 
plane of the Earth’s sky). Both Dunlap and 
Taylor define obliquity as a positive quan¬ 
tity, the former restraining the obliquity to 
lie between 0 and n/2 and th*! latter between 
0 and 7T. We define obliquity as a position 
angle with the normal convention that the 

z 

Fig. 12. Obliquity as defined by Dunlap (1971), —; 
by Taylor (1979),-; and this paper (Appendix 1), 
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The cosine of the solar phase angle, &>, is 
given by E - S. Our obliquity, p, measured 
from the projection of S onto the plane of 
the Earth's sky to y, can be found from 

cos p = Ÿ • S/sin a» 
= (/ cos t/> - m sin i/»)/sin co 

sin p = Ÿ • E X S/sin <u 
= (k cos a) - n)/(sin cu cos 6). 

APPENDIX II: NOMENCLATURE 

A, B, C 

A¡ 

As 

At, By, Ct 

a ^ b ^ c 

X, y, z 

x',y, i 

a> ß 

at — ßj 

y 

Yt 

terms used in quadratic for¬ 
mula for projected ellipse 

illuminated area of pro¬ 
jected ellipse, bounded by 
terminator and bright limb 

area of projected ellipse in 
shadow, bounded by ter¬ 
minator and dark limb 

terms used in quadratic for¬ 
mula for terminator el¬ 
lipse 

semidiameters of triaxial el¬ 
lipsoid rotating about c 

E = (/, j, k) position vector of Earth in 
asterocentric coordinates 
[see Eq. (12)] 

L asterocentric longitude 
measured positive in a 
right-handed coordinate 
system, from the longest 
body axis (a); L = -(i/> + 
90°) 

S = (/, m, n) position vector of Sun in as¬ 
terocentric coordinates 
[see Eq. (18)] 

Ÿ position vector of line of 
nodes: the intersection of 
the asteroid’s equatorial 
plane and the plane of the 
Earth’s sky 

asterocentric rectangular 
coordinates with the x 
axis pointed toward the 
Earth, and the y axis coin¬ 
cident with the line of 
nodes 

asterocentric rectangular 
coordinates rotating with 

0{0o) 

V 

P 

ÿ («/»o) 

(0 

the asteroid, with a, b, c 
lying along x’, y', and z' 

semidiameters of ellipse 
projected by ellipsoid 

semidiameters of terminator 
ellipse 

position angle measured in 
the plane of the sky, be¬ 
tween the y axis and a 

position angle measured in 
the plane of the sky, be¬ 
tween the y axis and ar 

asterocentric latitude of 
sub-Earth (sub-Sun) 
point, or equivalently the 
Euler angle between the 
asteroid’s rotation axis 
and the Earth’s (Sun’s) 
sky plane 

3.1416 . . . 
obliquity (see Appendix I) 
the Euler angle between the 

line of sight and the line of 
nodes; by our selected co¬ 
ordinate system this angle 
is a constant tt/2 

the Euler angle equivalent 
to the rotational phase an¬ 
gle measured from the 
line of nodes, with <// = 0 
when the longest body 
axis (a) is perpendicular 
to the line of sight and lies 
unprojected in the plane 
of the sky; = -(L + 
90°), ¢0 = -O® + 90°) 

solar phase angle, the angle 
between the Sun and 
Earth as seen by the aste¬ 
roid; E • S = cos U 
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Speckle interferometry of 532 Herculina performed on January 17 and 18, 1982, yields triaxial 
ellipsoid dimensions of (263 ± 14) x (218 ± 12) x (215 ± 12) km, and a north pole for the asteroid 
within 7° of RA = 7M7n' and DEC = -39° (ecliptic coordinates A = 132° /3 = -59°). In addition, a 
“spot” some 75% brighter than the rest of the asteroid is inferred from both speckle observations 
and Herculina's lightcurve history. This bright complex, centered at asterocentric latitude -35°, 
longitude 145-165°, extends over a diameter of 55° (115 km) of the asteroid's surface. No evidence 
for a satellite is found from the speckle observations, which leads to an upper limit of 50 km for the 
diameter of any satellite with an albedo the same as or higher than Herculina. o iws Academie 
Press, Inc. 

INTRODUCTION 

Assuming that an asteroid is a smooth 
triaxial ellipsoid rotating about its shortest 
axis, the resolved asteroid will project onto 
the plane of the Earth’s sky as an ellipse. 
Even at low to moderate solar phase angles 
(<45°), the illuminated portion of an aste- 
roic can still be approximated by an ellipse. 
At low solar phase angles, a smooth, airless 
dark body tends to suffer little or no limb 
darkening (French and Veverka, 1983). 
Even for objects similar in albedo to Hercu¬ 
lina, French and Veverka (1983) found that 
what limb darkening may exist is nearly 
(but not totally) reduced by macroscopic 
surface roughness. Thus, treating an aste¬ 
roid as a smooth triaxial ellipsoid uniformly 
bright from the terminator to the opposite 
limb appears to be a useful approximation 
and is indeed what is traditionally used 
(e.g.. Ostro and Connelly, 1984). As the as¬ 
teroid rotates it presents a series of ellipses 

that change in size, shape, and orientation. 
There is a transformation from each ellipse 
to actual body parameters that involve six 
variables, three dimensions and three 
(Euler) angles. The asteroid’s axial dimen¬ 
sions and the direction of its spin axis, in¬ 
cluding the sense of rotation, can then be 
found from a least-squares analysis of this 
ellipse series. The derivation of the relevant 
equations was given by Drummond et al. 
(1985, Paper I) and applied to speckle inter¬ 
ferometric observations of 433 Eros. In the 
present paper we use the same technique to 
study 532 Herculina. 

1 Visiting Astronomer from Department of Astron¬ 
omy, New Mexico State University, Las Cruces, 
N.M. 

THE DATA AND RESULTS 

Four observations of Herculina were 
made on January 17,1982, and another four 
on January 18, at the 2.3-m telescope of 
Steward Observatory, using the equipment 
as described by Hege et. al. (1982). Each 
observation was a 10-min videotape of Her¬ 
culina taken at 30 Hz. Each 10-min obser¬ 
vation was later Fourier transformed, and 
the power spectra were coadded. In order 
to remove the modulation transfer function 
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of the telescope and the seeing (Hege el 
al., 1982), the unbiased two-dimensional 
speckle image power spectrum accumu¬ 
lated from each 10-min observation was di¬ 
vided (deconvolved) by the two-dimen¬ 
sional power spectrum of a star observed 
immediately before and again by the power 
spectrum of a different star observed imme¬ 
diately after Herculina. Each deconvolved 
power spectrum of Herculina was then fit 
over two regions of spatial frequencies to 
the power spectrum of a uniformly bright 
ellipse. The major axis, minor axis, and po¬ 
sition angle of the major axis for the aste¬ 
roid’s elliptical power spectrum were taken 
as the average of two measurements from 
both of the deconvolved power spectra. 
The average standard deviation from the 
mean of the four measurements of each 
Herculina observation ranged between 
07002 and 07018 for the long axis dimension, 
between 07003 and 07043 for the short axis 
dimension, and between 1 and 6° for the 
position angle. Image scale and absolute 
orientation were calibrated with a mask 
placed over the secondary mirror at the end 
of the run. The diffraction limit of the 2.3-m 
telescope is 0705 at 5500 Â and the scale 
was 0701 per pixel. 

On a “poor” night seeing may not be a 
statistically stationary process during ob¬ 
servations of the first nearby standard, the 
asteroid, and the second nearby standard. 
However, since the observation of the aste¬ 
roid is always sandwiched between the two 
standards, and the results are the average 
between the two deconvolutions, any trend 
in the seeing should be compensated. Fur¬ 
thermore, even if a change in seeing is not 
entirely compensated, the remaining “er¬ 
ror” will simply be manifest as noise on the 
measurements when all observations are fit 
simultaneously, resulting, perhaps, in in¬ 
creased errors for the final parameters. (See 
below.) 

Table I gives pertinent data regarding the 
observing circumstances for Herculina, 
which moved less than one-third of Io be¬ 
tween the first observation on the first night 

TABLE I 

Aspect Data for Speckle Observations 

DATE RA (1950) DEC 

January 17 and 18, 1982 +25°4r 

Distance from Earth 
1.495 AU 

Distance from Sun 
2.459 AU 

Solar phase angle 

6?0 

Position angle of Sun, 
centered on Herculina 
74° 

and the last observation on the second 
night. Because the solar phase angle was 
only 6°, the terminator was virtually coinci¬ 
dent with one edge of the projected ellipse. 

Three independent quantities are mea¬ 
sured for each of the eight observations of 
the projected ellipse: a major axis dimen¬ 
sion a, a minor axis dimension /3, and a 
position angle y of the long axis. Alto¬ 
gether, then, there are 24 equations of con¬ 
dition to solve for six unknown parameters. 
However, as discussed later, four measure¬ 
ments were not used in the analysis, leaving 
20 equations of condition. A nonlinear 
least-squares (Jeffreys, 1980) routine was 
used to solve for the dimensions of the 
three axes a, b, c, the latitude of the sub- 
Earth point 0, a zero point for the rotational 
phase i|to (corresponding to maximum light), 
and the obliquity p (as defined in Paper I). 
With 0, p, and the position of Herculina, we 
calculate the location of the pole directly. 
The error in the position of the pole arises 
from the errors in 0 and p, and corresponds 
to the radius of a circle with the same area 
as the area enclosed by the various poles 
calculated by varying 0 and p by their er¬ 
rors. Table II lists the least-squares solu¬ 
tion for each of the parameters and presents 
the matrix of normalized correlation coeffi¬ 
cients for the full six-parameter fit, Table 
III lists the same for a five-parameter fit, 
where b is assumed equal to c (the prolate 
spheroid biaxial case), and Table IV shows 
the information for the biaxial fit using all 
the points, including the four discrepant 
ones. A triaxial solution could not be found 
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TABLE II 

Triaxial Solution and Correlation Matrix 
(Without Four Lowest ß's) 

a = 261 ± 14 km 
b = 222 ± 16 km 
c = 213 ± 18 km 

1(¾ = -35 ± 13° 
0 = -29 ± 23° 
p = 30 ± 8° 

Standard error of fit = 07019 
RA 

7h59" 
Pole (1950) 

21 km 
DEC 
-33° 

±14° 
13h39" +77° 

'k 
a 
b 
c 

<1*0 

-0.60 
0.33 

-0.12 
0.63 
0.08 

-0.35 
0.11 

-0.80 
-0.07 

-0.15 
0.79 
0.09 

-0.14 
-0.90 0.07 — 

in the latter case if these four points were 
included in the analysis. Table V gives our 
adopted weighted (by the inverse errors 
squared) solution between Tables II and 
III. For each case the standard error of fit is 
listed and both poles for the 0,ir - 0 ambi¬ 
guity (see Paper I) are given. However, 
based on the available published light- 
curves (next section), the first listed pole is 
the correct one. From occultation (Bowell 
et al., 1978), radiometric (Morrison and Le- 

TABLE III 

Biaxial Solution and Correlation Matrix 
(Without Four Lowest ß's) 

a = 265 ± 15 km 
6 = c = 216 ± 10 km 

00 
0 

P 

-38 + 9° 
-23 + 5° 

32 + r 

Standard error of fit - 07018 = 20 km 
RA 

7h42m 
Pole (1950) DEC 

-39° 
±6° 

15022-. +75° 

00 

TABLE IV 

Biaxial St lution and Correlation Matrix 
(Including Four Lowest ß's) 

a = 278 ± 17 km 
b — c — 181 ±11 km 

00 -37 + 9“ 
-24 + 6° 

32 + 7° 

Standard error of fit = 07030 
RA 

7045.. 
Pole (1950) 

33 km 
DEC 
-38° 

15014-, +76° 

00 

a 
b 

00 

0 

P 

-0.22 
-0.03 

0.21 
0.02 

-0.01 
0.04 
0.005 

0.01 
-0.82 -0.05 - 

bofsky, 1979), and polarization (Bowell et 
al., 1979) results, the diameter of Herculina 
has been found to be 217, 219, and 220 km, 
respectively. No published pole has been 
noted in the literature. 

Figure 1 shows our measured major axis 
(diamonds) and minor axis (filled circles; 
open circles are not used in the analysis) 
plotted against rotational phase 1/1. The up¬ 
per line is the predicted major axis dimen¬ 
sion from Table V, while the lower curve is 
the predicted minor axis. Figure 2 shows 
the predicted position angle (y) of the mqjor 
axis as a function of rotational phase. At 
rotational phase </< = 0, maximum light oc¬ 
curs, the long body dimension a is perpen¬ 
dicular to our line of sight, and y is zero. 

TABLE V 

Adopted Solution (Weighted Mean of 
Tables II and III) 

-0.04 
0.04 
0.03 

a = 263 ± 14 km 
6 = 218 ± 12 km 
c = 215 ± 12 km 

0o = -37 ± 10° 
0= -IS ±T 
p = 31 ± 7° 
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0 25 
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60 90 120 ISO 160 210 240 270 

Rotational f 

Fig. 1. Major (diamonds) and minor (circles) axis 
dimensions (KOI = 10.84 km) plotted against rota¬ 
tional phase over Jan 17 and 18, 1982. Because of the 
effect of the bright spot on measuring the minor axes, 
open circles were not used in finding the solution. The 
upper (lower) line is the predicted nugor (minor) axis 
dimension from our adopted weighted solution (Table 

V). 

M <0 90 120 190 190 2« 2« 2T0 

Rotational f 

Fig. 2. The position angle (y) of the major axis plot¬ 
ted as a function of rotational phase over Jan 17 and 
18, 1982. At ifi = y = 0, maximum light would occur, 
and Herculina's longest axis would lie in the plane of 
the Earth's sky perpendicular to our line of sight. The 
line is the position angle predicted from the results 
listed in Table V and is superimposed on our measured 
y's, the solid dots. 

HERCULINA’S LIGHTCURVES 

Including the 1982 apparition, lightcurves 
have been obtained at four oppositions (Ta¬ 
ble VI): in 1954 (Groeneveld and Kuiper), 
in 1963 (Chang and Chang), in 1978 (Harris 
and Young, 1979), and in 1982 (indepen¬ 
dently by M. Di Martino (1984, private 

communication) by Cunningham (1983) and 
by R. P. Binzel—see Table VII and below). 
The four oppositions are summarized in Ta¬ 
ble VI. For all but the 1978 opposition, Her- 
culina displayed one maximum and one 
minimum in ~9 hr, implying an 18-hr rota¬ 
tional period. However, in 1978, Harris and 
Young found two (and perhaps even three) 

' ' 

TABLE VI 

Summary of Previous Lightcurves 

DATE RA (1950) DEC Solar 
phase angle 

Amplitude Sub-Earth" 
(mag) latitude 

Comments 

Jan 2, 1954» 
Jan 19-22, 1963" 
Jun 25, 1978' 

Mar 20-25, 1982' 

6*07" 
4 24 

14 52 

8 21 

+ ir30’ 
+ 11 47 
+ 208 

+32 46 21.5 

0.08 
0.18 
0.15 

0.15 

-29° 
-21 
+ 14 

-18 

Second min. 0.12 mag. 
lower than primary 
max. 

-39°. * Based on pole location of 7*47", 
* Groeneveld and Kuiper (1954). 
r Chang and Chang (1963). 
' Harris and Young (1979). Lightcurves were obtained from May 29 through August 1 by Harris and Young at 

Table Mountain and by E. Bowell and L. Martin at Lowell. All lightcurves are quite similar, and the Jun 25 
aspect data are chosen as representative of the middle of the period. 

' R.P.B. (this paper). M. Di Martino (1984, personal communication) obtained a similar 0.15-magnitude ampli¬ 
tude lightcurve for Jan 29—31,1982, as did Cunningham (1983) for Feb 26—Mar 29,1982, but with a slightly higher 

amplitude of 0.18 magnitude. 

*. s 
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TABLE VII 

Aspect Data for 1982 Lightcurve 

DATE 
(O" UT) 

RA (1950) DEC Earth 
distance 

(AU) 

Sun 
distance 

(AU) 

Phase 
angle 

Ecliptic 

Long. Lat. 

1982 Mar 20 
Mar 21 
Mar 22 
Mar 25 

S^l" 
21 
21 
22 

32d45m 
32 46 
32 46 
32 46 

1.710 
1.719 
1.729 
1.757 

2.374 
2.373 
2.372 
2.368 

21?2 
21.4 
21.7 
22.3 

120° 13° 
120 13 
120 13 
120 13 

maxima and minima in 9 hr, and convinc¬ 
ingly demonstrated that a 9.406-hr period 
was correct. 

Figure 3 shows the lightcurve con¬ 
structed from four nights of data obtained 
by R.P.B. in March 1982, assuming a 9.406- 
hr period. A two-channel photometer was 
used on the 0.91-m telescope at McDonald 
Observatory. The second channel of the 
photometer which is described in Nather 
(1973) was offset to a nearby star to monitor 
the photometric constancy of the night. The 
observations were made differentially with 
respect to a second nearby comparison star 
SAO 060790, spectral Type F5. All obser¬ 
vations were made using an uncooled RCA 
8850 photomultiplier tube and a standard B 
filter (Schott 385 and BG 12) and were 
transformed to the Johnson B system using 
solar-type standards from Landolt (1973). 
The small delta B - V between all of the 
objects allowed second-order color terms 
to be ignored in the reduction. 

Each measurement is the average of at 

least 100 sec of integration time on the aste¬ 
roid and on the comparison star. Differen¬ 
tial extinction was accounted for in the re¬ 
duction using nightly determined extinction 
coefficients. The resulting error for each of 
the observations is less than 0.01 magni¬ 
tude. 

The observing circumstances for each of 
the four nights are presented in Table VII. 
Phase angle and distance corrections were 
applied in order to place the observations 
from the four nights on the vertical scale. 
No correction for light time was applied. 

A SPOT ON HERCULINA 

In Fig. 1 it is obvious that the lowest four 
ß measurements are unreasonably low and 
should be excluded from a fit of a uniform 
smooth ellipsoid model. If they are not ex¬ 
cluded, Table IV suggests a maximum light¬ 
curve amplitude of nearly 0.5 magnitude— 
unrealistically large. In order to assess the 
effect of what a dark spot would have on 
the power spectrum of an asteroid, we cal- 

532 HERCULINA 

Fig. 3. The lightcurve of 532 Herculina as measured with a B Alter at the 0.91-m telescope at 
McDonald Observatory. (See text.) 

' 4 
* \ * •» - • - • -■’« 

• • - * * * • * . * . # - * • * O - 
► * • * • “ » **.*.•• ‘ ** • * • • 

^ >i V E- i JL— 

•V 

» 
ft 

? 

It i.- _ M J 

• . '• •* • V* • • 

£ 
* « ’ . 

I- V 

■. - JL. 

i:-: •- .*■ .-. .N 

:--. 

g 

V. 

• • 
‘V'.'T.:r _Tr< 

..--. - .--.-.y S?* 
. ■ V* • * • * - • **•** * •*•••“•• ••• 

. . * V • V ■ • - . % 1 • • * • . 

v'-'v • .. 

tv 

. :.*****/.*K-vV 

a .--.*-y 
y.-.v.N.'.'.v.Ny.-.-.M-.y 

* . f, • . 

‘vv-o y-^y ^ ^ £-i 



.- V V 'AVW r 

í. 

I 

[• 

fò 

1 
c 

r 
j". 

INTERFEROMETRY OF 532 HERCULINA 237 

culated the two-dimensional power spec¬ 
trum of an ellipse with a dark or bright spot 
at various locations. It turned out that the 
biggest effect is caused by a bright spot. In 
fact, the easiest way to cause an underesti¬ 
mate of the size of the minor axis in image 
space (from measurements made in power 
spectrum space) is to place a bright spot at 
the end of the major axis. 

After several such numerical experi¬ 
ments we were able to locate a bright spot 
on Herculina that not only qualitatively ex¬ 
plains the speckle interferometric measure¬ 
ments, but to a large extent explains the 
lightcurves observed. A spot with the fol¬ 
lowing characteristics is suggested: 

Asterocentric latitude 
Asterocentric longitude 

(measured in a right- 
handed system from 
the longest axis in the 
equatorial plane) 

Diameter 
Albedo relative to non¬ 

spot surface 

-35° 
145° 

55° = 115 km 
1.75 

When such a spot is located on the limb, 
midway between the major and minor axes, 
it causes us to severely underestimate the 
minor axis (the first two low ß's in Fig. 1) 
and slightly underestimate the major axis. 
When the spot is on the tip of the major axis 
it not only causes an underestimation of /3, 
but also causes a small overestimation of a 
(as in the second set of low ß's). When the 
spot is near the center of the ellipse, it has 
the least effect (the two measurements at <J> 
= 125°). Moreover, when the latitude of the 
sub-Earth point lies in Herculina’s southern 
hemisphere (as in 1954,1963, and 1982), the 
bright spot “fills in” one of the lightcurve 
minima, and when the sub-Earth latitude is 
in the northern hemisphere (1978), two min¬ 
ima should be seen. Harris and Young 
(1979) correctly interpreted the lightcurve 
data by concluding that “the pole orienta¬ 
tion of 532 Herculina is such that the two 
aspects (1963 and 1978) were both at 
midlatitudes but opposite hemispheres 

Fig. 4. Theoretical lightcurves for four oppositions. 
Using the model from Table V, lightcurves for the four 
epochs considered in Table VI are shown as sinusoidal 
solid lines. The dashed line is the lightcurve with the 
contribution from the bright spot included. Note how 
the spot raises one of the minima to the level of the 
maxima in three of four cases. The 1978 lightcurve was 
the only one obtained when the sub-Earth point was in 
the asteroid's northern hemisphere (the spot is at lati¬ 
tude -35°). We urge the reader to compare these light¬ 
curve shapes with the actual ones from the references 
listed in Table VI, but for convenience we have 
sketched in the observed (lower amplitude) light¬ 
curves. 

from one another.“ This is essentially what 
we find from our speckle observations. 

We were able to reproduce the shape of 
the observed lightcurves listed in Table VI 
quite well by placing the spot at longitude 
165 instead of 145°, a difference that is al¬ 
lowed by the simplistic approach (a single, 
uniform, circular spot). Figure 4 shows the 
lightcurves generated with this spot, and 
we urge comparison to the observed ones. 
Our computer-generated lightcurves in¬ 
clude the visible illuminated area of the as¬ 
teroid, plus the contribution of the illumi¬ 
nated area of the spot (75% brighter than 
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the rest of the asteroid), and takes into ac¬ 
count foreshortening of the spot. It is also 
necessary to include a Lambertian term for 
the spot in order to even remotely match 
the observed lightcurves, i.e., the foreshort¬ 
ened illuminated area of the spot was mul¬ 
tiplied by the cosine of the angle between 
the asteroid’s radius vector to the spot and 
the asterocentric position of the Sun. Al¬ 
though the shapes of the lightcurves agree 
well, the computer-generated lightcurves 
are an average of 0.08 magnitude greater 
than those observed. But again this may be 
due to our simplistic approach to what is 
undoubtedly a complex albedo structure, 
especially in the southern hemisphere of 
Herculina. If the spot and the solar phase 
angle are ignored in our calculated light- 
curve, then the discrepancy is reduced to 
0.04 magnitude. A 0.08-magnitude ampli¬ 
tude discrepancy is also less than the range 
in amplitudes calculated by varying the di¬ 
mensions of Herculina by the errors in Ta¬ 
ble V. 

AN AMPLITUDE/ASPECT CHECK 

As a check of the consistency of our esti¬ 
mates for the dimensions and pole of Her¬ 
culina, we performed a simple amplitude/ 
aspect analysis. Using the dimensions from 
Table V of 263 x 218 x 215, ignoring the 
effect of the solar phase angle, and disre¬ 
garding the spot, the amplitude can be ex¬ 
pressed as the ratio of maximum to mini¬ 
mum projected area and is a function of 
aspect (90° - 0) only. For amplitudes (A) 
converted to a linear scale, the sub-Earth 
latitude (0) can be found from 

tan20 = cHA2/}2 - a2)/[a2b2( 1 - A2)], 

where a, b, and c are the triaxial diameters. 
From observed amplitudes (Table VI) and 
our dimensions, we convert each lightcurve 
amplitude to a 0. We then plot the position 
of the asteroid on the celestial sphere and 
draw a circle around it of radius 90° - 9. 
Ideally, since the pole must lie somewhere 
on each circle, all the circles should inter¬ 
sect at the location of the pole. Figure 5 

Fig. 5. A graphical representation of the amplitude/ 
aspect analysis for Herculina. On the celestial sphere 
(note the south celestial pole and the solid equator), 
tipped so that our pole at TN?", -39°, is directly be¬ 
neath us (the plus), each curve (derived from the am¬ 
plitudes in Table VI and the dimensions in Table V) is 
drawn centered on the position of the asteroid at the 
time of the observations. The I982S curve comes from 
our own speckle observation. Note the intersection of 
the 1963 curve with our pole, and the intersection of 
the 1934, 1978, and 1982 curves some 20° away at 
6M8", -24°. 

shows four circles from the four lightcurves 
of Table VI, as well as the circle from our 
own speckle observations. 

In fact, the speckle results not only give a 
circle but indicate where on the circle the 
pole lies. We have tipped the celestial 
sphere so that the location of this pole at 
7h47m, -39°, lies at the center (a plus). The 
circle from the 1963 lightcurve intersects 
the speckle (1982S) curve at precisely this 
point, while the three other lightcurves in¬ 
tersect at 6h48m, -24°, a difference of 20°. 
We feel this is good agreement and adds 
confidence to our results for Herculina. 

A SATELLITE? 

The possibility of a satellite orbiting Her¬ 
culina was suggested by a secondary event 
observed during a stellar occultation in 1978 
(Bowel! et al., 1978; Van Flandern et al., 
1979). However, no indications of a satel¬ 
lite could be found at any rotational phase 
from our speckle observations (i.e., no in¬ 
terference fringes were seen in the power 
spectra). According to the diameter and or¬ 
bital radius of the hypothetical satellite 
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Fig. 6. 532 Herculina on Jan 17 and 18. 1982. North is indicated on the first “frame." Each frame 
shows Herculina's south pole and equator, the ellipse (dashed) as measured by speckle interferometry, 
and the location of the bright spot (dotted) with its center denoted by a large dot. In the last two frames 
the bright spot is on the other side of the asteroid. The spot is slightly larger than the resolution disc of 
0705 for the 2.3-m telescope. The order of the frames in this fígure is chronological. The last two frames 
here correspond to the first two in Figs. I and 2, the first frame here is point 3 in the earlier figures, 
frame 2 is point 4, etc. 

(50- and 1000-km separation), it should 
have been continuously within our 2"5 field 
of view. We can therefore set an upper limit 
for the diameter of an object with the same 
albedo as Herculina at 0?05 = 50 km, and 
for a satellite with an albedo 75% brighter, 
corresponding to the albedo of the bright 
spot, an upper limit of 40 km. Our observa¬ 
tions, then, lead to the conclusion that if a 
satellite exists for Herculina, it is probably 
smaller than previously suggested. 

SUMMARY 

By modeling Herculina as a triaxial ellip¬ 
soid with a large bright spot in its southern 
hemisphere, we have been able to explain 
its lightcurves and its speckle interferomet¬ 
ric observations. Figure 6 summarize'’ our 
results by combining the information from 
Figs. 1 and 2. At the rotational phase of 
each speckle measurement, the predicted 
projected ellipse from the ellipsoid in Table 
V is shown (solid line ellipse), as well as the 
measured ellipse (dashed), the bright spot 
(dotted) and its center, and the asteroid's 

south pole and equator. In the last two 
frames the bright spot is not visible but its 
center is shown on the other side of the 
asteroid. Note the correlation between the 
location of the bright spot and, in particu¬ 
lar, the size of the minor axis of the mea¬ 
sured ellipse; the greatest effect occurs 
when the spot is on the limb. 

We predict that if colorimetry or polarim- 
etry had been performed during any of the 
lightcurves from Table VI, except 1978, 
there would have been variation with rota¬ 
tion because of the spot. By the same token 
we predict one maximum and minimum 
during one rotational cycle and variations 
in color and polarization over the rotational 
cycle when the sub-Earth point lies in the 
southern hemisphere of Herculina. This 
will occur around the November 1985 op¬ 
position when 6 will be -25°. During the 
July 1988 opposition, since the sub-Earth 
point will lie in Herculina’s northern hemi¬ 
sphere (+23°), two maxima and two minima 
will be seen, and little if any color or polar¬ 
ization variation with rotation will be seen. 
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In 1987 and 1989, the latitudes will be +7 
and -8°, respectively, and the situation will 
be inte, mediate. 
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Tabla VI. Pola and JUtal Ratio Solutions 

Ecliptic Pola Coord Inatoa 
—— -- • RÑS 

Spack la 

SRH 
(aq. ) S 4) 

T 

291 

3»: 

e 

♦ 37 

♦ 31 

8.9 

2.1 

a/b 

1.19+.17 

1.24+.91 

a/c 

1.89+.39 

1.19+.97 

b/c 

1.19+.32 

1.12+.93 

RMS 
Rapll tudas (aa< 

(n-7) 

.944 

.911 

Aapl1tuda/Asoact 
aq. 2) wt«(R2-l)‘ 

Ampi 1tuda/Aspact 
unwelghtad 

Ampi1tuda/Aspact 
wt* (Rz-1) * 

311 

199 

114 

♦ 12 

♦ 25 

♦ 42 

2.4 

1.4 

2.1 

1.24+.99 

1.21+.94 

1.2S+.11 

1.54+.11 

1.17+.94 

2.29+.54 

24 + .99 

9.95+,.92 

1.74+.44 

.911 

.915 

.999 

Tabla VII Phaa« Functions 

va.taM) 

Cohcol» ond Tod•■co 

Fhooo CooffIclont 
ms 

No« (n*il) ■loi 

Lu—oo ond Sowol 1 

0 
ms 
No«. 

^/c-l 

Spöck lo 

SAM 

«> 

Ampi 1 tudo/Aopoct 
ut»(S2-i)a 

Aapl1tudo/Aopoct 
unweighted 

Ampi Itudo/Aopoct 
wt» <S*-11 * 

S.44S(«.S421 

S.177 (♦.SIS) 

ft.lS)(«.S2S) 

S.2*S(«.«U1 

.S4S (9.(S4) 

.#43(¿.SSI) 

.#19 (♦.••S) 

.#3#(♦.#•)) 

.#99 

S.479(«.S92) 

S.#4« (4.978) 

.•41(4.##9) 

.939(4.997) 

.939 

.947 

«.132(4.9S3) 

9.939(4.117) 
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HIGH-SPEED DIGITAL SIGNAL PROCESSING POR SPECKLE INTERFEROMETRY 
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Tucson, AZ 85721 
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Abstract 

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 imple¬ 
menting 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¬ 
processing hardware). 

The instrumentation proposed here will improve apatial resolution at visible wave¬ 
lengths to approximately 15 milliarc-seconds (75 x 10 radians, the best possible for any 
existing telescope), reduce detector Induced image distortion to less than 1% and increase 
the throughput to essentially real-time complex Fourier transform amplitude and phase 
integrations at the telescope. 

Introduction 

Speckle Interferometry*-^ 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 imag.ng resolution. 

Since 1978 the basic design of the Steward Observatory digital video speckle camera has 
evolved, as reported in a series of publications , to comprise 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 results of speckle interferometry. Experience gained with these systems has 
shown the need for further refinements of these basic elements. a) Improved detectors are 
required to provide better spatial resolution and geometric fidelity as well as better 
linearity and dynamic range; b) real-time signal processing is required to permit the 
primary data compression to be accomplished at the telescope while the observations are in 
pro-gress; and c) image processing systems (in addition to general-purpose computational 
capabilities) are required to efficiently reduce the speckle interferometric results. This 
basic speckle Interferometry system design is shown schematically in Figure 1. 

The present realization of this camera 6, consisting of first generation electrostatic 
inverters (4 stages of Varo 8605), a plumbicon camera and a Grinneil digital video memory 
system for video digitization and general-purpose minicomputers of very limited capabilities 
(Data General Nova class) for both the signal processing and the image processing functions, 
has been applied successfully to observations of asteroids , the Pluto-Charon system and 
the 15™.7 DSO PG115+080 as well as to observations of bright supergiants 11-1J and binary 
stars These observations and results have revealed both the capabilities and the 
limitations of this system. Among the demonstrated capabilities are included a) observa¬ 
tions of structure as faint as mv=18 in an mv»16 system10^ b) obser-vations of structure at 
the diffraction limit of the Multiple Mirror Telescope13»16, c) astrometric observations8- 
*0»1^-16 and d) mapping of faint envelopes around bright supergiants12. 

Among the limitations of this system, the most severe are a) detector limitations 
including large geometric distortions, limited linearity and low dynamic range; b) 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 c) no special purpose 
array processing capability for image analysis. We anticipate upgrading of observatory 
computational capabilities to Include array-processing image analysis. 

* The Multiple Mirror Telescope is a joint facility of the University of Arizona and the 
Smithsonian Institution. 
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Figure 1. The Digital Speckle Interferometry System. 

It is the purpose of this paper to propose instrumentation, specifically detectors and 
real-time Fourier signal processors, to aleviate limitations of present detectors and signal 
processors, in order to a) explo|^ the 75 nanoradian (15x10“^ arc seconds) full resolution 
of the Multiple Mirror Telescope17 over a distortion-free field at least 10 microradians (2 
arc seconds) square, and b' provide the required primary signal processing, with at least 
256-pixel resolution in each direction, in real time at the telescope. 

Detector Requirements 

Experience with our present intensified plumbicon video system6, together with evidence 
from other workers1 , estab-lishes rather strong criteria for detector performance. In 
order to have single-photon detection, detector-lag elimination5 is required to remove 
frame-to-frame correlation. This can be accomplished by frame-subtraction6 for analogue 
detection or video-raster event-localization schemes7, as shown in Figure 2. Event- 
localization using newly developed time-tagging detector readout schemes1’'2^ are 
intrinsically lag-free. For bright-object work, these readout systems must be highly linear 
andghave a large dynamic range (at least 8-bits deep for analogue intensities) or very fast 
(10 events/sec for photon-counting schemes). For astrometric work, or for multiple 
specklegram differential work1¿, very low geometrical distortion (less than one pixel in a 
512 X 512 primary raster) is required. 

Proximity focused electrostatic image intensifiera21, configured in a system with 
sufficient gain for good photo-electron pulse discrimination, as represented schematically 
in Figure 3, provide greatly improved geometrical fidelity and geometrical stability 
compared to either electrostatic inverters or magnetic focused devices. High quantum 
efficiency (>20%) and low dark current (<10e.cm_z.sec-1 at -30C) are required in order to 
obtain useful specklegrams of mv*15 or fainter objects, although these levels of dark- 
emission are difficult to achieve for proximity focused devices with good red response. 
Also, very fast (1 microsecond) output phosphors are required if event detection at 106/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 immedi-tely 
rules out electron-gun video systems in the changing environments of an instrument mounted 
on an astronomical telescope. Solid-state (CCD or Photodiode) cameras22, as well as the 
event localizing schemes noted above, appear to meet the requirement that the 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- 
50m 111 iseconds (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 than 1 to 10ms. In this case rapid 
shuttering with frame-subtraction (with subsequent loss of duty-cycle in a standard video 
raster scheme), or time tagging schemes (with sub-sequent increase in specklegram rate) are 
required. The time-tagging, photoelectron-localization schemes of Timothy et al. and 
Papal loiios et appear very attractive as means of introducing variable (and TheTefore 
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Figure 2. Lag-free Digital Video. Figure 3. A iow-distortion, high-gain multi¬ 
stage image intensifier, a CCD camera can pro¬ 
vide standard video readout, or a time-tagging 
event detector readout may be used. PF > prox¬ 
imity focus image intensifier. FO ■ fiber 
optics. MCP » micro-channel plate image inten¬ 
sifier. 

optlmlzable) 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 experience with analogue video data-logglng has also revealed severe limitations, 
both in dynamic range and bandwidth of U-matic 3/41nch video cassette recorders. This same 
experience has, however, proven the value of archiving the primary data domain, which should 
be preserved even as on-line data-reduction capabilities are Implemented. Archived data can 
subsequently be reduced by different algorithms to extract different Information (or to 
correct prior procedural or parametric errors) if it is preserved in its original form. 

Since certain aspects of the data reduction process are applied to nearly all data sets 
(complex FFT, co-addition of power spectra or autocorrelation functions, co-addition of 
image phases or phase differences, co-addition of centrolded frames), we considered the 
possibility of moving one step away from the primary video domain, namely logging the 
(possibly "super-resolved”) complex FFT for each video frame on standard digital magtape. A 
simple calculation quickly revealed that conventional 9-track digital techniques are quite 
inadequate. The compressed format of time-tagged event addresses is the best contender for 
a high-fidelity pimary data archive, especially for fainter objects where recording only 
non-zero pixels is a considerable advantage. Although quite expensive, digital video 
recording techniques can maintain the speeds required if full-format recording of amplitudes 
for bright objects is required. 

Speckle Data Processing Algorithms 

All Speckle Interferometry proceeds from the accumulation of co-added power spectra (or 
equivalently for photoelectron limited observations, co-added autocorrelation functions). 
Since this processing looses all image phase information, it is also desirable to Include 
some image phase integration method as well. No single method has yet proven superior to 
any other, so we wish to specify a system with sufficient flexibility to accomodate several 
possible image phase retrieval (as contrasted to image phase "reconstruction") 
methods12'23-2*. 

The differential method12 requires co-addition of the complex deconvolution of two 
specklegrams obtained simultaneously in two different wavelengths. Cocke's24 phase 
unwrapping method requires super-resolution (l.e. Increased size of input raster) and 
neighborhood processing to recover missing multiples of 21T (Figure 4.). 



Complex FT 

Figure 4. The Phase-unwrapping method. 

The ^ii ft-and-add28 methods (derivative of that used originally by Lynds, Worden, and 
Harvey ) require neighborhood processing to extract a sampling function which is cross- 
correlajjgd with the original specklegrams to produce image estimates which are co-added. A 
variant of the LWH method extracts a weighted sampling function by which the specklegrams 
are deconvolved frame-by-frame to produce seelng-corrected image estimates (a la the 
differential method) which are co-added. ~ — 

0 7 
Nisenson, et al. have proposed a scheme based upon the accumulation of four arrays, 

each of which is derived from the 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 that procedure. 

are Given ” I (u,v) - A(u,v) ei£(u'v), the four arrays which are to be accumulated 

(1) <I(u,v)> 

(2) <|I(u,v)|2> 

(3) <I*(u,v)I (u +Au,v)> 

(4) <1*(u,v)I(u,V + A V)> 

Equivalent to the Long Exposure. 

The usual Power Spectrum. 

An X-phase array. 

A Y-phase array. 

Nisenson, et al. show that (3) and (4) effectively yield phase differences which can be 
integrated to yield the desired transform phases for a Knox-Thompson style two-dimensional 
image reconstruction. In a subsequent paper23, Nisenson et al^ have shown that this method 
can also be corrected for the effects of photon noise Fias. 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 
iTnn*V?n 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 60Hz (or even 30Hz). We require the accumulation of the four arrays noted 
above for 8-bit video data digitized on a 256 x 256 raster for every 16.7ms (60Hz) 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-1000 based system. 

Real-time Video Fourier Transform Signal Processing 

The configuration of the proposed SPS-1000 signal processing subsystem for digital 
speckle interferometry is Illustrated in figures 5 and 6. The system is shown in minimum, 
and maximum configurations. The minimum system provides a modest but acceptable level of 
performance at a minimum cost. The maximum system can be Incrementally expanded to improve 
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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 be increased over a period 
of time. _ 

TO/mOM HOST COMHUTCH TO/FHON HOST COMPUTtH 

Figure 5. Minimum system. Figure 6. Maximum system. 

As mentioned previously, the use of a conventional programmable processor such as a 
general purpose 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 attachment points for a 
variety of processors each optimized for a specific part of the overall signal processing 
task. These processors may be general purpose computers, array processors, micro¬ 
processors, hard-wired modules, etc. For applications which involve Fourier Transforms, the 
manufacturer offers an imbedded Fast Fourier Transform (FFT) 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 megahertz. FFTs 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 FFTs. 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 megahertz. 

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 
required to perform only the post Integration processing. 

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

Table I 

Frame 
Size 

(pixels) 

128 X 128 

System Performance 

Minimum System 

Frame Pixel 
Rate Rate 
(Hz) (FHz) 

70 1.15 

Tradeoffs 

Maximum System 

Frame Pixel 
Rata Rate 
(Hz) (MHz) 

270 4.42 

256 X 256 18 1.17 84 5.51 

512 X 512 4.6 1.21 23 6.03 

The frame rates and corresponding pixel rates indicated in the table are the maximums 
which can be accomodated by the system. Since the system is 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 FFT processor which is indicated by broken lines in Figure 5. 
The performance numbers for the maximum system already Include the second FFT processor. 
Ail 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 reader will note that 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 FFTS, the FFT processor of 
the SPS-1000 does only complex to complex FFTs. For the minimum system, the input data will 
be made complex by inputting zeros in the imaginary parts of the complex input words. This 
makes for some inefficiency in the first (row) FFT 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 tóese 
results can be ignored in doing the column FFTs and no further inefficiency results. Thus, 
the processing of an N X N input array results in an N/2 X N intermediate array and a 
similar output array. 

For the maximum system, advantage is taken of an option offered by the manufacturer of 
the SPS-1000 to efficiently 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 even and odd input samples as the real and 
imaginary parts of 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 7 and 8. The two implementatioi’S are identical except 
for the packing on input and'the even-odd separate between the row ind column FFTs. In the 
minimum system the four integrations will be performed by the SPF-81 processor whereas in 
the maximum system these will be done by a specialized processor attached to a separate 
port. In both cases the image 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-81 processor. We have 
chosen the latter since the SPS-81 requires a host interface in any case 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 discussed 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 deconvolution of differential speckle imaging or the neighbor- 
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hood processing required by phase-following approaches. By employing more integration 
buffers and simple first-moment calculations one could Implement "r0-monitor i ng"30 as 
proposed by Mariotti e_t al. 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 in speed) and conventional, floating-point processors (the ultimate 
in algorithmic flexibiHty). 

Figure 7. Minimum processing. Figure 8. Maximum processing. 

Conclusions 

Present detector limitations appear to be surmountable by implementation of currently 
available proximity-focused image intensiflers suitably coupled to solid-state video .readout 
devices. 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 reconstructtion 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 can settle for less. 
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Abstract 

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 ar» 
75m and 10am respectively. The array may be used as three separate telescopes, one i 1 . lm 
and two 8m for work not requiring highest angular resolution. We discuss the pr-hlems of 
making speckle measures to high enough precision for synthetic images to he produced. we 
conclude by showing that the high resolution presents opportunities to make types of obser¬ 
vation that are neither possible with VLPA nor NUTT. 

Introduction 

Since the Introduction and development of new Interferometric speckle tec.hnigues by 
t.abeyrie and his collaborators^, there bas been a surge of interesting observational 
results. These results encourage the design of Interferometers of higher resolution and 
sensitivity. However, the very large change In quality of i n t e r f e ror.» - r t c data, with 
modest changes in observing conditions suggests that interferometry makes a poor sole 
justifier for a giant facility at optical and IR wavelengths. One would like to have a 
facility In which extraordinary conditions were used for interferometry, and yet the faci¬ 
lity provided tor alternate high interest work for the, say 2/3 of the time when conditions 
are more ordinary. 

There has been some recent confusion as to the value of using large apertures in Inter¬ 
ferometers, though thev are clearly preferred for the other types of observation. Tbe 
value of a large aperture in Increasing Interferometric sensitivity Is not very great when 
the image Is enlarged beyond the diffraction pattern by seeing. In that case, the speckle 
Interference patterns add Incoherently, and sensitivity Increases linearly with aperture 
diameter, whereas In the diffraction limited case, sensitivity increases as (diameter)^. 

in the visible, the apertures may be made coherent by adaptive optics if the object Is 
bright enough (- inth magnitude), which Is not usually helpful. However beyond a few 
microns the Isoplanatlc patch Is so large, and the speckle change time «o Imng that the 
telescope can be made coherent In the IR by using adaptive optics working with the vlslhl» 
light of the object, or a faint field star. For these cases the interferometer with large 
primary mirrors becomes a very powerful tool, because the sensitivity Is Increasing as 
(d lameter)^ . 

A study of the optimum use of collecting area In a visible or IP interferometer shows 
that greatest sensitivity Is obtained by dividing the area Into two equal apertures, and 
moving one so as to sequentially explore the tl-V plane. 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. In this paper we have chosen to 
balan-e these ne<»ds by considering an array of four 3m mirrors, In which the exploration of 
rhç u-v plane is done by an azimuth motion of the array, coupled with the diurnal apparent 
motion of the sky. 

Eight meter mirrors make good building blocks. They are the largest Individual mirrors 
likely to be available In the near future, In the 0.3 to I micron range, CCD spectrographs 
on this sire telescope are limited by photon noise of sky background for resolvlnq powers 
up to a few times 104. with mirrors this large, It Is possible to make a few element 
interferometer with high angular resolution, and with no holes in the U-V plane. 

This article breaks Into four further sections. First, there is s description of the 
Versatile Array concept. Second, Is a discussion of the expected optical performance of 
the concept, with es* mates of a few of the design parameters. Third, is a discussion of 
the problem of maklr.g Interferometric measures with sufficiently small systematic errors 
that good image reconstruct Ion is possible. Finally, there Is a discussion of the applica¬ 
tion of this device to two major problem areas in astronomy. The first concerns the nature 
and structure of the innermost regions of energetic e x t. raga I act l c objects such as quasars 
and Seyfert galaxies. The second concerns the structure of solar-system-1 ike objects in 
formation. ( 
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The Differential Speckle Interferometer 
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Tucson, AZ 85721 

E. Keith Hege, H. Patrick Murphy 
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Tucson, AZ 85721 

Abstract 

We describe a new technique called "Differential Speckle Interferometry" (DSD which uses 
simultaneous narrow band images of astronomical objects to study their structure. Simultan¬ 
eous 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, anal¬ 
ysis techniques, and results related to DSI. 

Introduction 

Refractive index variations associated with turbulence in the earth atmosphere cause 
severe distortions in the wavefront of astronomical objects observed by telescopes. Spa¬ 
tial phase variations in the wavefront amount to many cycles thus resulting in a major de¬ 
terioration of the image quality. For exposure times short enough to freeze the temporal 
changes of the wavefront the broadened stellar images show the so-called speckle structure, 
each speckle being of a size near the theoretical diffraction limit of the telescope. Spa¬ 
tial analysis of the speckle image (specklegram) by means of power spectrum or autocorrel¬ 
ation techniques results therefore in some information on the size of the object in case of 
a resolved star or on the separation and orientation of the stars in a close binary system. 
To derive more detailed image information requires more sophisticated analysis or observing 
techniques1. 

We previously described*'* a technique called Differential Speckle Interferometry (or 
DSI) in which simultaneous speckle images taken in two nearby wavelengths are compared to 
derive image information which relates to the differences in the object as results from the 
difference in wavelength (e.g. due to Doppler shifts, stellar emission, or absorption lines, 
Zeeman effects). The DSI technique uses narrow band (0.04-0.16 nm) solid étalons with mica 
spacers to permit study of image differences in two spectral bands simultaneously. We 
have used DSI to image the envelopes of cold supergiant and giant stars, and to study stel¬ 
lar rotation and spectroscopic binaries. The DSI camera was built so that it can easily be 
converted into a so-called speckle spectrograph using prisms or grisms as spectral disper¬ 
sers. We have used Speckle Spectroscopy to study stellar size variations over wavelength 
regions larger than allowed by the étalons across spectral features like TiO bands and hy¬ 
drogen lines. The DSI system can also, of course, be operated as a conventional speckle 
camera. It is, consequently, a very flexible and powerful instrument. In this paper we 
describe details of the instrumentation, the data analysis, and some of the astronomical 

results. 

The differential speckle camera 

Figure 1 shows a diagram of the differential speckla camera (DSC) as it has been con¬ 
structed. The DSC has been constructed for use with the Multiple Mirror Telescope (MMT), 
the Steward Observatory 2.3 meter telescope, and the KPNO 4 meter telescope, and has been 
successfully used at all three telescopes. The basic layout is very straightforward. 
After a reflecting prime focus stop which feeds the field viewing optics and the Telescope 
Coalignment System of the MMT, the light passes through a collimator-camera lens arrange¬ 
ment which images the star onto a four stage electrostatic image intensifier which is lens- 
coupled to a {'lumbicon1'. The collimator is a 24.5 mm (lOx) or 13.8 mm (5x) microscope ob¬ 
jective which together with the 622 urn focal length camera lens give magnifications of 25x 
and 45x respectively. Table 1 summarizes the image scales so obtained at the three tele¬ 
scopes. They are well matched to the detector and the digitizer pixel size. The area be¬ 
tween the collimator and camera lens is described as the "instrument bay" in which various 
optical configurations can be inserted as shown to the right in Figure 1. The DSC is a 
completely modular system in which optical components are mounted on metal inserts which 
can easily be exchanged in a closed-in optical bench mounted in the cassegrain focus. In 
a few minutes it is therefore possible to modify the optical configurations between the 
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Figure 1. Diagram of the Differential Speckle Camera. On the left is shown the optical 
configuration of the instrument. In the middle and right are shown the differ- 
ent configurations of the instrument bay used for different types of observa¬ 
tions. 

/- 

Telescope 
Table 1. Image scales of the DSC at various telescopes* 

Focus Scale Speckle Size** Final Image Scalet 

t 
Cass. 

MMT 
KPNO 4m 
Steward 2. 3m 

278 um/arcsec 
160 um/arcsec 
100 um/arcsec 

98 nrad 
178 nrad 
300 nrad 

(5x/10x) 
A/Ú"- 7. T/HTT 

4.1/7.2 
2.5/4.5 

Pixel Size+t 
( 5x/10x) 

—3I7Tr- 
62/35 
100/56 

Ö 
ones shown in Figure 1 and variants thereof, including conventional speckle interferometry, 
in which case a microprocessor controlled anti-dispersion system is placed ahead of the 
entire DSC system. 

In the differential speckle imaging mode (DSI) the optics bay contains the following 

components^ Fabr.Y_perot Etaion „¿th mica as its spacer, also called Dobrowolski filter5. 
Since mica is biréfringent such an étalon has two passbands at different spectral lo¬ 
cations for orthogonal linear polarization directions. The spectral separation of 
these two passbands is determined by the mica thickness. The filters that are part of 
the DSC are listed in Table 2. The mica filters are manufactured by the Daystar Cor- , 
poration. The 3 and 4 period blocking filters are manufactured by the Andover Corpor-. 
ation. All optics, including lenses, waveplates, etc., are high efficiency antire- 
fledtion coated to reduce possible effects resulting from multiple reflections. 
A Wollaston Prism separates the two specklegrams corresponding to the two polarization 
directions (and therefore to the two wavelengths). The Wollastons, manufactured by the 
Continental Optical Corporation, separate the images by 1.52 and 7.38 mm in the image 
plane. The former creates the artificial double star used in the str1 lar rotation and 
spectroscopic binary studies, the latter separates the two specklegrams completely. 
Figure 2 is an example of such simultaneous specklegrams of a TAU, one in the Ha line , 
and one in the nearby continuum. ] 

(b) 

♦When referring to our speckle observations we will use the angular scale of radians (1 
urad • 200 milliseconds of arc; 1 nrad ■ 0.2 millisecond of arc)- when referring to 
scale we have used mm/arc second in reverence to custom. 
**In nrad at Ha, taken as X/d where d - the telescope aperture, 
for KPNO 4^, and 230 cm for Steward 2.3m. 
tin imn/arcsec j ^ « 
ttln nrad for 240x256 video digitizer. Pixel size corresponds to 50 wm 

When referring to focal ,. 
A * 

690 cm for MMT, 380 cm_ 
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Table 2. Filters Used in DSC
X (nin) - X I (nin) FWHM(nm) Peak

Transmission

Note

MICA:

BLOCKZR:

589.0(0,) 0.053 0.037 28t

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)#— 0.55<r- 0.12- 78%--

656.3(Ha) 0.80 0.16 78%

354.2(Ca+) 0.5 0.09 >65% on order

587.5(Hc D3) N/A 1.47 82%

589.0(D2) N/A 1.38 66%

656.3(Ha) N/A 1.26 70%

854.2(Ca*) N/A 1.3 >60% on order

T>Air: •■•SiV'.siwi

ifcjp Ah» 1 ^ -*<

:' . ' Vc-;- r-
ti:i:i;t.:v/ -

iV A>a*lCl*jf«if»Sii V^---.^e»V^ ---- -a» .it . . ». «

Figure 2.

7g: 1'
-;l. i'—c'f )■•’■♦ • -

Double image formed by DSC using Wollaston prism beamsplitter. The rignt, 
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 Hi line.

(c) A rotating Half-Wave Plate driven by a computer controlled stepper motor in 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 between 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.

(d) In speckle spectroscopy the entrance aperture is replaced by a 5 urn or 10 u.m wide slit 
(about equal to the speckle size) and the optics bay contains a GRIS.M (Carpenters 
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 spectrogram taken 
with two opposite phased MMT telescopes. The baseline between the two telescopes runs 
parallel to the spectrograph slit so that the interference fringes are at right 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 spectrvan 
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.

•'. f. -'.y. ■'.



: ■-/ *v •;■• • ■ : • » »ll.

a=a®Sii:

wm-^ y—

L-

■.A *;v ' ■

■,4i,^i)|.;_y»S*V':

S

Figure 3. Speckle spectrogram taken with two phased MKT telescopes (separation = 5 meters.’* 
Wavelength runs from 450 nm. on top to 850 nm. on the bottom. The fringes are 
caused by the interference between the two telescopes. The larger scale i.nhono- 
geneities are due to the intersection of the combined speckle patterns of the 
two telescopes. St

Table 3. Spectrum. Dispersers Used in DSC_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

ur. slit; 5. -'■

Observations using differential speckle interferometry have produced images of late ^ 
supergiant and giant Ka envelopes and measures of the spectroscopic binary a VIR and of the 
rotation of y CYG. T.hese 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 quite different for the photon-limited case where the location of the individual 
photoelectrons are used than for the "bright" objects where the specklegram.s are digitize^’ 
as a whole maintaining the pixel to pixel brightness variation".

Tvpe Wavelencth Range (nm.) Spectrum. Resolution (5
Prism 430 - 860 ' 4nm.
Grisra 470 - 535 0.6 n.m
Grism 580 - 605 0.25 nm
Grism. 825 - 885 0.6 nm.

Red superciant and giant star envelopes.

Because of their low surface gravity, the envelopes of these stars are very extended and 
rather cold m.aking them,, for exar.ole, visible in the light of the hydrogen Balmer lines 
(e.g. Ha) and of the singly ionized calcium, lines (e.g. 18542). In .March 1982 observetio'.'. 
were obtained with the Steward 2.3*" telescope of a ORI with the 0.45 2 Ha filter at seven-'- 
different wavelength positions centered around the Ha line (Ha + 1.5 A; Ha * 1.0 8; Ha + ' 
0.5 8, and Ha + 0.0 8) selected by adjusting the filter tem.perature. Because of the low 
filter transmission these observations are photon-limited. The data was analyzed by cros— 
correlation of the continuum specklegram with the line specklegram. Figure 4 (left) show, 
a cross section of the cross correlation so obtained both for a wavelength at the line 
center (Ha + 0.0 8) and in the far Ha wings (Ha + 1.5 8). 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 correlatiuj- 
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 a£-j 
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 tj'f 
blue wing of the line (Ha - 0.5 8) the Ha envelope is larger and better visible than in 
red wing (Ha + 0.5 8) 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.

. ..j
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other component. The specklegram» are of the photon limited case. Figure 7 (top) shows a 
cut through the 2D autocorrelation function along the direction of the image separation 
showing (i) the narrow large zero displacement peak, (ii) the large seeing disk background, 
(iii) narrow peaks due to video clock signal interference, and (iv) the signal of interest. 
Figure 7 (bottom) shows the same after subtraction of a gaussian background and ®fter sub¬ 
traction of the clock signal. The artificial double star is well detectable although it is 
obvious from Figure 7 (bottom) that the gaussian background subtraction is less than per¬ 
fect From an analysis of the data covering a total of 20 minutes observing time we arrive 
at an accuracy of the technique of 2.5 nrad RMS in both a and 6 direction. This accuracy 
was insufficient to unambiguously separate the binary components which equals 13 nrad at 
maximum separation, mainly because the two specklegrams are only partially separated. In 
spite of this, the anticipated differential separation of the photon centers of gravity 
equals about 4 nrad so that the measurement accuracy is tantalizingly close to resolving 
this binary. We expect to improve the accuracy of the technique by using (i) higher trans¬ 
mission filters, (ii) larger telescopes which give narrower autocorrelation peaks, thus im¬ 
proving the precisions, (iii) the wide separation Wollaston prism which reduces the high 
background underneath the autocorrelation peak and therefore the noise. 

These improvements should combine to give corresponding improvements in precision of at 
least an order of magnitude. 

Conclusion 

we are planning to use the techniques of differential speckle interferometry and speckle 
spectroscopy in the future for a detailed study of stellar atmospheres and envelopes, for a 
study of stellar rotation2“5 and spectroscopic binary orbits, and for the examination of 
cores of active galactic nuclei and Seyfert galaxies. Differential techniques appear to be 
very sensitive for the study of the behavior of astronomical objects for which spectral 
and/or polarization variation of structure can be expected. 
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we discuss a four element non-degenerate array telescope-interferometer for ground uso. 
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 
-nd two 8m for work not requiring highest angular resolution. We discuss the problems of 
aklng speckle measures to high enough precision for synthetic images to be produced, we 
onclude by showing that the high resolution presents opportunities to make types of obser¬ 

vation that are neither possible with VLBA nor NNTT. 

Introduction 

Since the Introduction and development of new Interferometric speckle techniques by 
Labeyrie and his collaborators1, there has been a surge of Interesting observational 
results. These results encourage the design of Interferometers of higher resolution and 
sensitivity. However, the very large change in quality of Interferometric data, wltn 
modest changes in observing conditions suggests that Interferometry makes a poor sole 
justifier for a giant facility at optical and IR wavelengths. One would like to have a 
facility in which extraordinary conditions were used for Interferometry, and yet the faci¬ 
lity provided for alternate high interest work for the, say 2/3 of the time when conditions 

are more ordinary. 

There has been some recent confusion as to the value of using large apertures In inter¬ 
ferometers, though they are clearly p-eferred for the other types of observation. The 
value of a large aperture In Increasing Interferometric sensitivity Is not very great wh*n 
the image Is enlarged beyond the diffraction pattern by seeing. In that case, the speckle 
Interference patterns add Incoherently, and sensitivity Increases linearly with aperture 
diameter, whereas In the diffraction limited case, sensitivity increases as (diameter) . 

In the visible, the apertures may be made coherent by adaptive optics If the object Is 
bright enough (- 10th magnitude), which Is not usually helpful. However beyond a few 
microns the Isoplanatic patch Is so large, and the speckle change time so long that the 
telescope can be made coherent In the IR by using adaptive optics working with the visible 
light of the object, or a faint field star. For these cases the Interferometer with large 
primary mirrors becomes a very powerful tool» because the sensitivity is increasing as 

( diameter)*. 

A study of the optimum use of collecting area In a visible or IR Interferometer shows 
that greatest sensitivity Is obtained by dividing the area Into two equal apertures, and 
moving one so as to sequentially explore the U-V plane. 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. In this papsr 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. 

Eight meter mirrors make good building blocks. They are the largest Individual mirrors 
likely to be available In the near future. In the 0.3 to 1 micron range, CCD spectrographs 
on this size telescope are limited by photon noise of sky background for resolving powers 
up to a few times 104. With mirrors this large, It Is possible to make a few element 
Interferometer with high angular resolution, and with no holes In the U-V plane. 

This article breaks Into four further sections. First, there Is a description of the 
versatile Array concept. Second, Is a discussion of the expected optical performance of 
the concept, with estimates of a few of the design parameters. Third, Is a discussion of 
the problem of making Interferometric measures with sufficiently small systematic errors 
that good image reconstruction is possible. Finally, there Is a discussion of the applica¬ 
tion of this device to two major problem areas In astronomy. The first concerns tne nature 
and structure of the Innermost regions of energetic extragalactlc objects such as quasars 
and Seyfert galaxies. The second concerns the structure of solar-system-1 Ike objects in 

formation. 

hr 
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The concept 
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The concept welds together four main Ideas. First, due to Low^, Is the Idea that a 
linear array which points at right ingles 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 
Gursky and Traub^ that an optimum form for a small number of telescopes In a line Is as a 
non-degenerate array. Third, originating with the 200-lnch telescope, and picked up by 
Angel*, Is the Idea that 1Ightwelghted castings of boroslllcate 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-lnch Is Itself the 
clearest Indication that this Is a good route. Fourth, arising from Beckers' and Hege's*’ 
work 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 Isoplanatlsm. 

Figure 1 shows an optical scheme for the Versatile Array, when used In non-degenerate 
array form. All parts of the optics rotate together about the elevation axle, whose posi¬ 
tion is also marked. Two pairs of telescopes, one with a 4m.gap, the other with a 16m gap 
each have a 2-facet KMT-like beam combiner directing the light towards the elevation axle. 
A flat mirror then directs the light along the axle towards the center of the array. The 
Innermost telescopes are separated by 28m. The three gaps between telescopes, and all 
optics except the first three mirrors, are in evacuated housings. 

At a point midway between the outer telescopes Is the combined focus, where path lengths 
are equal. At this point, it Is possible either to combine light from two pairs of mirrors 
in one of three comolnatlons, or to combine all beams to form one Image. 

The chopping secondary mirrors are 45 cm diameter, to permit high frequency chopping. 
The final oeams are f/100, giving a focal plane scale of 4mm/arc-second. The unvlgnetted 
field is about 20"xl'. The smaller dimension is in the direction of higher resolution. 

The practical realization of this scheme requires the following! 

1. The entire array must be able to rotate around the azimuth axis during observations. 
2. For separate use of the telescopes, separate bearings are desirable. 
3. A long mechanical beam linking the telescopes Is not rigid enough to define pointing 

directions, nor to maintain phasing. In consequence an optical servo system Is used for 
these purposes. I j 

A possible mechanical realization of the scheme Is shown In plan and elevation In Figure 
2. The two closest 8m mirrors are placed on a single mount. Together they constitute an 
11.3m telescope, and their erection would constitute phase one of the construction. The 
two other telescopes are built to a similar mechanical plan. Bach is a complete alt¬ 
azimuth telescope revolving on a circular track centered on the 11.3m. 

As ha‘< been pointed out by Labeyrie7, the bearings of large telescopes provide poor 
positioning of the telescopes for Interferometric precision. Therefore, the optical servo 
system meas ires only between the telescopes "tubes". 

Along the elevation axle, also within the evacuated housings are laser beams and 
mirrors. These laser beams are used to control the position of the telescopes, and the 
direction of their beams to maintain phasing to within atmospherically Imposed limits, 
- 20-50 microns. 

The telescope elevation axes are kept colllnear by the servo system. It also measures 
the distance between telescopes, and moves the auxiliary optical systems so as to maintain 
phasing. Pointing of Individual telescopes Is corrected at low frequencies by rotation of 
the bearings. Higher frequency corrections and adaptive wavefront correction use the beam 
combining mirrors. 

In the non-degenerate configuration, the center to center separation of the outside 
mirrors is 72m. If one of the mirrors is brought to the other side of center, this separa¬ 
tion Is Increased to 108m, and is therefore useful for obtaining the highest possible reso¬ 
lution. However, such observations would leave a gap In the U-V plane. The third 
configuration Is to use the system as three separate telescopes. For this purpose, alter¬ 
nate top ends would be needed for all telescopes. A variety of useful top end con¬ 
figurations have been found while studying possible variants for an MMT/NNTT. The 
versatility of this array arises from two aspects. First, there are these three con¬ 
figurations which, quite apart from their interferometric potential also have the light 
gathering power of either one 16m telescope or one 11.3 and two 8m telescopes. Second, 
there Is the potentla’ for building the array in stages, as funds become available, pro- 

> vidlng that an appropriate site if found. It is a particularly Interesting facility for a 
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binary star. The measures were normalized by alternating the telescope between the binary, 
and a nearby unresolved source every few minutes, yet the result shows the visibility func¬ 
tion apparently exceeling unity at Intermediate spatial frequencies, and the systematic 
error Is far greater tian Internal error would lead one to expect. 

V 

The speckle transfer function must be determined to the required precision of ~ 1». 
First, this needs a systematic measure of seeing correct to - 0.5», since the speckle 
transfer function Is reduced below the telescope MTF by- (D/v0)2. Lena8, has sugges id 
that visible seeing should be monitored during IR speckle measures. Since the Instan¬ 
taneous wavefront disturbances are unlikely to match the Kolmogorov spectrum of the 
average, this may be Inadequate for most telescopes. For the VA It Is definitely 
Incorrect, when adaptive optics Is used on the separate 8m telescopes, the long wavelength 
wavefront corrugations are substantially smoothed, but the short wavelength corrugations 
remain. Thus the visible and IR seeing became decoupled. It Is recommended that moni¬ 
toring the seeing should be performed at the same wavelength as the speckle observations. 
Indeed, there Is a possibility that a variant of the Worden and Welter method9 In conjunc¬ 
tion with frequent reference to a nearby star may be the best method of correcting for 
seeing. 

In addition to seeing modifying the speckle transfer function, It Is 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 rates for visible speckle observations may be one 
reason why visible region speckle results tend to be less precise than IR measures. 

The transfer function may also be affected by a number of factors which might change 
between reference star and object. These Include subtle changes In focus and alignment, as 
well as phasing for an array. Systematic control of these qualities with open-loop 
servos's should be an adequate solution. In addition, the transfer function of object and 
reference may differ If observations are made with a spectral bandwidth near the limit for 
the conditions, and If the two have different spectral distributions. At visible wave¬ 
lengths, correction for atmospheric dispersion can also cause errors. For the VA concept 
these do not exist because the speckle pattern Is horizontal. 

While none of these problems seem Insuperable, It is not surprising that to date speckle 
suffers from problems like those of Figure 6. Demonstration of these problems being over¬ 
come Is a necessary step on the way to buldlng a large array. 

Use of the array 

Two current problems Illustrate the use of the array, and distinguish it from those 
problems which can be solved at radio wavelengths by VLBA, and at 0/IR wavelengths by NUTT. 



poorsr than if the two outer mirrors were 
used alone as an Interferometer. The two- 
mirror lOflm spaced mirrors gives better 
resolution. The four-mirror and 108m con¬ 
figuration angular resolution are shown In 
Figure 5, which for comparison also shows 
the resolution of two possible NNTT con¬ 
figurations, and four different assumed 
values of atmospheric seeing, charac¬ 
terised by the r0 values at 5000Á. 

Because the diffraction pattern of the 
array only produces high angular resolu¬ 
tion 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 at least 14 different position angles 
are needed to specify the U-V plane. 

Like radio astronomy arrays, the extent 
to which the full angular resolution is 
realized depends on the latitude of the 
telescope, and the declination of the 
source. For a northern hemisphere 
telescope, complete resolution is only 
possible If the declination of the object 
Is more northerly than the latitude of the 
site. However, for a telescope at 32 
degrees N, and permitting observations 
only above 20 degrees elevation, 70t of 
the N-S resolution Is obtainable for 
objects down to 17 degrees S, and 50% of 
the N-S resolution is obtained for objects 
down to 28 degrees S. 

It Is instructive to compare NNTT with 
VA, because the configurations have some 
of the same differences shown at radio 
wavelengths by the VLA and VLBA. At 5-20 
microns, NNTT has comparable resolution to 
VLA. At 5000A, VA has comparable resolu¬ 
tion to VLBA. The higher resolution of VA 
is obtained at a price. The Individual 
mirrors are now so far apart that it Is 
Impossible to use observations with one 
mirror to predict where the wavefront is 
at an adjacent mirror. Because of this, 
VA cannot be used with complete adaptive optics across the aperture. Thus high angular 
resolution must be obtained from statistical procedures such as speckle Interferometry. 
There Is a concurrent loss sensitivity. In compensation, VA puts 100 times as many pixels 
Into a given area of sky. Because tne apertures of the VA cannot be phased, except perhaps 
at mm and sub-mm wavelengths, VA does not fit the specifications for being a possible NNTT. 
Both It and NNTT can be used for high resolution spectroscopic mapping. NNTT would use 
long slit spectroscopy. VA would use speckle spectroscopy, which Is a powerful technique 
for overcoming many systematic problems of speckle. 

while overall adaptive optics is not possible with VA, the Individual apertures would of 
course be used adaptively to compress the Imaqe into an 8m diffraction pattern whenever 
observing conditions permitted. Adaptive optics would be used as part of the speckle 
observational mode. In order to explore the expected appearance of such specklegrams, a 
number were artlfically generated by computer. Figure 4b shows one of these theoretical 
monochromatic specklegrams on the same scale as Figure 4a. It can be seen that there are 
usually one or two high peaks, with the highest rising to 70 to 80» of the highest phased 
array peak. This suggests that speckle with the array will be quite efficient. 

Systematic errors with speckle 

The use of a system like the VA 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 1», and Is far better precision 
than has been reported for speckle to date. Figure 6 shows visibility measures of a bright 



number of groupe to operate together. 

The array poses two Interesting mechanical problems. The first of these is the mecha¬ 
nism to make the single telescopes revolve. The mechanical demands placed on this motion 
by the optics servo system is for stiffness, rather than for precision. The second problem 
concerns the way to shield the telesocpes from storms, and to thermally Insulate them from 
daytime heating. Because of the nature of the azimuth revolution it may be possible to 
have the housings for the separate telescopes built onto the yokes, while the central 
telescope is housed in a roll-off shed. 

Optical performance 
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Planetary system formation has been of great Interest for centuries. The nearest plane¬ 
tary systems in formation are likely to be at distances of — 3x10^0 cm. Inner portions of 
these systems are likely to be warm enought to be detected at 2-3ur whereas outer regions 
will require observations in the thermal IR. Thus in the inner parts one is trying to 
explore inhomogenlty on a scale of several parts in 1012 cm, the typical separation of 
inner planet orbits. The angular scale here is - 5x10"’ arcseconds. The separation of 
region where outer planets might form is some ten times larger. Reference to Figure 5 
shows that this resolution can be obtained with the array. Although even higher resolution 
can be achieved with VLBA, that technique is only useful for sources of high surface 
brightness, and in the radio regime there is currently no reason for expecting this. 

Quasars and Seyfert galaxies are two examples of extragalactic sources where energy 
pours out of a minute region. Though matter also pours out of this region, the geometric 
relation of the parts, and the exploration of how the core is fed with energy is still 
needed. At VLBA wavelengths it is possible to explore the collimated plasma jets that 
shoot out of the center. At visible wavelengths it would be extremely interesting to 
explore the dense gas clouds which produce emission lines. In particular Doppler speckle 
spectroscopy could distinguish the placement of parts of this gas to some small fraction of 
the diffraction limited resolution of the array. Discussion of the dimensions of these gas 
clouds, e.g. by Ulrich10 lead to predictions of the brightest having angular sizes in the 
range of 10"3 to 10"* arcseconds. The largest of these values Is attainable In the visible 
with an array of this size, using the diffraction limit. Even the smaller of these values 
Is attainable with differential speckle spectroscopy, and corresponds to light travel times 
of a few light weeks for the nearer Seyfert galaxies. The light emitting clouds and the 
radio emitting jets presumably correspond to matter doing two very different things, there¬ 
fore the relationship between their angular structure can be very helpful in discovering 
the nature of the eneryg sources. 

Conclusions 

A scheme for obtaining high resolution array which is also a powerful set of telescopes 
has been discussed. Technical problems to be solved Include both mechanical aspects of the 
array, and the details for obtaining precise specklegrams. The technique appears to make 
some interesting IR and optical observations available. 

Njw and JRPA would like to acknowledge support under NASA grant NAGW-121. NJW would 
also like to thank the U.S. Air Force for grant -Sl-K. DWMcC would like to thank 
the NSF for support under grant . aríí" 
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ADAPTIVE OPTICS 

N. J. Woolf 

Steward Observatory, University of Arizona 

ABSTRACT 

Adaptive optics is a technique for correcting atmospheric wavefront 

disturbances to yield diffraction limited imaging. It is a technique whose 

advantages are most apparent in the 2-5u spectral region, where wavefront 

corrections are derived from study of visible objects. Graphs are presented to 

show performance needs of adaptive optics systems. 

INTRODUCTION 

The idea of correcting the wavefront arriving at a ground telescope to get 

perfect images has been around for some time e.g., Babcock (1953). Of the 

various ways of getting high angular resolution images, this adaptive optics has 

the greatest potential for studying faint objects, it has the greatest 

difficulties of implementation and the greatest cost. There is also a lesser 

task, which is that of correcting the optical figure of a telescope so as to get 

seeing limited performance. This latter goal is called active optics. The 

figure of telescope optics, focus, misalignment, etc., changes on a slow 

timescale, and can be corrected at frequencies below 0.1 Hz. In constrast, 

atmospheric fluctuations of wavefront occur at higher frequencies, and adaptive 

optics may, for some observations, need to operate at frequencies above 1000 Hz. 

Whereas active optics is usually unable to compensate for any significant 

fraction of atmospheric disturbances, adaptive optics will readily correct for 

optical imperfections of the telescope provided only that wavefront errors do 

not have too high an amplitude or spatial frequency. In general, active optics 

is likely to be able to work by modifying support forces and positions of 

existing optical components, whereas adaptive optics will require new optical 

components capable of high frequency articulation to be inserted into the 

optical train. Detailed discussions of adaptive optics have been given by Hardy 

(1978, 1982). Woolf and Angel (1980) have discussed some IR aspects of adaptive 

optics. 

Adaptive optics theory is based on the assumption that atmospheric 

disturbances obey a Kolmogorov spectrum. The evidence that this is indeed the 

case has been presented by the author (Woolf 1982). There is a deviation from 

this spectrum expected at small scales where turbulence turns into heat. This 

Proceedings of the IAU Colloquium No. 79: "Very Large Telescopes, their Instrumentation and Programs ’, 
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has no major effects on seeing. In addition there are deviations at large 

scales where turbulence is injected. One indication of this is shown in Woolf, 

McCarthy, and Angel (1983). This may also show itself by images from extremely 

large telescopes showing less motion in proportion to their size than would 

otherwise be expected. 

Deviations from a Kolmogorov spectrum would be expected to have 

repercussions on the design of adaptive optics, and therefore require 

consideration before using the theory. There are two kinds of images which 

might suggest deviations from a Kolmogorov spectrum. These are, large images 

with very little motion, and small images with very large amounts of motion. If 

there is little moton, then the outer scale of turbulence (for the dominant 

turbulence), must be smaller than the telescope primary. This will occur when 

the primary mirror temperature is severely out of equilibrium with ambient air. 

Benard convection cells, or roll convection on the primary will be responsible, 

depending on the tilt of the mirror. There will be a need to correct high 

spatial frequencies, at a low temporal rate. In general such problems should be 

seen as indicators against the use of adaptive optics, and rather for a rigorous 

program of facility seeing improvement. 

Exquisite images, dancing around at high speed have on occasion been 

reported from large telescopes. If the motions were indeed implying that large 

scale disturbances had been injected into the atmosphere, there is no known way 

of preventing these eddys decaying and producing enlarged images. Therefore it 

seems that these image motions must instead be produced by vibration of the 

telescope or some optical component ("sailing", rather than "seeing", Woolf and 

Ulich 1984). In general, sailing is correctible by adaptive optics, but may 

place a severe load on the amplitude of wavefront correction required. Thus 

e.g. a 10m telescope showing 1" peak-to-peak image motion requires 50p 

peak-to-peak wavefront correction, whereas a typical seeing motion will be ~ 5 

times smaller. The comments about mirror seeing correction are also applicable 

here. Adaptive optics should be considered as a way of making good images 

better. It is a most expensive way of correcting for poor telescope design or 

implementation. 

BEHAVIOR OF THE ATMOSPHERE 

The seeing disturbance of the atmosphere produces a peak-to-peak wavefront 

error increasing to large distances as d5/®, see Figure 1. Correspondingly, the 

rms slope of the wavefront is proportional to d-1^6. In the geometric optics 

condition this sets the image size. However, the steepest wavefront slopes 

occur with the least wavefront amplitude. Below ~ X/6, wavefront errors are 
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such that they depress the central diffraction core, but do not affect the image 

core FWHM. Thus apertures over which wavefront errors are less than ~ X/6 are 

diffraction limited, and larger apertures are seeing limited. The transition 

dimension r0 is a wavelength dependent length. Thus X * r05/6 or r0 * 

Since the diffraction limited resolution 6, is proportional to X/r0, it is 

proportional to X“0,2. 

Adaptive optics deforms a surface in the optical train to correct for 

wavefront errors in the incoming beam. If the corrections could be inserted at 

an image plane of the region of the atmosphere which inserts the errors, then a 

perfect optical system would have been restored. In practice, wavefront errors 

are inserted from the upper stratosphere down to the focus, and while perfect 

correction can be applied to one image point, the corrections cease to be 

adequate beyond a so-called "isoplanatic patch". This area of sky increases to 

long wavelengths, where less perfect correction of the atmosphere is adequate, 

and also can be larger if less perfect image correction is acceptable. 

It is in principle possible to have correction applied to a number of 

planes conjugate to those where errors are inserted. In practice it is ha'd 

enough to get information adequate to correct one plane and in consequence this 

isoplanatic patch is set by the ratio of rQ to a characteristic height range of 

the atmosphere over which wavefront errors are inserted. If this height is 10 

km, and r0 = 10 cm, then the isoplanatic angle is 10~5 radian or 2". 

Correspondingly, if r0 is 8 meters at 20y, the isoplanatic patch is ~ 31. If 

one stellar object is used for sensing errors, and another one is to be 

observed, it is essential for the two objects to be in the same isoplanatic 

patch. 

It is not essential for the two objects to be observed in the same 

wavelength band. The refractive index of air at visible and IR wavelengths is 

very similar, further, differential refraction is usually much smaller than the 

IR isoplanatic patch, thus it is possible to observe an optical object and apply 

corrections for an IR observation (Woolf and Angel 1980). 

THE SIZE OF WAVEFRONT ERRORS 

Hardy (1983) has given the size of wavefront errors across an aperture of 

diameter d: 

Total wavefront error « 0.16 (d/r0)5/6 waves rms. 

- 0.06 (d/r0)5/6 waves rms. After tilt removal, residual error 
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There is a wavefront error that the active optics will produce if the reference 

source is faint, producing N photoelectrons/second from the mirror area 

Photon noise errors “ 0.06 (7.5/N) ^ waves rms. 

There is a time delay error if corrections are made at a time Ar later thar they 

are measured. This error increases with the speed V at which the disturbed 

wavefront crosses the telescope, increasing as 

Arv/r0 

Finally, there is an isoplanatism error if the reference source is separated 

from the imaged object by an angle A6, with the error increasing with A0h/ro 

cos®^2, where z is the zenith angle. 

The effects of these terms are shown in a series of graphs. Figure 2 shows 

how it is necessary to control smaller and smaller patches of the entrance pupil 

to obtain diffraction limited images as the wavelength gets shorter, or the 

seeing worse. The seeing conditions assumed are r0 = 15 cm at 5000Â for good 

seeing. Poor seeing is r0 = 6.5 cm, excellent seeing r0 = 34 cm. 

The wavefront error effect can be related to the energy concentration in 

the core of a diffraction pattern. 

_!_ « i _ 4,,2 (£)2 where e is the rms wavefront error. 
»o x 

Thus for a 0.1 wave total budget, there is about 60% of maximum energy 

within the core, and for 0.05 wave budget about 90%. The error budgets assume 

that three equal terms contribute, being typically residual curvature over the 

corrected patches, correction applied later than the measurement made, and the 

third being an assumed equal contribution from photon noise and lack of 

isoplanicity. 

Figure 3 shows the total response time for observation and control 

corresponding to Figure 3. One of the less expensive control options is to use 

a television camera as sensor, with an overall response time of at least 0.015 

second, probably twice as much. Lines corresponding to these response rates are 

also marked on the figures. 

Figure 4 shows the angular field of view corresponding to the isoplanatic 

patch for these same conditions. Figure 5 asks under what conditions one can 

expect to find a bright enough star to make corrections within the isoplanatic 
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patch near the galactic poles. Here it is assumed that the correction is 

obtained from the visual light of the object, but that adaptive optics is used to 

correct an IR image. 

It can be seen that random reference stars will only be suitable for use at 

long IR wavelengths, or under exceptionally good conditions. In general it 

seems likely that adaptive optics will need to operate with the visual light of 

the object. Fortunately even quite faint objects will provide enough light to 

operate adaptive optics in the IR. 

Finally in Figure 6, we have attempted to estimate the cost of fitting an 

8m telescope with adaptive optics. The assumption is that each corrected 

element of surface will cost a total of $104. If one corrects many elements, 

then the correction will need to be at high temporal frequency. The extension 

to higher and higher frequency is likely to wipe out the mass-production 

advantages of more channels. This is a very crude reconnaisance of the problem, 

but does indicate that adaptive optics for visible or near visible wavelengths is 

likely to be very expensive. In addition, the tiny isoplanatic patch may well 

also be limiting. In contrast, adaptive optics that can operate down to 2-3y 

under the best seeing conditions seems likely to be both useful and to have a 

reasonable cost. 

ADAPTIVE OPTICS AND ALTERNATE TECHNIQUES 

Adaptive optics at O-lR wavelengths differs from adaptive optics at radio 

wavelengths because at O-IR wavelengths, individual telescope apertures tend to 

be greater than r0. In consequence, real time correction of the wavefront 

increases the peak brightness in an image and shrinks its size, so giving 

greater contrast with thermal or airglow background radiation. This means that 

greater sensitivity to faint objects is available from adaptive optics than with 

other techniques. Another way of seeing this is to consider that with adaptive 

optics, a total observation of 104 seconds is coherent for addition of signals. 

In contrast, speckle techiques operate with coherence times of 10~2 to 1 second. 

In consequence, Fourier components in the image can be determined ~ 10^ to 103 

times more precisely by adaptive optics for a given observing time. 

In contrast however, when real time wavefront correction produces a 

corrected isoplanatic patch, nothing outside that patch is correctible. When 

speckle produces a similar sized isoplanatic patch, that merely sets the size of 

the patch that can be corected in a single analysis process, and does not limit 

the patch of sky that can be mapped. 





Another question about adaptive optics concerns the correction of images 

for the thermal infrared. In general, the part of the atmosphere creating 

seeing disturbances will not be the same as those contributing emissivity 

fluctuations. Therefore there will be an interaction between seeing correction 

and sky noise. Even more disturbing is the possibility that the seeing 

corrections will produce modulation of the telescope's thermal emission, which 

often exceeds image flux by ~ 106. It does not seem profitable to ponder these 

questions without an empirical test. Adaptive optics of reasonable cost seems 

likely to permit interesting observations in the 2-5y region. Tests of such a 

system in the lOy window will reveal whether there are background noise 

problems, and how serious they are. 

A further question that is often asked is whether some reduced level of 

adaptive optics, such as correction of image motion alone should offer major 

advantages. Here the question revolves around the causes of image degradation. 

If aberrations or mirror thermal problems dominate, there will be little benefit 

from correcting for image motion. If telescope shake is dominant, then 

correcting for image motion may result in results as good as if a stable 

telescope had been built. However if the dominant image degradation is by 

atmospheric turbulence, then there is a rather abrupt transition between slight 

improvement of the image, and seeing the diffraction core. It would seem a 

waste of effort not to go all the way and fully correct the diffraction pattern 

at some interesting wavelength. 

Adaptive optics also seems interesting for correcting the individual 

apertures of a Michelson interferometer. 

CONCLUSIONS 

Adaptive optics is a promising technique for use with Very Large 

Telescopes. It warrants practical tests. It is expensive, but should pay off 

by providing higher sensitivity than other techniques for getting high angular 

resolution. Support is acknowledged under NASA grant NAGW-121. Thanks are also 

due to Dr. R. N. Wilson for asking questions that permitted substantial 

improvement of this paper. 
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DISCUSSION 

f,'; G. Burbidge: I would like to ask again about the costs of making corrections. If 

I understand you correctly you believe, and I agree, that the cost of correction 

should o/ily be a fraction 25%) of the total cost. What is the total cost for a 

* 7-8 meter single dish telescopo? 

L'. 

1 

N. Woolf: This is a vital question. It is answered at some length in the written 

version of the paper jointly authored with Angel and Williams. Depending on how 

the primary is aluminized, what primary focal ratio is chosen, and whether this 

is the first to a given design, the cost is likely to range between $12 and 30 

million for a telescope, housed, but without instrumentation or on-site facil¬ 

ities. 

R. Bingham: Has the pattern of turbulence enough duration as it sweeps across 

the aperture to give some improvement in signal-to-noise ratio if we translate an 

observed pattern? 

N. Woolf: In principle, if a single layer of turbulence were responsible, and 

one had separated the telescope aberrations by time averaging, one could take 

advantage of the slow decay of large scale turbulence. It seems likely that in 

practice the multiplicity of turbulent layers, and the deviation of their wind 

vectors would make the problem intractable. 
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ABSTRACT 

Both anecdotal and quantitative info-.nation on seeing and wind shake at the 

MMT are used to discuss the problem of site selection 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 usually 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 that excellent 

telescope Images are not spoiled by wind shake. 

INTRODUCTION 

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 Umits set by the instruments optical quality. These blurs are 

produced by refractive fluctuations of the atmosphere, "seeing", and also by 

wind driven image motion in the telescope, "sailing". 

Many astronomers still believe that most "seeing” is caused outside the 

telescope facility, and that "sailing" can be prevented by the use of 

windscreens. It is the thesis of this paper 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 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 large telescopes were not routinely reaching the limits permitted by 

the atmosphere. 
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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"). Nonetheless 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 Mr. 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 without being lost and Gone With The Wind. 

THE MMT EXPERIENCE 

Selection of Mt. Hopkins as an observatory site was a relatively casual 

process. Fred Whipple and Gerard Kuiper reportedly flew in a light plane over 

the Santa Rita Mountains just south-east of Tucson. The air turbulence was 

quite bad over Mt. Wrightson, the highest peak of the range, but was much less 

over Mt. Hopkins, an outlier on the windward side. 

Later there were measures of seeing on a 7,200 ft. ridge (Pearlman ^ ad. 

1974), using observed image motion in a 15 cm telescope. They state that the 

expected seeing is 1 - 2". At the 8,550 ft. summit selected as the site for the 

MMT, similar studies with a small telescope near the ground gave similar 

results.. 

in consequence the MMT optics were figured to produce images no better than 

0.5" FWHM, and Indeed the very first images were about 2" as expected. As part 

of the process of bringing the telescope into operation, the project scientists, 

Drs. Hoffmann and Carleton tried sealing off the floor of the observing chamber 

where the yoke arms came through, and as a temporary expedient they used sheets 

of flexible plastic. The images noticably improved, but more surprisingly, a 

few days later it was noticed that the mirrors on one side of the MMT were pro¬ 

ducing poorer Images. The cause was traced to a small crack between two of the 

plastic sheets on the side allowing warm air to leak into the observing chamber. 

It alerted us all to the great importance of minute quantities of heat in 

degrading facility performance. 

Later, when Beckers became MMT director, a similar role was played by the 

local seeing in the laser alignment system then in use. Beckers and Williams 

(1982) have reported on the range of activities that have been needed to bring 

MMT seeing to Us current state. These nre part of a strategy to bring all sur¬ 

faces in the observing chamber to ambient temperature and so eliminate thermal 

convection currents within the facility. 



The strategy of setting air and facility temperature the same within a 

fraction of a degree was made possible by the overall design. First, the very 

open observing chamber allowed wind to flow through the telescope, and so per¬ 

mitted the thermal time constant to be short. Also, the design allowed the 

telescope tube (OSS) to be treated separately from the yoke, and so only 50 tons 

of material had to be brought to ambient temperature, compared with some 400 

tons for a conventional telescope of this size. Perhaps the most helpful 

feature was the lightweight primary mirrors of about 7 cm equivalent solid 

thickness. These have an equilibration t.-e scale of about one hour, as com¬ 

pared with days for large solid blanks., 

MMT SEEING 

The seeing at a site can be characterized by Fried's parameter r0 measured 

at a standard wavelength such as 5000*. Overall site performance may be 

expressed as a single figure by <r„2> a measure of the reciprocal of the image 

area (Woolf 1982). Unfortunately, since this heavily weights rare good see.ng. 

measures tend to be of low precision. 

The seeing of the free atmosphere has been measured by 80 balloon soundings 

by the JOSO group for latitudes between 28 and 43 N (Barletti et al. 1976). The 

distribution function for their measures a. ..-t 3 km. elevation have been plotted 

on probability graph paper in Figure 1. 

Reckers ( 1982a.h) has observed the instantaneous FWHM at the MMT for 91 

nights, and has published his observed distribution function. In Figure l we 

have plotted the distribution function for his results, by converting the FWHM 

to r0 with the formula 0 * 0.995 X/r0> appropriate to a seeing image. The 

corresponding FWHM for a disk diffraction pattern is 0 = 1.029 X/D. Also 

shown in Figure 1 are the results corrected for the interferometrically measured 

optical imperfection of the telescope (see Reckers and Williams). From the 

figure, the MMT seeing measured by image area is about 30% poorer than the ree 

atmosphere alone, and the seeing is better than 1" some 85% of the time. This 

surprising results cannot be accepted without query. It is possible for instan¬ 

taneous Images to be far better than average, and indeed from the Steward 

Observatory 2.3m telescope we have recorded an instantaneous image of Arcturus 

with a 0.2" FWHM. when the mean value of r0 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 4« C temperature difference from inside to out- 



% of Time r02 is Less than Given Value 

Figura 1. 

sill«, and with uppropriately awful seeing. For the other five nights with good 

mensiires, the oomputed values of r0 are .12..1, lfi.0, 15.0, 11.1 and 9.0 cm. 

These results are consistent with the results of Figure l. From the Reciters' 

data, the mean value of <r0^> is 320 cm^ whereas from the image motion the value 

is 150. The corresponding value for the free atmosphere is about 500 cm^. A 

larger number if observations of MMT image motion, by Ulich, are currently being 

analyzed. Preliminary results are also consistent with the data of Figure 1. 

In the Forties and Woolf paper, there are also five observations of image 

motion for conventional large telescopes, and a sixth reported by Woolf, 

McCarthy ami Angel. The telescopes are the 1.9, 2.1 and 2.1 m telescopes on 

Kitt Peak and the CFIIT on Mauna Ken. The values are 12.1, 12, 11.5, 10.3, 9.9 

and 6 cm with <r„2> of 107 cm^. Further information on large telescope seeing 

has been measured interferometricnllv by flyck and Howell (1991) for the 2.29 m 

telescope on Manna Ken. For their observations <r0^> averages ill cm. 

There is interferometric information for another telescope on Mauna Kea. 

This is the planetary patrol 60 cm telescope whose good images played such an 

important role in selecting the site of the CFIIT. For the ten nights studied by 
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Dainty nml Srmlcian (1375). after correction to 5f)ilitA <r02> is 170 cm. It should 

be noted in pnssing that some of the seeing problems of Inrge tclecopes would be 

expected to tu* reduced in this small instrument. The results are collected 

together in T ihle 1. We believe that the differences between telescopes shown 

in this table ire almost entirely due to facility implementation. 

Table 1. Seeing Measures 

Free Atmos. J_MMT I_Large Tel. |_2-24m_1-fin ?m- 

<r02> r>nit 32'l 107 m 168 

It can be seen that the seeing blur area lor conventional large telescopes 

are about four times larger than set by the free atmosphere, whereas the MMT is 

about 1.4 timos the free atmosphere. While it is, in principle, possible that 

the MMT sito is responsible for this remarkable difference, there is against 

that the argument that the survey revealed nothing extraordinary about the MMT 

site. Site measures elsewhere seem to confirm this opinion. Certain additional 

MMT experiences also confirm the importance of facility degradation. 

First, the seeing varies slightly among the MMT primary mirrors. This 

result shown that the facility still contributes to the seeing. Secondly, a 

temporary windshield was tried and abandoned. When used, the image sise 

increased from about 0.S" to 1.0” (I. T. Williams, verbal communication). When 

allowance is made for the optical imperfections, one estimates that the 

windscreen approximately doubled the seeing blur area. Moth results show that 

free airflow is crucial to the MMT good images. 

Another experience is related by Aaronson and Olszewski (1982) "We began 

observing our first night just after a storm had blown hv. Rig billowy clouds 

and fog were still rolling by in the early evening. At Kitt Peak after such 

conditions the seeing is invariably 10” or worse, and was in fact such that 

night according to observers we Inter talked to. However, our seeing was 1-2" 

all night long, (and the next night as well)." The result shows the importance 

of a short thermal time constant for the facility. 

Finally, we note that the MMT is not totally immune to site seeing effects. 

One night the wind was blowing from the north (very rare) and it was blowing 

over a snow bunk on the north face of the mountain. When pointed upwind, images 

were gi»>d, 1", hut downwind to the south they were some three times 

larger. The observers were so astonished at this phenomenon that they repented 

the observation several times. This result shows that the air in the mountain s 

own wake may he highly disturbed, particularly if the high emisslvity and high 



Intent heul of snov» Is involved. It is fortuimte when the prevniling wind nt a 

site is surti Hm*, one cnn look into it much of the time. These anecdotes lend 

to a more uinmtitstlve study of wind and seeing phenomenn in the following 

pnges. 

SITE SI-KtNH 

The first condition for ensuring thnt the site seeing is not apprecinblv 

worse than fr-e air seeing is that the site should he out of the turbulent wake 

of upstream mountains. This condition may he estimated in two ways. First, 

eddies die out in several times their own length, which is the scale size of the 

mountain. Thus eddies are expected to die down over distances of about 211 km. 

Alternately, one may consider the processes whereby eddies decay into thermal 

energy, taking a time of about 1/2 hour. For typical windspecds these two con¬ 

ditions lead to similar conclusions. We mav expect that a mountain with no 

others within 20 - 30 km will be free of upstream problems, unless it creates 

them itself. Such problems may arise from outlving upwind peaks, or from ther¬ 

mal inversions rising over the site. 

flround inversions occur because the ground is a good radiator. Heat flows 

by conduction from the air to the ground, where it is then radiated to space, 

leaving a laver of cold air near the surface. Typically the ground emissivity 

times the transmission of the atmosphere is finite high, lending to a heat flow 

of 3110 w/m2 and a ground inversion temperature difference of 10 #C. The thin 

layer of cold nr wUi be mixed up into the mountain boundary Inver, and cause 

local seeing. The mixing occurs in two forms, first from the overall flow of air 

across the site creating a thick turbulent laver, but also from the wind at the 

surface bringing up large bubbles of cold air near the surface. 

From the airflow over a mountain, kinematic viscosity would give an enor¬ 

mous Reynolds number. Therefore the flow pattern will bo set hy eddy viscosity. 

At the edge of the boundary layer, there will be a transition to laminar flow, 

such thnt the Reynolds number will become about 100, or even less. For a tur¬ 

bulent flow, the ratio of boundary layer thickness to characteristic flow dimen¬ 

sion will he Wh « ^ R. Thus the boundary layer thickness will be about 1/10 

or a little more of the mountain dimension. 

The cold air near the surface may be either dragged up to the top of the 

houndnrv laver na a part of eddy motion, or small hubbies of it may be elevated 

by the wind giving them upward velocities that are dissipated by the bubble's 

negative buoyancy. The bubbles should reach a height II. where 
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Hero V is the wind speed, g the gravitational acceleration. T the absolute 

temperature, and AT the ground inversion temperature difference. Typically this 

lends to a height of 1.1 meters for a speed of 1 m/sec. These two theoretical 

conclusions closely parallel experience. 

Observations of thermal turbulence over llnlenkaln, Hawaii, have been 

reported by Miller. ZiesUe and Hanson (197fi). From the ground up there is a 

rapid decline in thermal turbulence to a height of about 20 m, where turbulence 

levels off to some ten times Us value In the free atmosphere. The top of the 

boundary laver above this 1000 m mountain is some 100 to BOO m above the summit. 

Near the top of this boundary there is a slight rise in the thermal turbulence, 

followed by a rapid decline to free atmosphere conditions. Similar indications of 

the overall boundary layer have been reported by Walters and Kunkel (1081). 

Above a continental mountain, they found that about 100 m up. there were weak 

falling plumes of cold air. 

The silYfaee wind effect has been noticed by both Lynds (1070) and Guryanov 

(1080). Lynds showed that on Kitt Peak, for winds less than 4.1 m/sec the modal 

height reached by the cold air of the inversion is 10 m. Our formula predicts 

this height is appropriate for a speed of 2.« m/sec. For winds above 4.4 m/sec 

the modal height was 40 m. The modal wind speed on Kitt peak Is about 5.6 

m/sec. and for this speed the height predicted is indeed 40 m. 

For good atmospheric conditions, the extended region from about 10 m to 500 

m has a typical value of CN2 of t-2xl0'lB m-2/1. The integral effect of this is 

about 8X10"I I ml/5 or about one quarter of the overall effect of the free 

atmosphere. Guryanov found that at 10 m height the typical value of Cjj2 is 

1X10“ 1B though with a range of about two orders of magnitude. Ten 

meters of the worst seeing added as much as the rest of the atmosphere, but 

usuullv the region above 10 m did not dominate the overall seeing. 

From these observations it appears that sites themselves, if chosen with 

reasonable care will produce seeing only some 10¾ worse than the free 

atmosphere. This agrees with the MMT results, and confirms that.poorer results 

at other sites are largely caused by the facilities themselves. 

A different potential problem for a site is that a thermal Inversion will 

rise above the summit during the night. The cooling of ground air at a rate of 

300 w/m2 permits a ground inversion to rise at a rate of 0.03 m/sec, or about 1 

km during the night. In general, the effect of the cold air insulating the 

ground prevents growth at this rate, but valleys and plateaus fill with air from 

higher ground, and anv peak that rises less than 500 m from the surrounding 

region is liable to be occasionally overrun by a local inversion. 
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If the summit is extended, a ground inversion will grow in depth back from 

the lending edge to a height about H.03 1/v where I is the distance back from 

the edge. For n l km summit size this is about fi m which becomes of appreciable 

concern for the design of interferometers. 

FACILITY SEEING 

Heckers and Williams described the steps to improve MMT seeing to its 

current level. Here we are concerned to demonstrate the interaction of the 

telescope and the airflow. If the telescope or facility surfaces have tem¬ 

perature that differ from the air bv flow by AT ’C, the facility induced seeing 

will be about aT/2". The air temperature changes during a night. Heckers and 

Williams show a change of 1.3 "C during a night at the MMT. Dyck and Howell 

report on Mauna Kea a cooling of 1.6 °C in the first half of the night, but 

negligahle change in the second half. From both these numbers the typical 

cooing rate is 0.4 ®C per hour. In the next section we discuss a telescope 

image budget for a giant facility which permits a maximum facility seeing (other 

than for the primary mirrors) of 0.08". Thus, the telescope and observing 

chamber must not be more than 0.16 °C above wind temperature, and this requires 

a maximum time constant of 24 minutes. 

The specific heat or air is about double that of steel, and so the require¬ 

ment becomes that the telescope intercepts its own muss of air once every 48 

minutes. The density of air is about lO-'’ tonnes/m*. Let the surface density 

of the telescope be S tonnes/m*. Then the minimum air speed is given by, 

V - S/2880 X 10"^, or V = s/2.88. 

As an example, the exposed part of the MMT has a surface density (allowing 

for spaces) of about 3 tonnes/m^, corresponding to a minimum necessary windspeed 

of l m/sec. Some parts of the MMT, such as mirror cells, have higher surface 

density, thus it is not surprising that the windscreen spoiled the seeing. 

Indeed, one predicts that there should be a deterioration in seeing at low wind 

speeds, and for such occasions there should he giant exhaust fans to produce a 

minimum wind speed of about 1 m/sec past all parts of the telescope. 

A LAIU'iK TFI.I'SCOPE F.UUOR BLHXiET 

Site criteria only make sense in terms of an overall telescope error 

budget. For this, one tries to distribute costs to give the greatest resources 

to the items that create the most problem. Woolf ( 1982), pointed out that the 

best seeing at a site determines the budget. The performance of a telescope can 

be described as the reciprocal of the mean time to make an observations. For 

manv purposes this performance is proportional to the reciprocal of the image 

solid angle, i.e.. 
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For the free atmosphere seeing, if the error budget is 0.2”, the performance 

loss over a perfect telescope is 30%, and if the budget is 0.33" FWHM the loss 

is 50%. These constraints imply a very tight budget. The attached initial 

budget is not optimized, but it does already provide a guide as to the type of 

budget to be expected. 

Table 2. Error Budget 

If error budget is 0.2" FWHM, loss is 30% 
If error budget is 0.33" FWHM, loss is 50% -- unacceptable 

FWHM (FWHM)* 

Primary with Adaptive Compensation 
Other Optics * Support 
Optical Design (wide field, wide \ 

atmos. dispersion compensation) 
Focus - Adaptive 
Misalignment - Adaptive 
Mistracking (Star Tracker) 
Local Seeing 
Mirror Seeing 
Total FWHM2 = E(FWHM)2 

0.12" 

0.08" 

0.12" 

0.04" 
0.04" 
0.08" 
0.08" 
0.08" 
0.24" 

0.0144 
0.0064 

0.0144 
0.0016 
0.0016 
0.0064 
0.0064 
0.0064 
0.058 

33% is in Inst 3 items 

It should be noted that some 33% of the error budget has been set aside for 

facility seeing, and tracking precision, which is of course affected by wind. 

This is tittle flexibility for a radical redistribution of terms. There is a 

potential problem in that these terms are competing. The image budget seems to 

show that the telescope must be exposed to the wind, while the tracking budget 

shows that wind shake must be small. We therefore now address wind problems. 

WIND EFFECTS 

Wind effects may be conveniently classified as static and dynamic. The 

static effects are due to the mean wind pressure. The dynamic effects are due 

to the fluctuations of the wind speed. On mountain tops, as we have discussed, 

the boundary layer is turbulent, and so the fluctuations in wind pressure are 

comparable with the wind pressure itself. In general, if the static effects do 

not have a significant amplitude, the dynamic effects will be unimportant. 

Likewise, if the static effects are significant, then it is likely that dynamic 

effects will also be significant. 



Thfl stntic flrag on n telescope surface will he D where. 

.>• 

O = CApv2/2 

A Is the pmiectod are«, v is the flow velocity, b is the air density, and C, 

the drag coefficient, is a factor hetweenO.S and I for a wide range of likely 

Reynolds mimhers. The factor of */-33% in this drag coefficient is quite unim¬ 

portant compared with the uncertain upper limit to the wind speed for operation. 

Figure 2 shows wind speeds and pressures on three mountains (Crawford 1983, 

Pearlman ^ jiL 1972, Kaufman and Vecchione 1981). If we assume that the 

telescope has an abrupt cut off in operation at a certain level of deformation 

or mispointing, then the thickness of the telescope members, and thus the mass 

of the telescope must increase proportionately with the square of the upper cut 

off speed required. There has been some discussion of the overall cost of a 
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tMccop. - l>clng direct.y proportionM to the ,nnS*. Whi.e thi, a nnive over- 

simpliricntlon, if applied here, one would find that the bulk of the funds were 

spent to gain a very small amount of observing túne. 

STATIC WIND DEFluXTlONS 

The static wind pressure is about 0.0S km/m2 when the wind is l m/sec. or 

2 kg/m2 at a wind of « m/sec. Urge telescope largo parts tend to have surface 

mass densities of about moo kg/m2 and smaller parts have surface dens.ties of 

about ion kg/m2. Thus for these parts wind forces represent no more than a 2% 

perturbation to the gravitational deflection. Although good designs do attempt 

,c, keep a telescope aligned despite variation of the gravity vector with 

pointing, the precision of this alignment cannot practically be better than 

about 5» of the gravity flexure even with tuneable structures like the MMT. For 

this reason, wind should not play a significant role in the alignment of a 

telescope. 

The one part of a telescope where forces are balanced to a precision con¬ 

siderably higher than 2¾ is a large primary mirror. Angel. Woolf. HU1 and 

Goble (1983) shows that an 8 m size lightweighted honeycomb mirror can he ade¬ 

quately supported against wind gusts if the support forces are controlled by the 

fixed point pressures. A thin solid mirror would he some five times th.nner. 

and some 25 times more flexible and on this basis it would be unable to cope 

with winds of about 5 m/sec and a complex servo system would be required. 

Alternately Nelson (1977) has proposed that large mirrors should be segmented so 

that the deformations of the parts of the mirror are not cumulative. In any of 

these solutions, the critical questions concern the interplay of wind forces, 

mirror celt deflection and mirror control system. Such detailed considerations 

nre beyond the scope of this paper. 

DYNAMIC KFFECTS 

To understand the effects of fluctuating wind forces on a telecope, we 

shall first consider the response of a mechanical system to external torques of 

various frequencies. bet the mechanical system have a moment of inertia J. a 

spring constant K and a damping coefficient of n per unit velocity. Let the 

torque amplitude at frequency f be T. and let the phase shift of the response be 

+. Then, 

Tsin (2»ft) » (K - 4»2 f2.|) sin (2nft->) * 2"fB cos (2sft-t) 

and if the amplitude is A, 

A = T/ / ( K-4*2 f2.J)2 f 4.2 f'2 \}'i 



The nmplitude of the nngulnr error per unit torque is plotted against the 

frequency in Figure 3 as the upper line. It can he seen that there are three 

parts to the diagram. At low frequencies, the nmplitude is constant at T/K. At 

high frequencies the amplitude is T/4» f23, and there is a resonance at a fre¬ 

quency f = 1/2» / K/J , whose amplitude and width are determined by the damping 

coefficient. 

If a servo system is used to reduce the nmplitude of the response at low 

frequencies, it must be tailored for stability so as to have less than unit gain 

at frequencies where the phase shift exceeds 180°. For typical electronic 

filters this implies that the gain goes to unity at nbout 0.2 of the resonant 

frequency. The resultant overall response is shown by the dashed modification 

to the upper curve in Figure 3. 
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For comp«risen, Figure 4 shows the responsivity of the MMT to azimuth 

torques injected at the motor shaft. The drive was successively modified to 

Increase the spring constant of the drive, first by relocating one drive motor, 

and then by adding two further drive motors and gearboxes (see Ulich and 

Davidson 1!»82, and Ulich 1982). It can be seen that in agreement with our ana¬ 

lysis above, the resonant frequency was increased during this process, and the 

Increasing spring constant also lowered the amplitude. The detailed modelling 

process also permitted the true response of the telescope to be derived from the 

study at the drive motor shaft. 
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Flgure 4. 



WIND FORCES AND WIND TORQUES 
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Wind forces on mountains have been reported by Forbes and Gabor (1982). 

They find that for frequencies from a few Hz to a few tenths of a Hz, most 

distributions of force obey a Kolmogorov spectrum, with F(v) per unit frequency 

proportional to or if measured per unit (Hz)^, R(w) proportional to 

to v"7/8. Whether the ratio of wind force to turbulent wind force varies from 

Figure S. 
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point to point on a given site, with height, with wind direction, from site to 

site, or with other factors is currently unknown, though theoretical arguments 

would suggest that such variations would be likely. At the MMT, Forbes and 

Gabor show that at 1 Hz the fluctuating force per unit bandwidth is 0.024 of the 

average wind force. 

One of us (BLU) has made observations of wind torques on the MMT on the 

elevation axis, with the telescope pointed into the wind at the worst elevation 

angle for shake. These results, in Figure 5 show that the torques follow an 

approximately Kolmogorov spectrum, and vary with the square of the wind speed. 

It is interesting to compare these torques to those one might predict from 

the work of Forbes and Gabor. The MMT presents an exposed surface of about 16 

m^ and has an average radius about the elevation axis of about 2.5 m. At a 

wind speed of 3 m/sec and corresponding force of 4 kg/m2, the maximum possible 

torque would be about 160 kgm. and the observed 1 Hz fluctuating torque is Î 

kgm, which is about a factor 0.04 of the possible torque. This is comparable to 

the torques one would predict outside the MMT building. Thus for the worst 

ease, the MMT design needed to have the telescope capable of operating in the 

open. The question whether the same statement should be made for other tele¬ 

scopes and sites cannot yet be answered. 

In Figure 6 the pointing error spectral density has been observed, for two 

different gains of the servo system. The results are in excellent agreement 

with a convolution of the wind spectrum in Figure 5 with the elevation torque 

sensitivity curve (simüar to Figure 4) for a wind speed of 5.4 m/sec, the rms 

pointing error is 0.13 arcseconds. comparable with, but beyond our error budget 

for a large telescope. Recent improvements in the servo system have brought the 

pointing error to 0.14" in a wind oi 10 m/sec. We therefore now study the MMT 

torque responsivity to see how we may both predict, and appropriately produce 

the required giant telescope torque responsivity. 

TORQUE RESPONSIVITY 

The MMT wind induced errors are almost entirely due to drive shaft errors. 

We have measured the difference between the optical pointing and the encoder 

angle in high wind. The observations showed substantial tracking errors of a 

few arc seconds, but the difference between the optical axis and the encoder 

were not detectable. This indicates that it is much easier to make a very stiff 

optical support structure than a stiff drive. 

The MMT drive spring constant in azimuth is dominated by the motors and 

gear boxes, as the results of Figure 4 show. The drive was Initially so floppy 

that it was necessary to shield the yoke arms from the wind, but the modifica- 

t 
(V 

S * * *••-*»*«. «V* A S •, •- •• m • m*1' m * * * ,-W*«%«*»** ** *•••#' «.*• m’ -*• . * a 



Hons to the drive have now increased the spring constant by a factor of four 

and brought the azimuth locked rotor frequency to about 4 Hz, comparable with 

the elevation frequency. Further increases in spring constant In azimuth would 

be possible by adding more gearboxes, but the design of the telescope would not 

allow a large improvement in elevation. 

In elevation, the motors and gearboxes are only responsible for some 40% of 

the spring constant, and the remainder must be attribed to the mechanical 

design of the mount. It seems that a modified yoke and bearing system would 

permit the drive stiffness to be set by the motors and gearboxes to a substan¬ 

tially higher value than at present. 

If we then try to predict the effect of increasing drive stiffness for a 

given telescope, we find that the response to wind will vary as, 

R * r2/3/K or - jl/3/K4/3 

The increase of drive stiffness of the MiVif would be a non-trivinl cost. 

The combination of gearboxes and motors currently in use at the MMT costs some 

$200,000 and a factor of 4 increase in stiffness would therefore represent about 

a 10% increase in the overall cost of the facility. It would, at least in azi¬ 

muth, tower the response to wind by a factor of about 8, and thus allow an 

excellent pointing error of about 0.023" rms in a 10 m/sec wind. 

If we now try scaling these results to larger telescopes, we find that 

linear scaling of structures by a scaling factor S, increases wind torques by 

S3, spring constant by S3, the moment of inertia by S3. and the locked rotor 

frequency by l/S. The corresponding angular wind deflections increase ns S2/3. 

If the scaling is done so as to scale the surface density of members separately, 

by a factor D, then the deflections increase as S3^3/D. 

As a check that our understanding of these factors is correct, we have 

taken the simple servo-mechanical model of Figure 3, and assumed a Kolmogorov 

spectrum of wind torques from the straif,’ t lines on Figure 5. We have then 

calculated that from the observed telescope resonant frequency, spring constant 

and moment of inertia, the expected wind driven fluctuating point errors would 

be 0.16" at 10 m/sec, compared with the 0.14" observed. 

There h >s been considerable discussion about making a IS m telescope with a 

mars of abou; 400 tons, and for such a telescope S - 3 and D - 0.5. Further, In 

th s meeting there has been discussion of operating a telescope in winds up to 

13 m/sec. For such a telescope and such conditions the wind shake would be 40 

times the MMT value described above, or 6"! 
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POSSIBLE SOLUTIONS 

There «re various ways of dealing with wind shake. The most radical would 

be to try to create some outer skin for the telescope to accept all wind forces, 

while keeping an appropriate airflow to control seeing. Practical versions of 

this have not yet been presented, but are by no means impossible in principle, 

though they may be costly. The conventional dome is an inadequate solution of 

this type. 

The next possible solution is to ha- e a servo system that moves optical 

elements to stabilize the image. This requires feedback from an optical image, 

and the higher the frequency of image motion to be stabilized, the brighter must 

be the star. Some optical designs with narrow fields of view for e.g. IR 

imaging, will not find such stars available. Further, some wide field con¬ 

figurations will have only massive optical components, and large dimensions, 

again creating problems for an optical servo system. One particular mechanical 

concern for allowing the telescope to move with large amplitudes Is the danger 

of coupled oscUlations leading to high amplitudes at high frequencies. For 

both of these reasons the solution of having an optical servo loop does not 

appear very attractive as an overall solution, though if amplitudes are somewhat 
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marginal, an optical loop could be used to make the residual vibration accept¬ 

able. Figure 7 shows an attempt to use an optical servo with the MMT. It gave 

very marginal benefit. The potential factor of 5 that might be gained in drive 

stiffness is likely to be one major factor In a solution. If we try to increase 

the surface density of material, we find that for a steel structure, the 

increase permitted is quite small. A factor of 2 increase to the surface den¬ 

sity of the MMT substantially raises the structural cost, and increases the 

specific heat of the structure to the limit allowed by passive cooling. Active 

cooling, and a massive telescope is an expensive solution that might solve a 

part of the problem. 

If we consider alternative materials for constructing the telescope. Carbon 

Fiber Resin Plastic (CFRP or graphite-epoxy) seems the most attractive. This 

material has a cost fabricated per unit strength a few times higher than steel, 

but a resonant frequency some 2-3 times higher, so that for the same strength 

structure the vibration amplitude is decreased about 1.8 times. The thermal 

capacity of CFRP per unit strength is about 2/3 of that of steel, so that for 

the same structural thermal capacity, a CFRP structure will vibrate with a 2.7 

times lower amplitude. When the thermal capacity is not limiting, as in radio 

telescopes the advantage of CFRP could be very great, but for an optical 

telescope the potential gains seem more modest. 
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We find no simple single solution, and must consider whether the wind spe¬ 

cifications should Indeed allow an 18 m/sec wind in the worst possible direc¬ 

tion. Certainly we would like to be able to use a telescope for at least half 

of the time without worrying about the wind direction. At a low wind site 

however the 50% wind has a speed of only some 5 m/sec, and for this wind the 

shake is reduced a factor of 13! Then for higher winds we could select the 

observing program to reduce the shake to acceptable levels. 

We have considered that a modified MMT with stiffer drives should have 

about a four times smaller amplitude. Thus for a steel telescope of MMT surface 

density, at a low wind site we find that wind shake is just controllable by 

steel stiffness and added drive stiffness. 

It is also possible that we might find sites where the wind torques are 

less than at the MMT for the same average wind speed. Currently we cannot say 

to what extent the turbulence level of the wind really defines the MMT shake, or 

whether the interaction of the wind with the building and telescope plays an 

important role. In the first case, there would be value in comparing turbulence 

at different sites. For the second, it would be irrelevant. Further 

experiments are required. 

While solutions do seem possible, it is clear that site wind levels can 

play a major role in determining whether good imaging is frequently or rarely 

possible. Thus site wind becomes a prime topic for consideration in site selec¬ 

tion. 
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Very large ground-based telescopes 
for optical and IR astronomy 

J. R. P. Angel 
Steward Observatory, University of Arizona, Tucson, Arizona 85721, USA_._ 

Optical and IR astronomers are taking a hard look at their ground-based facilities and devising new 
ways of making more economic, bigger and better telescopes. Features of instruments of the 
class are likely to include servo control to compensate for atmospheric wavefront errors as well as 
structural deformation, large honeycomb mirror blanks and mirror surfaces produced by economical 
techniques developed for aspherics. _ 

While detectors and instrumentation have improved enor¬ 
mously during the past 50 yr, the size of the largest optical 
telescopes has not increased significantly. Detectors have now 
reached close to the fundamental noise limit set by photon 
statistic, and techniques have been developed to observe simul¬ 
taneously many objects in the telescope’s field of view. Further 
progress in many problems of astrophysics now requires an 
order of magnitude increase in light grasp. 

The main purpose of increasing telescope aperture is to reach 
fainter objects and to improve accuracy of measurement. The 
quantum nature of light means that to measure intensity, spec¬ 
trum or polarization to a certain accuracy, even with ideal 
detectors and optics, requires the collection of a certain mini¬ 
mum amount of energy. For other types of measurements in 
which detector noise is dominant, the rate of collecting energy is 
an additional factor, and gives an added advantage to the large 
telescope. Given that on average only a few hours each day meet 
all the requirements for observing, and that the largest tele¬ 
scopes must serve a broad community of observers, it is not 
practical to integrate for more than around 20 h in a season the 
light from even an object of exceptional importance. For a given 
collecting aperture this sets a limit to faintness or accuracy. 

The qualitative advantages to larger apertures arise from the 
improved limit to angular resolution set by diffraction. At long 
IR wavelengths, where image quality is limited by diffraction, 
high spatial resolution is achieved directly. At shorter 
wavelengths various interferometric techniques allow the re¬ 
covery of information on spatial structure at the diffraction limit. 
This is <10 m arc s in visible light for the telescopes I now 
consider. 

In the US a programme has been started to develop the critical 
technology for a nat onal telescope with a collecting area 
equivalent to 15 m diameter. Closely linked projects for smaller 
telescopes for California and Texas are under way. Meanwhile, 
in Arizona, the Multiple Mirror Telescope (MMT), a joint 
research facility of the University of Arizona and the Smith¬ 
sonian Institution, is a working prototype of many aspects of 
the new technology. Most ideas for very large telescopes involve 
multiple primary mirror elements, and the MMT, the first of 
this type, has six mirrors of 1.8 m diameter all bringing light 
to a common focus (Fig. 1). 

Why ground-based? 
The Earth’s atmosphere limits the value of ground-based tele¬ 
scopes in various ways. It is completely opaque to wavelengths 
below 0.3 |j.m while the IR spectrum is broken up by molecular 
absorption bands, being completely blocked over the range 
40-300 pm. Background radiation from air scattering of 
sunlight and moonlight, and from thermal emission in the IR 
interferes with the observation of faint objects. Refractive index 
changes caused by thermal gradients in the air prevent one 
achieving diffraction limited images at shorter wavelengths, and 

the uncertainty of weather means one cannot be sure of any 
particular observing period. 

These limitations are removed for telescopes above the 
atmosphere. The Space Telescope, scheduled for launch in 
1985, will overcome many of these problems. However, its 
aperture of 2.4 m diameter has only 1/40 the area of a 15-m 
telescope, while its cost is an order of magnitude larger. 
Although technology may become so advanced that one could 
afford very large telescopes to realize the potential of space, 
our present needs for huge light grasp can only be met by 
building on the ground. 

In fact, many of the observations that need large aperture can 
be done efficiently through the atmosphere provided that the 
design, siting and scheduling of the telescope are optimized. 
Spectroscopy will be the major application for a very large 
telescope. Provided the atmospheric background is kept to the 
minimum, the dominant noise source for this work will often be 
photon shot noise of the signal itself, or detector noise in IR 
spectroscopy—these noise sources are not reduced by going to 
space. 

Image quality 
The factor that most strongly drives cost is the need for 
excellent image quality. This is required not so much to resolve 
detail in extended objects but to minimize the background 
underlying faint unresolved objects. A giant light bucket with 
indifferent images would be of relatively little value. If, for 
example, the spectrograph entrance aperture has to be increased 
in diameter to capture the light of a degraded image, the i the 
increased background may overwhelm the signal. Fr r the 
faintest objects doubling the telescope diameter is of no advan¬ 
tage if the image diameter is also doubled. 

Our intention of achieving good images is likely to have 
far-reaching consequences for telescope design. Recent 
experiments and studies demonstrate that some degree of active 
correction for atmospheric distortion is generally possible, with 
potentially very large gains for giant telescopes in the IR. If the 
means to implement such corrections are an integral part of the 
telescope design, then they may also be used to correct for slight 
distortion of the optics which would be intolerable otherwise. 
Large cost savings may be possible if a correction system were to 
relax the normal tolerance for accuracy, rigidity and stability, 
especially if the optics are extremely large. 

The distortion at the atmosphere can be thought of in terms of 
the corrugation of a wavefront that was perfectly plane when 
incident at the top of the atmosphere. It has ripples and waves on 
all scales, which can be modelled by random turbulence1. (Note, 
however, that turbulence inside the telescope housing has only 
small scales, and causes separate problems discussed separately 
below.) The random wavefront deviation 5 in micrometres 
between points separated by d across the wave is given by 

8(n) (d/do)>/6 (1) 
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Hf. 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.
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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 npples. 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 tilu S/d are almost 
as big at large scales as at small, varying only as d~''\ so 
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 lOjim, for example, the small-scale
npples 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 |im is achieved in reasonably good seeing conditions. For a
filled aperture of 15 m diameter the FWHM of the Airy disk is 

■ ■■■■

0.16 arcs. Because almost every source of interest at 10 iun 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 results 
show little difference between the good test sites. From these 
data and balloon observations of turbulence by Barletti el at.*.

m
*

Fi|. 2 An example of high resolution imaging from the ground, 
the OSO PGl 115-08. 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 arc s. The brightest, elongated image is shown by sjjeckle 
interferometry to be a double with 0.5 arcs separation’^ This 
figure, courtesy of E. K. Hege. was made by Doug Tody at Kilt 
Peak National Observatory using the IPPS 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.

'deas 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 by 
Schmidt, to make the aspheric corrector plates for his camera. A 
glass blank is polished spherical by conventional methods while 
being stressed in such a way that on release it takes up the 
requited figure, Lemaitre” has demonstrated this method for 
making on-axis paraboids, making a diffraction limited fjl 
parabola of 40 cm diameter. Nelson et 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 matched 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 seamless surface of 
low thermal emission. Trimming a large thin arcular mirror 
could disturb its figure as strain is relieved.

Traditional methods of figunng gb's 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 picrision, 
they only have to drag one piece across the other in a suitable 
pattern. 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, minimis
ing the work to be done in polishing. Large mirrors or segments 
would be turned on an air bearing about a vertical 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 segmenu in which the 
grinding tool moves on an arm turned about an axis inclined to 
ihe vertical, yielding naturally a very close approximation to a 
parabola

Electronic image stabilization
Despite the electionic 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. TTie 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 ri^d equivalent

There are various ways that active correction might be made. 
For single-mirror telescopes lor 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 actua'ors acting on the back of a 
thin mirror. Merkle et al. have demonstrated” an electrostatic 
force system. Magnetic actuators could be used for correction 
on a less rapid time scale

Fir. 5 The diffraction pattern compuled by Meinel el al. for a 
phased circular array of six mirrors separated by U 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 ihe intensity of 
the central peak, the six isolated peaks I) 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 mirroi In the MMT the tilt of individual secondary 
minors is controlled by micrometers driven by stepper motors, 
giving single steps of 0.05 arcs 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 arc s 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



Fif. 6 Interference fringes spaced by 30marcs 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 5 m. (Courtesy of E. K. Hege and P A Stnttmaiter.i

automating the knife edge test: in its basic form the star image is 
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 pnmary 
mirror A tilt of the wavefront in a particular region will then 
show as a bnght or dark patch in the image. Hardv*' has useo a 
scheme in which an osallating 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 a-ray 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 pnmary 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 a 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 It =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 Jt 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 pnmary and se-'-'-'-lary surfaces then instan- 
Uneous large-scale phase errors are also removed. As discussed 
earlier, this should allow diffraction-limited performance to be 
achieved in the IR. Even if the full collecting aperture is made 
from separate ■tiements 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 
dose array could potentially be maintained in phase from tih 
sensing. The power of such a telescope for IR imaging is realized 
when we consider the potential resolution at 10 lun. 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 arc s 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 -5 marcs at 0.5 pun. 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 5 m, giving a fnnge spacing of 
30 m arc s at the observed wavelength of 0.75 u-m. A specialized 
interferometric telescope array, such as Labeyne 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 is beyond 
our scope to review other charactenstics, but we can indicate 
some of the challenges.

The sensitivity of present large telescopes in the wavelength 
range below 1 u.m 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 detecu.- a, ta 
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 elemenU to 
be resolved in a single exposure. Just as we will probibly make ^ 
large collecting areas from more than one piece of g'ass, we will 
probably need to make the detector from more than one piece of
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Woolf7 has derived probability distributions for long exposure 
(time averaged) image size. He finds the diameter containing 
half the energy of a point source should be 0.7 arc s at the 50th 
percentile, 0.3 arcs at the 10th percentile. 

The images that are actually recorded at most large telescopes 
are rarely as good ?s this, mostly because of thermal disturbance 
of the a r near the telescope and enclosure. The increased size 
and thermal mertia of a giant telescope means we must be 
especially careful to understand and control these local effects. 
Adiabatic effects of turbulence on refractive index are not 
significant at normal wind speeds, but heating and cooling by 
convection and radiation are. The sensitivity to heat can be 
appreciated when we realize that light passing through a single 
bubble of air with a temperature difference of only 1 °C from its 
surroundings is spread into a cone of 0.S arcs diameter. 
Turbulent thermal boundary layers can cause acute problems. 

Local thermal gradients are potentially worse at high desert 
sites where diurnal changes of air temperature are large, and 
where radiation cooling at night is strong. The effects of an 
observatory building on image quality stem both from heat 
sources within the building and from failure of external surfaces 
to accommodate the changes in the ambient temperature. In the 
MMT building, exposed surfaces were of low thermal mass and 
were backed by good insulation, and the telescope chamber was 
small and well ventilated8. Beckers9 reports a series of 
measurements at the MMT of temperature made with 
thermometers and a 10-(jjn TV camera, and of internal seeing 
measured with laser beams in the dome. The use of insulation 
and surfaces with low emissivity at 10 pun on the telescope and 
mount as well as the building, means that very good thermal 
equilibrium with the ambient air is achieved. 

The one part of any telescope that cannot be insulated is the 
mirror. Seeing generated by mirrors has been studied by 
Lowne10, who finds experimentally a seeing disk of 0.5 T arcs 
for a mirror temperature r°C hotter than ambient. Con¬ 
ventional large solid mirrors have time constants of many hours, 
and so are generally likely to be out of equilibrium by at least 
1 °C from the changing night-time air, even if refrigeration is 
used during the day to set some anticipated mean operating 
temperature. Mirror seeing will thus frequently spoil potential 
sub-arc second seeing, unless the thermal time constant is kept 
to an hour or less. This goal can be achieved using metal mirrors 
or glass with faceplates no more than a few centimetres thick and 
air circulated behind. The fact that the MMT has thin-faced 
honeycomb mirrors may account in part for its frequently 
excellent seeing, despite substantial diurnal temperature varia¬ 
tion at its high site. The image shown in Fig. 2 of the ‘triple’ 
QSO, having high resolution of 0.6 arc s, was obtained with one 
of the MMT honeycomb mirrors, with correction every 1 s for 
low frequency image motion caused by large scale wavefront 
tilts". 

Ideas for very large telescopes 
Traditionally telescopes have a single primary mirror made from 
a rigid massive disk of glass. Mirror supports for optical tele¬ 
scopes are based on the principle that perfect support against 
gravitational distortion of an elastic solid at any orientation is 
given by floating it in a liquid of the same density. Mirror cells 
arrange for the gravity balancing force to be distributed over the 
mirror back and sides, simulating flotation as far as possible. 
Thermal distortion of modem mirrors is effectively eliminated 
through the use of very low expansion materials having 
coefficient of cHT7 per °C. Stiffness is such that the mirror 
figure is not significantly disturbed by wind in the telescope 
enclosure. 

Mirrors of 4-m diameter are probably the limiting size for an 
economical telescope using these principles. Considerable 
increase should be practical if lightweight (thin or honeycomb) 
blanks are used together with some active compensation for 
mirror deformation and resultant wavefront distortion. Lewis12 
finds that on site manufacturing of a 10-m blank of 20 cm 

thickness out of fused silica or ultra low expansion (ULE) glass is 
oractical. Studies of stiffness and designs for supports of thin 
meniscus mirrors of ULE or Zerodur in the 7-10 m range have 
been made by Epps et al.'3, Mack14 and Pearson15. Pyrex 
honeycomb mirrors in this size range that would be considerably 
stiffer and potentially less expensive are under development161 . 
Flotation support alone of large thin mirrors is unlikely to yield a 
surface precision much better than 1 arc s, particularly when one 
considers that wind forces in reasonable size domes will be large. 
However, with the aid of servo controls, as we have considered 
above for wavefront correction, slight errors in figure may not be 
a serious drawback. 

The goal of a 15-m diameter primary aperture, which I adopt 
as representative of a very large telescope, is probably too large 
to be handled practically if made from a single piece of glass. 
Certainly the technology would have to be proved in smaller 
sizes before one could consider seriously such an approach. I 
thus consider designs that involve several or many separate 
mirror sections. For nearly all optical observations other than 
interferometry these separate elements could be in the form of 
separate telescopes, with data from separate instruments added 
to yield all the signal-to-noise advantage of the full aperture. 
Disney18 has pointed out the advantages of such an array, in 
which fairly high spectroscopic resolution can be obtained with 
silicon CCD detectors without reaching the detector noise limit. 
Heterodyne IR interferometry would be possible with such an 
array1, but direct interferometry and those IR observations 
which need all the light at a single focus19 are almost impossible 
to achieve if the telescopes are on fixed separate mounts20. 

The most obvious route to a single focus is to figure all the 
elements as parts of a single parabolic surface. These must be 
mounted in a supporting structure as stiff as possible, and a 
scheme must be devised to manipulate the segments (or smaller 
elements reflecting images of the segments) to maintain correct 
orientation and phase. Such an approach has been studied by 
astronomers at the University of California. Nelson21,22 and his 
collaborators are developing methods to prepare separately and 
bring together 25 off-axis hexagonal elements, to make an 
approximately hexagonal parabolic surface 10 m across. Angel 
et al.13 have considered a design of six identical circular off-axis 
mirrors, each 6-m in diameter. 

The MMT24 takes an intermediate approach between separ¬ 
ate telescopes and a segmented single reflecting surface. The 
experience of this working prototype has led to proposals4 for 
much larger versions. A design for a 15-m telescope now being 
studied in some detail incorporates four 7.5-m honeycomb glass 
primaries co-aligned in a single telescope mount. Many optical 
observations would be done with relatively small instruments 
at the four separate foci but, as in the MMT, auxiliary mirrors 
would be arranged to bring the light to a combined and phase 
focus when needed. In this concept structural deformation and 
wavefront errors could be compensated in the small secondary 
optics or the primary mirrors. 

Both the single-surface concept and the multiple telescope 
concept have the potential of yielding a telescope which can 
optimize images yet is versatile enough to undertake optical, 
thermal IR or interferometric observations. These approaches 
are being considered for the United States national 15-m tele¬ 
scope by a consortium of the Universities of Arizona, California 
and Texas with Kitt Peak National Observatory. This effort is 
concentrating on the key areas of technology that need 
development, bearing in mind a target cost of around $100 
million. 

Other concepts for very large telescopes which have received 
considerable attention are generally less versatile, but may have 
an important part to play for special tasks. Designs based on the 
Arecibo radio telescope with a fixed spherical bowl and moving 
secondary optics25’28, solve the problems of gravitation dis¬ 
tortion of a moving primary surface. Spherical segments of the 
surface could be produced inexpensively and spherical figure 
can be maintained easily against thermal deformation by laser 
metrology from the centre of curvature. However, performance 
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FIf. 3 A honeycoml>-(aceplale sand
wich mirror blank cast from borosili- 
caie glass as a single piece'' is 60 cm 
in diameter and 3S cm thick, with ribs 

6 ir.m thick on IS-cm squares.

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 sphencal focal surface of some 20-30° (ref. 29). Multiple 
object spectroscopy is, of course, an important apriication 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 imt>ge 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 matenals 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 fabncated 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 nbbed 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

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 froci 
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

t-

cl-

r.

Fig. 4 Almospheric-induced motion in one coordinate of two 
stars close to the North Pole separated by SO arcs. Each data 
point gives the centre of gravity of an image integrated for 1/6 s. 
The r.m.s. fluctuation of the difference in positions is 0.11 arcs 

(ref. 41).
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silicon. Many options exist for arranging detector chips in close 
mosaics, or in multiple smaller instruments. Some of the factors 
are discussed in ref. 18. 

Another challenge is to maintain a sizeable field of view for a 
very large telescope. With good detectors there will be an 
important role for precise photometry and objective spectros¬ 
copy4* of many thousands of objects at once in a wide field. With 
fibres automatically positioned in the focal plane and feeding the 
light along the slit of a spectrograph, dozens of objects can be 
observed over a wide field at once, with high spectral resolution 
if required4’so. If the primary focal ratio is made very fast to 
keep down tube length and dome size in a single-surface tele¬ 
scope, difficulties can arise in obtaining a wide field. However, 
two-element reflecting correctors offer a remarkable oppor¬ 
tunity of obtaining a large corrected field with a fast primary. 
An optimized design” of the Baker-Paul type51” explored in 
detail by ray tracing has an //1 primary and an //2 corrected 
focus. The achromatic images are no worse than 0.2 arc s over 
a Io field. 

The third challenge in a giant telescope is to maximize the 
operational efficiency. The best use is to match the type of 
observations to the conditions prevailing. Moonlight and twi¬ 
light are obvious factors but there are also unpredictable 
changes in transparency, seeing, water vapour, wind and clouds. 
Ideally one needs several complementary instruments, ready for 
use with only a few minutes time lost for interchanging. 
Astronomers need not be present at the site for observations 
with standard equipment: they could be called to a local data 
terminal when their observations were to be made. Experiments 
in this type of operation have already begun at Kitt Peak 
National Observatory53. 

Multiple detectors, automated multiple object probes, auto¬ 
matic interchange of instruments, resident observing staff and 
communication with remotely located astronomers are expen¬ 
sive. When we consider, though, the capital investment in a 
15-m class telescope, the costs of development, construction 
and operation of these instruments will not be disproportionate. 

Conclusion 
We are seeing the beginning of a new generation of large 
telescopes for optical astronomy, characterized by innovative 
methods of mirror fabrication and active feedback to maintain 

image quality. Large, rigid mirror substrates of honeycombed 
glass are being developed, along with techniques for inexpensive 
manufacture of precision aspheric surfaces. Advances in sensors 
and data processing now make it practical to measure con¬ 
tinuously atmospheric distortion and make rapid corrections to 
the wavefront to improve image quality. Very large telescopes 
incorporating these, mirrors and active control should work 
better and cost less than if built by conventional means. 
Remarkable advances over current levels of performance, 
beyond simply collecting more photons, now seem within reach. 
A 15-m telescope can potentially, with a modest degree of 
wavefront correction, give images at 10 ixm approaching 
0.1 arcs in diameter. This is comparable to the diffraction- 
limited resolution of the space telescope in visible light. Inter¬ 
ferometry with the 15-m telescope at visible wavelengths will 
allow the exploration of structures in faint objects at 5 m arc s 
resolution, approaching the resolution achieved at radio 
wavelengths with interferometry over intercontinental base¬ 
lines. 

These unique advantages for higher spatial resolution argue 
that the first of the very large instruments should be a phasable 
design. However, when several very large telescopes are to be 
built it may be advantageous to design different complementary 
specialized types. For example, a very large telescope directed 
towards spectroscopy at shorter wavelengths might take the 
form of an array of independent smaller telescopes, or of a 
fixed spherical dish with tracking foci, and could be conveniently 
located on a lower mountain. Telescopes for thermal IR and 
submillimetre work need to be as high as possible for low water 
vapour and put a premium on the largest possible phased 
aperture. Again, for high resolution interferometry widely 
spaced large telescope elements are needed that move smoothly 
along the ground. Each type has a place. 

This review has benefited from discussions with colleagues 
at the University of Arizona and the Smithsonian Institution. 
In particular, Nick Woolf inspired the discussion of atmospheric 
effects and has made many suggestions for improving the manu¬ 
script. I also thank Jacques Beckers and his staff at the MMT, 
for it is at this telescope that we are working out many of the 
basic new ideas common to proposed advanced telescopes. 
Work was supported by the NSF under grant AST 78-22714 
and NASA NAGW-121. 
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