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. SHARPENING STELLAR IMAGES

Real-time phase correction has permitted a ground based

astronomical telescope to overcome atmospheric distortion,
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If the Theory of making Telescopes could at length be fully brought
into Practice, yet there would be certain Bounds beyond which Telescopes
could not perform. For the Air through which we look uponvthe Stars, is
in a pérpetuai Tremor; as may be seen by the tremulous Motion of Shadows
cast from high Towers, and by the twinkling of the fix'd Stars. But
these Stars do nétAtwinkZé_whén viewed through Telescopes which have
large apertures. For'the‘Rayé of Light which pass thréugh divers parts
of the aperture, tremble each of them apart, and by means of thetir
various and sometimgs cbntrary Tremors, fall af one and fhe_saﬁe time
upon different points in‘the bottom_of the Eye, and their trembling .
Mbtions aré too quick and confused to be perceived severally. And all
these illuminated Points constitute one broad lucid Point, composed of
those many trembling Poiﬁts confused and insensibly mixed with one
another by very short and swift Tremors, and thereby cause the Star to
appear broader than it is, and without any trembling of the whole. Long
TeZeécopes may cause Objects to appear brighter and larger than short ones
can do, but they cannot be so' formed as to take away that confusion of the
Rays whichvdrises from the Tremors of the Atmosphere. The énZy Remedy s
a.most_ser;ne and quief Air, suéh as may perhaps be found on the tops |
of the highest Mbuntains above the groséer Clouds.

| o | Sir Isaac Newtonl

In the 250 years since these words were written, astronomers have
been able to find neither a more suécinct descriptibn of the "seeing" nor,
until recently, a '"Remedy" oéher than the one suggested by Newton. The
speckled images of distant stars result directly from phase perturbatiohs

N

caused by propagation of the light through inhomogeneities



in the atmosphere. The sciﬁtillation (intensity flﬁctuations) perceived by
the eye as twinkling results.from interference which also develops as the
. perturbed wave propagates down through the atmosphere; However, the image
quality is'primarily degraded by.the phase perturbations rather than the
amplitude variations. A time exfosure averages togethe; the speckles,
yielding a'blurrediimage whosé size dépeﬁds on the obsef&atory location

and the particuiar turbﬁlence at the time. At most”observatory locations,
however; this image size ié seldom less than one second of arc. Thus, the -
resolving power of large teleécopes is nb bettér than that achieved by a
@ere 10 cm aperture; larger telescopes simply gather more light for

" observing dimmer objects.

‘A number of methods have beenvemployed which paftiallyvovercome this
seeing limitation. Interferometer techniques were introduced by Michelson
and Peasé.2 Intensity interferometry was invented and developed by Hanbury Bréwn‘
mand Twiss.3. Speckle interferomeﬁry was develoééd by Labeyrie andvco—workers,4
and has recently yielded several newly separated binary star systems, and
refined the measurements on éthers.5 Knox and Thompson have suggested a
method to extend speckle.interferometry to non-symmetrical objects.6 Their
sﬁggestion has been successfully simulated at Itek Corporation7 and used
'to reconstruct solar featufes.8 T. Broﬁn has recently suggested a method
which allows post-detection image retrieval through the use of ﬁon—

- redundant-array apodiziﬁg of the telescope aperture.9 These techniques
all require a narrow wavelength baﬁdpass in recording the image, and the
more powerful of them also fequire considerable computing-for eaéh imége.

| H. Babcock first suggested a system which could proviae real-time
correction of astronomical images.lo He proposed-fhat an active corrector

plate be introduced into the telescope optics to compensate for the



changing atmospheric phase shifts. In order. to determine the amount §f
correction to apply to a given region of the teleséope objective, he -
suggested éerforming a knife-edge test on each portion of the objective,
using an unresolved neérby»bright star as the light source. Unfortunately,
pfactical atmospheric time constants and spatial distributions require that
this nearby star be quite briéht and not.very far removed in angle ffom the
objects under study.. Such nearby stars are rare, and Babcock's écheme'has
never been used.

It now appears that real-time correction of astronomical telescope
images is feasible, without the need for a nearby guide star.llA13 In
particular, if one defines an image-plane sharpness properly, this sharpness
has been. shown to reach an absolute maximum,only when the atmospherié phase
pertyrbations have been removed. The sharpness measurement, .then,‘is a
suitable source of. feedback to the active, phaéeeshifting,elements of the
gorrector‘plqte.l We have shown that such feedback causes rapid
convergence to. the true restored image.

A wide variety of suitable sharpnesé functions are available.
Computer simulations and formal proofs have been carried out-for several of

these,;3. A selection of particularly useful functions is

Sl = f Izﬁx,y).dx dy P L ‘ AR ‘ _ , (1)
82 = I(x,,Yo)s the intensity at a single image point (xg,Y¥g) , (2)
Sy = T 1(x, y) M(X,y) dx dy - | | ,(3)
L tm g ,z S |

s, = [ | (X | dx dy _ ,(4)
S¢ .= J IN(x,y) dx dy, n>1 . L , (5)

'



where (x,y) are image—plane coordinates, I(x,y)-denotes image plane
1ntens1ty, and M(x y) is a mask which approx1mates the true restored image.
In'ch0051ng an appropriate sharpness function for praetical applications,
one mustheonsider both the easewwith which the sharpness can be measured,
and the tybe Af object to'be’studied. For the simple‘ease of a single
unresolved star, perhaps“mith dim.eompanions or structure nearhy, or an
object with a single bright "glint" on it, sé would probably be the best
‘choiee, since a singie photomultiplier provides the measurements mhen
placed behind an image-plane mask pierced by a hole‘the‘size ofva
;diffraction—limited image.“vFor a4complicated object such as a tumbling
asteroid or satellite; Sl would probably be‘optimum although its use‘might
require:some difficult image-plane data processing. ’To viewba planet,'one
wouid‘probabiy use a tunction ofvthe type'Sa, in which the sharpness.of the
edge of'theApianet drives the feedhaek. The rings of Saturn might be best
recorded with a variant of 83, howeVer...One would use the best aﬁailable
Saturn photoéraph to'generate a starting‘M(x,y), but then update the mask
with nemly sharpened images asvthey are recorded. These sharpness functions
are sucoessful beeause they sinéle out some feature of the object which is
known to be a maximum with the undistorted image, and use the:amount of the
feature present.to proVide a measure of the distortion.

In theﬂlast few ;ears there has been considerable interest in-
real—time image eorrection; ‘A number of‘groups‘are nom activeiy engaged .
in constructing and-testing'telescope systems whieh putvthese new ideas into
practice{l4_l6“.This article‘describes the'results achieﬁed with‘a protot&he
l—dimensional system mhiehvuses aisharpnessbfunetion of the type 82 to |

determine the appropriate phase corrections for six adjustable mirrors.



APPARATUS

In this section we give a brief description of the design, calibration,
and test qf our apparatus; derails have been published élsewhere_.16 Figure
1 shows a schematic diagram of the image shérpening system, and figure 2
shows the mechanical layout of the apparatus. This first telescope was
designed to be as simple as possible, yet have a resolution fine enough to
bevcapable of interesrihg astronomical measurements, such as the separation'
of double stars. It employs a 32 cm diameter priméry mirror with an.entrance
aperture 30 cm x 5 cm, divided into six separately adjustable squares. The
2.5 m focal length primary focuses the incident light immediately in froﬁt
of the projection lens. The light path is folded by two diagonal mirrors
on its way to the primary image. The first diagonal mirror is mounréd on
three piezoelectric columns which allow steering of the imagé. The second
diagonal‘mirror consisté of six iﬁdependently moveable elements which can
change thq opticalzpathlength of light passing»through the six entrénce—
apérturg squares_by:tZ.S microns. The projection lens makes an enlarged
\imagé‘on a slitfin front‘ofvthe sharpness—defining photomultiplier PM-1,
which measures shqrpness of the type Sy. A bimetal strip system:aurbmatically
keeps“this'projeqtionv1ens properly focused as temperature changes occur.
A portion of theilight is diverted to the image-recording photomultiplier
PM-2 with its slit. The image is moved across the slit either by
mechanically translating the PMjZ assembly or by displacing the image by
transmission through a rotating cube (not shown in the figure) placed
between the beam splitter and the PM-2 slit. The balance of the light not
passing through PM-1's slit is.Qetected by photomultipliers PM-3 and‘PM—4
.and is used.to drive the first diagonal ﬁirror at rates <50 Hz to keep the

image centered on the sharpness-defining slit.



The 30 cm x 5 cm aperture, when corrected, has six times better
resolution in one direction than the other. Rather than attempt to utilize
the image informatioﬁ in the difection of poorer resolution, we have
integrated over this direction by using slits both to define the sharpness
.and to .record the image. Since we'expect.to use this instrument primarily
for objects which consist of a few unresolvable brightvpoinfs, the
one-dimensionality of the recordedvimages is not detrimerntal. Our computer
simulationsi3 have shown that no fundamental difficulty standS'in'the way
bf making two-dimensional image-sharpening systems; the choice of
one-dimensional imaging fof.this apparatus .came primarily from the desire
to kéep the design simple.-

The measurement of-S2 is given.by the current from PM-1. This provides
the feedback to drive thé independently moveable“mirrors making up the second
diagonal. The six.mirrors move as pistons perpendicular to their common
plane. The method of making this "flexible'mirror" and the alignment
procedures which guarantee coplanarity of the. six elemeénts have been
described_previously.16 .The electronics providing the feedback link between
PM-1 and the moveable mirrors is shown schematically in figure 3, along with
the steering and daté—recording systems. - The program logic causes the mirror
logic to introduce a small perturbation (typically 0.05 to 0.10 micron) into
the position 6f one of the six moveable mirrors. The comparator determines
whether . this perturbation increased the sharpnéss'reading'in PM-1. If it
did, the perturbation is left~in,ﬁlace; otherwise it is removed. The
circuits cycle through each of the six mirrors in ‘turn, continually building
up the vélue of 82 through successful introduction of perturbations.

Opposite signs of perturbation are used on successive passes through the

mirrors, to prevent the adjustments from eventually working the mirror



motions-to the extremes of their ranges.

The length of time the system takes to pass'through a complete cycle
of six mirror adjustments depends.on the integration time chosen for the
comparator to decide whether to replace a perturbed mirror. The integration
time can be less than O;i msec forbmany'of the brightest stars in the éky,
but has to be several milliseconds for a typical fifth magnitﬁde star, in
order thét,photoeleétron statistical fluctuatidné not cdnfusé the decisions.
The cycle time can be véried~from a minimum of about one msec (the time it
takes to perturb six mirrors ‘and replace on the average half of them) to
about. 30 msec, depeﬁdingfon'the'integration time selécﬁed. It takes about
three cycles through the‘mirrors to ﬁréduce an adequately sharpenéd image.

) ;hTﬁe apparatus was first tested with laser light viewed hbrizontall&
. along a 250 m path. Figure 4 shows the result on a day when the atmosbhere
had spread the imége to about 3 Arc'sec,'but the speckle change time was
quite long; ‘The‘recorded ana expected'iméges are in good agréémenﬁ. ‘The
wings of the diffraction patterﬁjare about half due to the eXpéCted paftern-
in the.absence of any atmospheric perturbation, and half due to residual
errors because the incident phasefront was corrected by'six discontinuous
pistons.ratherﬂthaﬁla smoothly defofmgble mirror. The series of bumps.on
either side of. the mdin diffraction peak, at multiples of 2.6 arc sec, are
caused by the régularly spaced gaps between the six moVéable mirrors.

The rapidity of the Speékle‘changes at the sharpness slit determines
the dimmest object that can be corrected by this system.  A measure of the
speckle change time is given by

T . _
I dt I(t)-I(t+T) ' . , (6)

A(T)
0



1
where_I(f){iéﬁfhe current ffem"PM;i:Wifhnfeedbéck off. The integral is
'performed by'e Hewlett-Packard Correlator Modei-§721A; with T >> T and A(0)
normalizéd{te unity. = We'define'tﬁe eharacteriéEic coherenee time,Té Eo'be
the value.fEf mhich'A(T) hes dr6b§ed'td.helfHof A(0). For the horizontal-path
tests,‘Té varied from several milliseconds to nearly 100 miiliseeende. Since
A(T) gives the time structure for speckles drifting and changing at the
sharbnessvslit, Te is an indication of how rapidly the phase adjustments
must be completed in ordefvte achieve a correeted image. We have found
empirically, for perturbeeions of 1/5 to l/lewavelength, that the
eystem must be able to complete about three cycles through the six mirrors
within T, in order to achieve a well—corrected image. Thus the measurement
of a particular T, at some observing location and time determinesvthe
maximum permissible length of the electronics cycle time, and hence the
iongest permissible sharpness integration time. This integration time in
turn determines the dimmest correctable object limited by photon statistics.
- The integration adjustment for our instrmment, from 10 microseconds to 4
milliseconds, matches the shortest possible integration time fer.the
brightest star in the sky, and the longest coherence time (50 to 100 msec)
we thought might evef be encountered at observatories. We have used this
instrument to measure the coherence time T, at our laboratofy site in
. Berkeley, at nearby Leuschner Observatory, at Lick Obsemvatory on Mt.
Hamilton, and et HaleVObservatory on Mt. Wilson. Figure é shows the
distribu&ions.

Since seeing conditions frequently vary with time, we found it
important to gate‘the image-recording system using the sharpness signal

from PM-1. The gate circuit permits recording the image only when the
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measured sharpness in PMfl exceeds a preset valué; Thus when T, suddenly
deteriorates to a sﬁall value, and then slowly reépvers, the data recording
is switched off until the image‘sharpening'system.is again able tb "keep
!upfvwith the speckle changes? as indiCaFed_by‘g return ;o‘large signals

- detected in PM-1.
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SHARPENING STELLAR iMAGES :

| The-aﬁparatus has been operated attached to other telescopes at
Leuschner and Lick Observatories, and with its own equatorial mount at the
Lawrence Berkeley Laboratory and at Mt. Wilson Observatory. Some of the
ea%lier.résults have already been reported.17 Figure 6 shows the first
sharpened stellar image obtained with this appara£us. The iﬁage—recording
gate was not' available at the date of this image; based on subsequent
experience with the gate, it would have reduced fhe underlying background
in figure 6b.. The peak riding upon thé'background is nearly diffraction
limited for this size of telescope. To oﬁr knowledge,vthis is the first
time that image sharpening has succeeded in producing a diffraction Iimited
sgellar image. |

lFigure 7 shows other images, taken more recently at Mt. Wilson

6bservatory, &ith the gate operational and using the rotating cube system
for image recording. This figure demonstrates the ability of the ga;e to
reduce the background_of the ungated curve, although this background was
less severe than it was on the image in figure éb. One might wonder wﬁether
the gate alone could allow recording of a goodvimage like that of figure
7c, without needing the image sharpening provided by the moveable mirrors.
In principle this might be the‘case since the gate could detect those
moments when the seéing permitted a diffraction-limited image ana plaéed
it>upon the PM-1 slit. However, when we tried using the gate élone,the
resulting images were substantially broader fhan those achieQed with the
full image sharpening in operation. A gate-only system might be successful,
however, if the seeing were such that itvprimérily moved the image from

side to side rather than disrupting it into speckles. -
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Figure 8 éhows double étar images. The brighter ofvthe'twd stars
(the left hand one) was placed on the éharpness—defining slit, and the
steering circuit was biased to keep the imagé centered that way. It is
clear that the pair of stars is much better resolved by this system than
it could have been without image shérpening._ Figure 8 also shows, at the
Mt. Wilsdn Observatéry site where it was recorded, that most of the "seeing"
perturbatioﬁs on that night did not origihate high in the atmosphere,
since there is little discernible shape difference Between the two peaks.
Had all of the phase pérturbations.originated_further away tHan?S km from
the telescope, we would expect the secdnd'peak td be completely dégfaded
relative .to the first, because light from the two different stars passed
through different atmosphere on its way to each of the segmentSvof.the
telescope mirror. The lack of discernible éhape aifference between the two

peaks indicates -that the bulk of the phase perturbations originated within

2 km of the telescope.:
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DISCUSSION ‘ . '

The apparatus described in this articlévwas matched for seeing with a
characteristic angular size of sevgral arc seconds. 'For_uncorrected images
of this size and some&hét larggr we have shown that dramatic improvement
-resulté when image sharpening is appiied. " Such improvement_holds the
promisé of better.resolving power at existing observatories, allo&ing»both
discernment of finer detaiis, ana>use of marrower slits.in spectrometers
- without the loss of light. For muitiple star systems, fhis would allow
separate;spectral measurements with the individﬁal stars. If the.séeing is
much worse than éeVeral arc seconds, diffraction-limited ﬁerformance is no
longer achieved andva large uncorrected backgrqund'results, rather like the
ungated images shown in figures 6b and Zb. Gatiﬁg'cannot remove this
backgroundlsihcg it is caﬁsed by phase changes in the incident wave front of
much more than a radian within a single moveéble ﬁirror. The acceptable
sizg of seeing disk that a given systeﬁ can correct depends on the pgrticular
type of measurement 6ne wants fo perform; for a close (But still resolvable)
pair of stars with comparable intensities, the presence of the two.peaks
could still be seen above the background. On the other hand;ufor resolving
a dim companion star, one may requife that the uncorrected background be
minimized. ‘In some cases the companion star may be so dim tha;_even absence
of any seeing distortion (attainment of the unperturbed diffraction pattern)
mightvnot allow résolution, and the presence of the faint star would then
have to be inferred through other means.

The telescope simultaneously corrects all light wavelengths, which is
Yital for spectroscopic applications. In those cases which require
maximizing the light through a narrow slit, large tails on the diffraction

pattern may not matter at all. Then, use of image sharpening improves the
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photon flux through the slit as the seeing worseﬁs, until the trapsverse
distance for a radian of phage change becomes signifiéantly smaller than
the size of one of the moveable mirrors. For seeing worse than this,v
diffraction-limited performance is no longer possible, and the amount of
light in the central peak diminishes inveréely as the diametef of the
seeing disc. HoweVer, image sharpening can still provide an image whose
peak intensity is roughly N times that of the background, where N is the
number of mirrof.segments. |

.The magnitude of the dimmest objects correctable by this technique
is intimately bound up with the particular speckle cﬂange time. The
apparatus described'here would be able to correct objeéts down to 5th
magnitude if T, were 25 to 30 msec. If the photon efficiency of the
apparatus were maximized, this limit would be improved to 7th or 8th
magnitude. fThe philosophy we have adopted here of moving the mirrors one
. at a time limits us to a dimmest correctable object whose BrightnéSS is
proportional to the square of the N moveable elements.’13 This limitation.
occurs because both the sharpness change produced by moving a single mirror
and the time available to do-it diminish in proportion to 1/N. Differént
mirror-moving strategies (moving mirrors in groups or at different
frequencies) and different telescope bonfigﬁfations (shearihg interferometer
or multi-image telescopes) ‘exist, however, which hold the promise of more
efficient image correction fo? dim objects. We presently believe that
substantial resolution improvement is probably possible on objects as dim
as 9th or 10th magnitude. Many interesting astronomical objects are
brighter thanlthis. For example, it should be possible to increase further
the number of visually separated binary star systems. A particularly

interesting system is | Cassiopeia, which has been suggested as a means
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of determining the primordial He abundance.18 An adaptation of the techniques

described here to a.somewhat.larger telescope aperture (say‘l m) - should perﬁit
observation of u Cassiopeie's dim companion, e&en if‘the magniﬁede difference
is as great as AM =x.5. Increased telescope angﬁlar resolution should also
extend*subStanpially the sample of stars whoee masses can be determined by

their Being members of visually separated binary“systems.
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.SUMMARY N

Atmosphericélly‘induced'phase perturbations‘ha&é for years limited
the resolution of large optical astronomical telescopes. ' A prototype
telescope system with six moveable elements has successfully corrected
these -phase perturbations. VThis use of real-time image sharpening has
restored étellaf images to the diffraction-limiﬁ (in one dimension) for a 30 cm
telescope. - The double star image presented indicates that the bulk of the
atmospherically induced wavefront phase change occurfed within 2 kilometers
of the telescope. This implies that, at least for condipions similar to
those of our measurement, real-time‘correction can be accomplished
simultaneously for a region at least several arc seconds in angular size.
With the present apparatus, the technique should be practical for objects
as dim as 5th magnitude, and with improveﬁents the technique holds the

promise of active image restoration for objects as dim as 10th magnitude.
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FIGURE CAPTIONS

Schematic diagram of the image sharpening system. Arrow heads
indicate the relative phése of the wave. The adjustable phase
shifter corrects the phasé of the incoming wave. (from

reference 13). .

Mechanical layout of the apparatus. The telescope mount (not
shown) allows rotation of the entire telescope about the axis
of its parrel, thus permitting orientation of the direction of

good resolution. (from reference 16).

Block diagram of the electronics. The incident light reflects
off the first and second diagonal mirrors and then proceeds to -
the four photomultipliers. PM-1 is used to define the image
sharpness and provide feedback to the six moveable elementsbof
the second diagonal mirror. PM-2 receives a portion of the
light to record the image. PM-3 and PM-4 receive the light not
passing through the sharpness slit, and drive the first diagonal

mirror to keep the image centered upon the sharpness slit, When

viewing stars, the average steering correction is fed to the

telescope mount drive motor which then corrects the speed of

the drive to keep the fifst diagonal steering centered within
its range. This perﬁitted the use of a crude spur gear
telescope drive, but nonetheless provided sub-arc-sec stellar
tracking. The image is scanned over the PM-2 slit by a rotating
cube, which also pro?ides synchronization signals for the image
recording system. Image recording is permitted only when the

sharpness signal from PM-1 exceeds a preset value.
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Images of laser light viewed horizontally along 250 m of

turBulent atmosphere. (from reference 16).

Characteristic speckle change times at four ébéervatory
locations. Allvmeasurements during a night.have been averaged
together. The ébove data may be misieading becéuse there are
seasonal variations in the seeing and the dafa for the
observations were collected ét different times of thébyear.
Fufthermore, the histogram contains only the averagevseéing:
for‘the night. At Mt. Wilson, in particular, there were ﬁights

when T, was greater than 15 milliseconds for a substantial

portion of the time, but the whole night_still averaged less

than 10 milliseconds.

-

Images of Sirius recorded at Leuschner Observatory'on the

evening of 12 January 1976. (from reference 17).

AImages of Capella recorded at Mt. Wilson on 3 November 1977.

The gating fraction in (c¢) was the best. 40%. T, was about
13 msec for these images. Since two of the moveable elements
were inoperative for these images and those of figure 8, the

images are for a telescope with an aperture size of 5 x 20 cm

v and only four moveable elements. The peaks afe'still close

to the diffraction limit for this smaller aperture.
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Images of Castor recorded at Mt. Wilson on 3 October 1977.

The gating fraction in (b) was the best 50%. The good resolution
direction of the telescope was oriented about 50° from the line
between the two stars; so the'two peaks appear somewhat closer

to each other than their actual 2 arc sec separation. T, was

about 20 msec for these images.



Incoming light

. Incoming light
(Phose undisturbed)

(Phase disturbed)

Incoming light
O"% A\ (Phase restored)
aLy ~Image
0 . Y 4 - plane -
e _ Q
\ —_— .
0090 ~ ——— NS
’—0980.\ ;F —P"
===
—»—{ o

;70 ?,3 | B
- 1930l . '

: , Telescope 'A‘djusfoble Sharpness
DfusfurbLng aperture phase Controller measuring
atmosphere ~ plone Shlff_ef deyice

XBL741-2267

Figure 1

(44



.Lucite light pipeS

i J@\_ _____ _«___@ ..... __‘_—-;
7

A
Projection lens

Second diagonal mirror

Slit
Beam splitter

(1 Eii‘l\:—}l‘\—.'—-—(—

Entrance
aperture

i
st/
,Q “‘“‘"‘"--'=====———‘—‘=‘—'—'—‘:::::::::::::-_:.:::—_—_::-_—_-_—_—_-_—_—; ‘‘‘‘‘‘‘‘‘‘‘‘‘ — - 4—0"1'—]—'
: e ptica
: central
B Primary mirror ray
and cell
inches First diagonal mirror
0] 10 : 20 . 30 40
F 1 L 1 4]
Y Meters '

XBI. 762-2246

Figure 2

£C



Telescope

First diagonal mirror (s’feerable)\

~ Typical
. — light path
\
Sharpness slit  Splitter  Second diagonal mirror |
B - WY (6 moveable elements) ™~ |
. 7 1 Scanning slit (moveable) /\\Q\ —
Y Nour | [Tz Drive and sync. Infegrators
- PM3 | PM4 PM2 | for scanner K anpifes
| g Sync; > VFO
, >~ Image Vo
Xgreamp57§7 [ ]oute | recorder R T
—«—1 Telescope |
|| steering o, Telescope
R T L_logic | drive
|~ L—1Sharpness gate motor
AT Program  [* Mirror |
| Comparitor A logic Jd o logic [

Figure 3

- XBL 762-22458B

24



RELATIVE INTENSITY—>

§

1 T T 71 71

(o) FEEDBACK OFF

SIZE OF SHARPNESS
SLIT USED
oll—

(b) FEEDBACK ON

— EXPERIMENTAL
------ MONTE CARLO

Figure 4

SECONDS OF ARC

XBL 762-2228

25



Number of nights per millisecond

20 I |

(a) Lawrence Berkeley Laboratory
56 nights between
-15-T7 and 6-21-11

n |

(b) Leuschner Observ.utory
38 nights between
[-15-76 and 5-14-T6

mn

oH— t—1- |
10— ' (c) Lick Observatory ]
26 nights between
6-7-76 and 7-27-76
T M V o
ol ' [-L’ B - |
IO+ . . —
(d) Mt Wilson Observatory
: 23 nights between ‘
sl o .. 8-24-TTandli-4-7T 0 _
9) [1—[] —_1—_¥1' FT r] i
0 ' 0 - 20 30
Characteristic speckle change time T,,,(ms) '

XBL77U-11050

Figure 5

26



27

T T T T [ T T 1T T [ 11
| (a) Feedback OFF (2330 PST)

4 - ’
] (b) Feedback ON (2300 PST)
c

g 4 |

£

(M

2

=g

®

(1.4

oLl ot 1ot b by

5 0 5
Position in the image plane, seconds of arc
s XBL 762-2358A

Figure 6



28

@)

Relative intenéi'ry

©)

A

I I T

Capella

Feedback off

ANY

o

Feedback on
Ungated

AN Y

Feédchk on
Gated 40%

Arc seconds
: XBL77i-11051

Figure 7



Relative intensity

@)

o

A\
\

I

Castor

Feedback off

AN Y

A\

Feedback on
Gated 50%

Arc seconds

XBL7711-11052
Figure 8 |

6c



This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




F o
oy

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





