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. CORRECTION OF ATMOSPHERIC DISTORTION WITH

. AN IMAGE—SHARPENING'TELESCOPE

~ A. Buffington, F.S. Crawford, R.A. Muller,
A.J. Schwemin and R.G. Smits .

Lawrence Berkeley Laboratory and Space'Sciénces Laboratory
UniverSity of California, Berkeley, California 94720

ABSTRACT:

We have built and tested a 30 cm x 5 cm apertﬁre telescope which

uses six moveable mirrors to compensate for atmospherically induced

phase distortion. A feedback system adjusts the mirrors in real time

[.tQ maximize the intensity of light passing throﬁgh a narrow slit in

the image‘plané. ' We have achieved essentially diffraction-limited
performance ﬁhen-imaging both laser and white-1light objects through'

250 meters of turbulent atmosphere. The behavior of oﬁr'teléscope

was accurately predicted. by computer simulations} The system has yet

to achieve its full potential, but has already operéted successfully

for objects as dim as 5th magnitude.



Lo
P
Mot
i
L
-«
Ljﬁ*
foorn
L
.
€ad

I. INTRODUCTION

In a recent artiplel,.Mdller and Buffington sbdwed that certain
image-plane sharpness funqtions;'when evaluated for a systembsuch as a
large aStfdﬁomical telescope, have their‘absolute maxima only when
atmospheric ér other phase perturbaﬁions have been rémoved. In addition,
:fhrough-the use of cdmputer‘simﬁlafions, they showed that such sharpness
functiéns_providingvfeedback to a flexible mirror like thaﬁ envisaged by'
Babcdck2 yieid.diffraction—limited_telescope7image$‘in real time; bTwo

such sharpness functions are given by

Sl.

Py oy W

aﬁd : .-' Sé = [ dx dy I(x,y) M(x,y)' N : (2)

where x and y‘denote image ﬁiane coordinates, I(x,y) ié the image—blane
irradianéé; énd-M(x,y)'is a”mask which is an estimate of the true reéfored
"image_ S1 restoreé phg image.of an,arbitrary object distribution, bqt
-requiréé-comﬁliéated‘iﬁage—ﬁlaﬁé dét; proCeSs£ng. Szfis.very simply.
éarriédvéut Qith a‘maék”and a éinglel?hotoﬁﬁigiplie;, but may h;ve dif-
_ficuities if thé~¢orreSpogdené;{5étweén‘mask-aﬁd tfue restored image is
oo, o ; o
In‘this afticie,'wévdescriﬁé the‘cpnstrﬁctibn; célibratioﬁ,‘énd
“teét of ; small»teleséopérsysteﬁVWHichndéﬁonsgratés'the practicélnépplf—
catioh of iﬁégé shérpening ;o ;rdduée.éorrecgea iﬁages in reai time.
AlternatiQe systems to.accomplish this goal -are beiﬁg‘de&eloped af
several labqrétories,3 inclgdihg Itek, PerkinfElmer,‘and Bell. A
' generalized framework for the aﬁalysis of such adaptive—optics>systems

has ‘been deveioped by Dyéon.4 Our system'has achieved
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Figure 1. Mechanical layout of the apparatus. Incident light passes through the entrance
aperture, is focused by the primary mirror, reflects off the first and second diagonal
mirrors, and comes to an image just in front of the projection lens. The first diagonal is
mounted on piezoelectric columns which allow steering of the image in the dimension of
good resolution. The second diagonal is made of six independent mirrors which can be
moved perpendicular to the mirror plane. The projection lens re-focuses the image onto
the slits in front of the photomultipliers PM-1 and PM-2. PM-1 measures the sharpness
-and is used to provide feedback to the six mirrors of the second diagonal. PM-2 and its
slit are mechanically translated perpendicular to the beam lines and are used to record the
image. PM-3 and PM+4 receive the light which does not pass through the slit for PM-1,
and they are used to steer the first diagonal mirror to keep the image centered upon the
sharpness slit. The telescope mount (not shown) allows rotation of the entire telescope

about the axis of its barrel, thus permitting re-orientation of the direction of good resolution:.

o



essentially diffraétion—limited performance'from;a 30.cm x 5 cm aperture,
imaging both white light and laser objects through 250 meters of tuf—‘

bulent atmosphere.

_1’1. | APPARATUS
'A.  GENERAL CONFiGURATI:ON .
Theboveréll configuraﬁidn of theftelesébpe is Shoﬁh in figure 1.
The 30 cm diametef‘f/S primgrf'ﬁirror is_@éskéd.at'the fr;nt_of;the
téleScope by ah‘enfrahéé apertu;e bf 30 ém x 5 cm, ‘This aperture min%—v
mizes the number of adjustéﬁle elémentsvand yet gives a fesblution fine
enough to be capable 6f intereéting asttongmiéal measurements, éﬁch as
the sébération of double stars;‘ When cor;ected:;an‘aperture of thi$‘shape
should have sixftimes bettér‘reéolution’in one dimehsion"than the other,
thus producing.eéSéntiaily a one;dimenéionai image. Two diagonal mirrors ‘
bring the light ﬁo-a lehs thch projécts‘an enlarééd.image ohto‘the
‘sharpness slit:With its photbmulfiplief PM;I. The six moveable optical
elements which.comprise the second diagonal mirror afe drivenvby.thg
. control elgp#ronics. They maximize the signél from‘PM¥1 and thus com-
pensate the atmosphefiq phase distortiqns; - A pair Of»steering photo—~ :
_ multipliers‘(PM-3vand PM-4) providévthe signal which drives the'first'
diagonal to keep the image centered. The beam splitter directs 20% of
the light to another photomultipligr‘(PM-Z) which is ﬁsed to scan the
image in the high—resolution dimeﬁéidn; itsboﬁtput asva fﬁnction of
position is recorded on an X-Y plotter.
The systeﬁ uses the sharpness function 82 with a mask fun¢tion :

M(x,y) imposed by the slit in front of the photomultiplier PM~1. The
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while the positions are adjusted by bias voltages placed on the piezoelectric crystals.
Angles and mean mirror positions are fixed in the initial calibrations of the mirror, while -
rapid perturbations in mirror posmon about the mean perform the active wavefront

phase correction.

Mirror plane ain"gles are adjusted by the set-screws,



slit width is somewhat less than a FWHM of the restored diffraction pat-
tern at that location. The flexible optics consist of six mirrors
driven by piezoelectric 'crystals'" acting as pistons. Computer simula-
tionsl have shown that this mask function and mirror arrangement

should be sufficient to achieve essentially diffraction-limited per-

formance when viewing an unresolved object.

B. MOVEABLE MIRRORS

The critical element of the image-sharpening system is the second
diagonal mirror, containing the six moveable elements wﬁich correct the
atmospheric phaseydistortion. Figures 2 and 3 show the construction of
thié "flexible mirror". Six pieces of glass 1.25 cm x 1.9 cm x 0.5 cm
were selected for flatness. These were aluminized and placed in a row
with 0.15 cm gaps between, in optical contact with a large flat. A
ceramic base was prepared which had six mounting columns, each of which
could be pushed by any of three set-screws to adjust the angles between
column axes and the rear plane of the base. Six pieioelectric cylinders
were glued onto the column ends, and the cylinder ends were lapped into
a common plane after the glue had hardened. Finally, the assembly was
glued with low expansion epoxy onto the six mirrors that had been placed .
on the optical flat. The eighteen adjustment screws could then be used,
when the epoxy had hardened, to make the planes of the six individual
mirrors parallel, and bias voltages on the piezoelectric cylinders could
then make the six planes coincident. The piézoelectric cylinders move
perpendicular to the plane of the mirrors, and fractional-wavelength

mirror movements can be carried out by this system in as little as 0.06
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Figure 3. Photograph of the flexible mirror. Mirrors, piezoelectric columns, and mounting
base are visible, as are the access holes for half of the eighteen angle adjustment set-screws.
The electrical connections to the mirror take place through the circuit-board strip just
visible below the main mirror mounting base.
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milliseconds. Application of +1000 volts results in a motion of +2.5
microns. |

The first diagonal mirror, used to keep the image centered on the
sharpneSs slit; Qas moonted on three other piezoelectric columns. These
Stéer the image along the dimension of good resolution by tlQ arc sec
with the épplication of +1000 volts. This steering capability, although
not necessary'fot the horizontal-path tests to be reported here, is
_vital to correct steering errors in the equatorialvdrive of astronomical
telescopes. By removing first-order image-translatioq directly, however,
the Steering_does lessen the corrections that the seoond diagonal must

provide, thus'slightly improving the resultant diffraction pattern.

C. PHOTOMULTIPLIERS

The.sharpness—ﬁeasuring photomultiplier PM-1 feceives the light
'whioh passes through a narrow slit in a hirror at the Secondary focus.
:Thé re@ainder of this light isrreflected into the two steering photo-‘
multipliets, PM-3 and PM-4;'Whioh measure the balance of the light on
the two sides of the slit. The scanning photomultiplier PMfZ is used
to record the image. ”

The quantum efficiencies of PM-1 and PM-Z_were significantly en-
'_ henced by mounting them etr45° tohthe ihcoming lighttand using a prism
to ihtroduoe the light into the photomultiplier, as shown in figure 4.
Ihe light is trapped within the glass face of the photomultiplier,b
where it makes five encounters with the photoelectric surface rather
than the usual single enoounterf We were able to use this technique be-

cause the light is well collimated at the slit. For laser light at
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Figure 4. Mounting of photomultipliers behind slits. The incident light is introduced into
the face of the photomultiplier through a prism glued to the face. The light becomes
trapped within the face, undergoing typically five reflective encounters with the photo-
cathode before reaching the opposite side of the tube. The slit is made by evaporating
aluminum onto a glass microscope slide except in a narrow line which was covered during
the evaporation process:
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6328A and EMI 9558QB photomultipliers the enhancement was found to be a

factor of four.

D. ELECTRONICS

H

Figufe 5 shows a block diagram of the electronics. The control cir-
cuits introduced a small pertufbation (typically 0.05 to 0.10 microns)
into the poéition of each of the sik movéable mirrors in sequence; if
.fhe "new" sharpﬁeSSISignal was larger thaﬁfthe "01d" éhafphess signal,
the perturbaﬁion_was left in placeéédthefwise‘the mirror was moved back.
| After oﬁe such qyclerthrough the six mirrors; taking typically 4 ms, the
sequence was repeéted with perturbations in the other direction. A
'detaiiedxsequence_bf program steps is given in Table I. Both the program
logic ‘and mirror logic blocks were built usiﬁg standard TTL integrated
cifcuit chipé, togéthe; with p:ogrammable read—only memory chips (PROMS)
to define the logic of Taﬁle I and.the proper séquence éf mirror motions.

"Figure 5 also sﬁows the arréngement for the telescope steering iogic
ana for the data récording system. .The lighc to the-léft and to the right
vafhe.shérpness—defining slit was picked up.by lucite‘lightpipes aﬁd
broughtVOUt t&jtwo RCA 6199 photomultipliers. The gains of these were
matched. The steering l&gic then moved the first diagonal.mirror td
equalize_the light:into each photomultiplier,:and tﬁﬁs to center thg image
on thé sharpnesé—defiﬂing élit. The photomultiplief PM-2 and its:slit
were mounted on a mechanical slidé whoée position was eﬁcoded by the
potentioﬁeter P. The capacitor C integrétéd the PM—é output with‘typi— |
cally 2 Sec_time coﬁStan; in order to give a smoqth trace on the X-Y.

plotter as the slide was moved over its range.



-10-
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Figure 5. Block diagram of the electronics. The incident light reflects off the first and
second diagonal mirrors and then proceeds to the four photomultipliers. The sharpness
slit with its photomultiplier PM-1 defines the desired image location and size. The beam
splitter sends 20% of the light to the scanning photomultiplier PM-2 and its slit. These
can be moved mechanically across the image plane to record the image. The potentio-
meter P encodes the position of the slit, and the output is integrated with typically
several seconds integration time by the capacitor C. The X-Y plotter graphs the dara.
The steering photomultipliers PM-3 and PM-4 detect the light not passing through the
sharpness slit and adJust the angle of the first diagonal mirror to center the image on
the slit. -
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'StéQyNumber*‘-‘ ' | 1 Instruction
1 o _v' Rese; Mirfér Logic Counter
2 o g = Zero'hNew" Iﬁtegratérl
3 ‘ j » - v i Integraté SharpneSS'PM into "New"
.4 ‘.: . ' Load'"Ne&f into "Oldﬁ
5 ) : . 1 » S  _ | Advance Mirror Logic Counter
6 . S ., K A Move Mirror '
7 - o ' Zero ﬁNew" Integfatoi
 : 8 C ) N Integrate Sharpness PM into "New"
9 o ' : If "Ne&" less than "0ld" go to stéé i3
10 | v':v o Load "New" into ﬁQld"
11 o I o ~ . Advance Mirror Logic Counter -
12 | ' ‘_ . _ Go to étep'15
13 - - | 7 Ad?ance'Mirror;Logic.Couhter
14: o » o Replace Mifror
15 o . , If Mirror Logic Counter not finished,

go to step 5

16 _ » : . Go to Step 1

~The time inteval for each of these steps is 10 u sec, except for
the sharpness integrations, whose time is variable from 0.4 to 4 msec;

and the mirror motion instructions which determine the size of the

perturbations, whose time is variable from 0.06 to 0.6 msec.
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E. SYSTEM ALIGNMENT

The system was aligned by using unresolvable light sources (laser
or white light) placed 250 meters. away from the laboratory window. The
mechanical screw aajustments on each_of the six moveable mirrors allowed.
us to tilt éach,of the mirrors until their Airy disks.overlapped.' Coin-
‘cident Airy disks guarantee that the planes of the individual mirrors
are parallei,“or_étvleast pérallel to a sphérical surface that can be
corrected for by a slight.focus adjustment with the projection lens.
Because the mirrors had been pre-alignedvby being pressed agéinst an
opticél fla; (section B), each mirror typically needed only a small screw
adjustmént of the order.of the.siée of its Airy disk. To insure that
the planes of the individual_mirrqrs are coincident, and not just parallel,
they were cdvered‘by a mask having a ﬁarrow slit acrbss.the middle Of eéch
of two chosen adjaCent mirrors. The high-voltage biqs setting of one’of'
these mirrors was then adjusted ;o'shift the white light fringe over to
the center of tﬁe_image as marked By the sharpness slit. This procedure
was repeated for each pair of adjannt mirrors;'the é&justments needed

were typically a wavelength df’light.l

I1I. | TEST RESULTS WITH ARTIFICIAL STARS

To test the ability of the telescope to compensate for atmospheric
turbulence, we placed a neonfhelium laser and an incqndescentywhite—Light
séurce 250 meters ffom thé laboratory window. The light from these
"artificial stérsf travélled along a horizpntai path which bridged a
canyon; this test range had a variety of seeing conditions depending on

the weather, and provided a good simulation of observatory conditions



-except for séintillation (the amplitudevvariafions fhat are perceived as
»twinkling). Computer simulations1 have shown that our ability to restore
diffraction—limitgd‘imaging should be insensitive to the existeﬁce of
scintillation;

To protect the photomultipiiersvfrom ﬁhe full laser intensity,-néutral
density filters were placed in.the optical péth, typically introducing 104_
in_atﬁenuation. Figure é'shows the image of the laser as recorded by the
’scanﬁing photomulfiplier, both with and without the image—éharpening
feedback. Compérison with a Monte Cérlo calculation (dotted line) shows
that the system-is performing as expected. The‘sﬁall bumps near +2.5 arc
sec areithe innefmost of a series of secondary~makima kseveral»are-visible
in the figure) caﬁsed by the regularly spaced gaps between the six moveable
mirrors. Computer simulations show that the light betWeén the innermost
.‘bumps and the maiﬁ_diffraction peak is about half due to secondafy maxima
from a perfect diffractibn‘pattern for this>system,‘and half due to residual
error in correcting the incident wavefront phase. The residual error
arises from the use of six individual pistops inStéadbof:a Smoofhly deform-
able mirror. Figure 6 was made using mirror perturbations of 1/7 wavelength.
We found, however, tha£ the corrected-diffraction paﬁterﬁychanged very litfle
 for §ertﬁfbationsfvarying frombl/ZO to 1/5 wavelength. On the 6ther.hand,
vperturbations larger than 1/5 wavelength caused a noticeable increase to the
light.in ;he wiﬁgs of the diffraction pattern, at the expenée of the central
vmaximhm. This is. as one would expect, since a’coarse—gréined‘COrrectibn of
the mirrors 1ea§es:iérge residual ﬁhase errérs, which in tﬁrn degrade the
quality of the image.

To determine the least correctable brightness of objects, we placed
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Figure 6. Images of laser light viewed through 250 m of turbulent atmosphere. The
agreement berween corrected image and Monte Carlo calculation is good. and the corrected
central diffraction peak is nearly a decade improved over the uncorrected image. The

curves are normalized to the same area.
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additional neutral-density filters in the 6ptica1 path and.observed the
fesulting'image degradation. Using the visible bandpass relation between
astronomical magnitude m and brightness B,

-m/2.5 photons/cmzéec ' (3)

B = (4 x 10910
the-lasér corresponded to a magnitude -12 object. The laser image showed
stabilization and good image quality uhtil the ligﬁt had been attenuated
by a total féétor of 5 x 106. This‘light'ievel corresponds to about 100
phqtoelectroﬁS»ig PM-1 for each integration time of 0.44 ms, which is close
to the1predictéd 36 photoelectrons'for a sixémirror system given by the
simple analysis in ref. 1. ‘At theée 16w'1ight levels,'significant noise
was contributed by'photomultiplief dark-current, as well as'photoelectron:
fluétuétiéﬁs; Fiéure 7 shows the dete;iqgation’qf tﬁe image at low light
levels;:as a fungtion Of.the numbers of photéelectroné produced by the
imégé during one integration time. The numbers  of photoelectrons given
in tbis_figure:were obtained through a:calibration of PM-1 with a light
source of-knqwn inténsity; |

To get a qﬁanfitative meaéufe of the'#ime structure of the seeing,
webturned off the feedback and analyzed thé PM-1 oﬁtpuﬁ I(t) with a

Hewlett-Packard Correlator Model 3721A to determine the integral

LA = ofT dt T(6)-I(t+) N L)
where T >> T and A(O) is normalized to unity. Figure 8 presents typiéai
‘méasuremeﬁts of A(T) with various seeing conditions. Imége restoréﬁion
was not generaliy pbssibleVWhen the éharacteriétic.coherence time of the
seeingv(defined to be that value of T.forvwhich Aft) =0.5) wasfshorter
than the timé‘for'three passes through gﬁe mirrors. For the results

presented here a single pass through the mirrors took about 4 msec. Local
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Figure 7. Determination of dimmest correctable objects. The conditions are similar to

~ those of figure 6, except neutral-density filters have been placed in the optical path to
reduce the amount of light. The image quality in (b) is nearly as good as that of figure
6 even though the amount of light has been reduced by 100 times. However, the image
quality degraded when the light was reduced in (c) to a level close to N* = 36 (N being
the number of moveable mirrors) where theory predicts that degradation should set in.
Curve (b) has a somewhat smaller normalization than curves (a) and (c).
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Figure 8. Measurements of the autocorrelation function A(r). These curves show the
characteristic coherence time for speckles from the uncorrected laser image drifting and
changing at the sharpness slit. The curves chosen represent a typical range of seeing
experienced at our laboratory, with a high-quality window installed to isolate the work

‘area from the outside. These curves illustrate the wide range of conditons that can
~occur within a relatively short time period. :
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Figure 9. White light images. An incandescent bulb with a 1 mm filament was placed
250 m from the telescope. In (a) and (b) a narrow mask was placed in front of the bulb
to make an unresolvable object. In (c¢) the slit was removed to make a resolvable object
with the expected FWHM as shown. :
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turbulence'éﬁ the window of the roomfdaused short éoherence times, and
the seeing.was~farely correctable until an,optiéél-quality glass window
was put in piace.- With this imbrpvément, cofréctaﬁie seeing conditions
oécurred‘ébout hélf #he time.

We also tested tﬁe imagéfshéfpeniﬁg‘system onfé white—ligﬁt’source.
An'incéndescentfbulb,wiﬁh a fiiaﬁent one millimeter in diameter was maskéd
to 1/8-mmkiﬁ éppérent'size in ofder to teét fully the.reéolving capability
of the tgleécopé. Figure 9a shows thé uﬁcor¥eéted image{ aﬁd 9b thé image
with the feedback on. As Qith’the laser, the systém yielded an eséehtiaily
.diffraction—limitéd image. In,ofder to test‘the system on an'exténded.
source, we reﬁerd the maék from the buib; the resulting imagé is shown
in figure 9c.

" An in;eréStiﬁg,phenoﬁenén aros§ in recofding figure.Qc.  The expeéted
| diffractidn—iimited image of tﬁé heiicélifilament, as‘viewed ih Quf éﬁe—
:diﬁénsidnal system, is éﬁbstaﬁtially broader than tﬁé.sharpness slit we
used.” As a resul; the image "réttled aroqnd" the slit, giving‘aﬁ image
: gonsiderably broader than that expected. To aileviaté thié difficulfy, we
' removed‘thevsteefing and biased the poiﬁting of tﬁe téleséope, caﬁsing'the
slit to fa§or one edge of thefimage. The result hés the-éxpeéted.FWHM,
but is asymmetric;vand'has a spurious bump at 2 arc sec. These problems
should not a?ise ﬁhenvwe.use_a mask functionvM(x,y) which is a closer

match to the expected image.
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IV. SUMMARY AND CONCLUSIONS

We havo'constructed and operated an image-sharpening systeﬁ similar
to that proposed'in ref. 1, and have achieved essentially diffraction-
limited performance ftom a 30 cm x 5 cm.aperture Qhen imaging both laser
and white—light objects through 250 meters of tutbuient.atmosphere. The
behavior of this system was accurately predicted by computer simuiaf
tions. The telescope operated successfully for objects as dim as 5th
magnitude, near the anticipated limit set by statistical fluctuations in
the number of photoelectrons detected.during each integration P?ViOd{

If the‘coherence time on good nights at observatorios is as long as 50 ms,
the integration time'oould be increased approximately. ten-fold, thus
allowing significant image shatpening for stars 7th magnitude or brighter.
The design oftthe appatatus is sucﬁ that it can conveniently‘be movedrto

an observatory and mounted on an equatorial drivoﬁwithout major disassembly
or recalibratioq. In the near future we expect to téport on tests made

with astronomical objects.
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