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”is normally,and I believecorrectly,associated with theESO system developed fortelescopes with monolithicprimaries and applied in the ESO NTTand VLT telescopes.Technical systemsbased on the same principles,also withthin meniscus primaries,are used in theother very large telescopes (8 m) of GEMINI (2x) and SUBARU (1x).Otherimportant telescopes with monolithic pri-maries,but using stiffer lightweightedblanks,are also actively controlled,themost notable being the WIYN (3.5 m) tel-escope,the three 6.5 m telescopes of theMMT upgrade and the two Magellan tel-escopes,and the two 8.4m telescopes of the Large Binocular Telescope (LBT).The other major branch of modern opti-cal telescope development,that using seg-mented mirrors,was pioneered and ex-emplified by the two Keck 10 m tele-scopes.This has its own system of activecontrol of the segmented primary.Although the aim is the same,the tech-nologies involved in the control systemsof monoliths and segmented mirrors areessentially different.This is the case be-cause the flexure function of a monolithhas no discontinuities,which are funda-mental to the nature of segmented mir-rors.The ESO active optics system is“closed loop”in the sense that correctionis made by measurements in real time of the quality of a star image.This is not thecase with the Keck telescopes which cor-rect the primary with an internal activesystem.“Closed loop”in the ESO sense isalso not necessarily used in the other ac-tive systems for monolithic primaries:some of them rely on “precalibration”of the flexure effects (see page 9).In this article,I shall confine myself toactive optics with monoliths.When wasthe idea of active optics for monolithsfirst conceived? We must remember that


all 


“classical”telescopes had monolithicmirrors,normally made as thick and stiff as possible to avoid flexure.The idea of segmenting goes back to Lord Rosse in1828,but was first realised in practice byHorn d’Arturo in the 1950s using a fixedprimary.Keck I,finished in 1992,was thefirst such telescope with a normal 2-axismounting.So it was logical that earlierideas of active optics should have beenlimited to monoliths.The history of thedevelopment of mirror support systemsand of active optics for monoliths is givenin relatively complete form in my secondbook,Reflecting Telescope Optics II(Wilson 1999;W99 in the following).Thepresent article is a simplified and muchabbreviated version,with more emphasison the personalities involved.A friend of mine at ESO,who comesfrom the rich French tradition in tele-scope optics,recently suggested to methat active optics (and the Ritchey-Chré-tien (RC) aplanatic telescope) might havebeen invented by one of my great Frenchheroes in optics:Jean Bernard Léon Fou-cault.Reference is made in this connec-tion to his largest 


−


 


80 cm


−


Newton tele-scope completed in 1862 (Wilson 1996).With all respect to the great genius Fou-cault,I believe that neither of these in-ventions would have been possible at thattime.For active optics,no technology ex-isted for 


measuring


in a systematic waythe errors in a star image,although Fou-cault's invention of the knife-edge testenabled a very sensitive 


qualitative


as-sessment.The detector available,the eye,was sensitive but highly non-linear;pho-tography was terribly slow and insensi-tive,and also non-linear.Third orderaberration theory,due to Seidel,was onlypublished in 1856 and existed only forspherical surfaces,not for a Newton par-abolic primary.The complete theory fortelescopes was only published in 1905 byKarl Schwarzschild.Lack of theory wasalso the reason Foucault could not haveinvented the 


aplanatic


(RC) telescope.Both Schwarzschild (1905) and Chrétien(1910) used the Abbe “sine condition”(Wilson,1996) as the basis for setting upaplanatic (i.e free not only of sphericalaberration,but also of field coma) tele-scope forms,unknown to Foucault.No,realistically Foucault,a scientific andtechnical genius,conceived and adjustedhis mirror supports to get the best imagehe could.But this was 


not 


active optics:itwas a procedure which had been usedthroughout the history of the reflectingtelescope.It had been used empirically byJames Short,William Herschel,LordRosse and others before the invention of modern support forms by Lassell in 1842(astatic lever) and T.Grubb,also about1842 (whiffle tree) (see W99).
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Ishouldlike


to dedicate this article to G


ERHARD


S


CHWESINGER


(b. 08.01.1913 in Krappitz, Upper Silesia, d.03.11.2001 in Heidenheim, Württemberg: see photo), whodeveloped the first complete Fourier theory for the support of primary mirrors of telescopes and thereby also stimulat-ed my thinking on active optics; and to L


O


W 


OLTJER


whosevision and support led to the NTT and VLT based on my ac-tive optics concept.


RR..N. N. WILSONWILSON
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We must conclude that active opticswas anyway a concept of the 20


th


century.I believe the first ideas of a systematicprocess came from the great French opti-cian Couder in 1931 and (probably inde-pendently) from the great Russian opti-cian Maksutov in 1948


*


(W99).Couderrecognised the high sensitivity to theaberration astigmatism of mirrors whichwere inadequately supported and sug-gested that such “regular”errors might becorrected by “a system of forces suitablyapplied”.He concluded that astigmatismleft over from manufacture could be thuscorrected.But as with Foucault,Couderhad no means of 


measuring


astigmatismin a star image.It could only be done


qualitatively


,off-line,in a slow process(effectively dc in modern terms of activeoptics).A rapid,repetitive,quantitativecorrection process was technically out of the question.Similarly,Maksutov pro-posed the adjustment of Lassell type asta-tic support levers to correct such errorsobserved with an ocular or a Foucaultknife-edge,recognising too that the resultwas only valid for one zenith angle of thetelescope.Since he had no mathematicalalgorithm for applying the correction,hesuggested trial-and-error.Again,as withCouder,such a procedure was so cumber-some that its application could normallyonly be a once-off process at initial set-up(i.e trial-and-error,qualitative,dc activeoptics).Understandably,although thesesuggestions were highly perceptive,theynever led to any practical results or to se-rious further thinking.The time was stilltechnically not ripe!In 1968 I was already working,at CarlZeiss in Oberkochen,indirectly for ESO,on a study for the optics of the ESO 3.6 mtelescope.This made me aware of the 


cen-tering problem


of such Cassegrain tele-scopes.A lateral decentering tolerance of the axis of the secondary mirror to that of the primary,in order to maintain the op-tical specification of this telescope,wouldhave to be set at well under 1 mm.In dis-cussions with my colleagues in mechanics,it was clear that this was virtually impos-sible in practice,bearing in mind ex-change operations of the top-end units.Itbecame clear to me why the aberrationproduced (decentering coma,a particu-larly unpleasant,asymmetrical degrada-tion of the star images) was the maincurse of the Cassegrain telescope in prac-tice:I called it “Cassegrainitis”.It struckme then that,


if one could measure itsamount and direction


,its correction on-line would be a relatively simple mechan-ical operation requiring only a small lat-eral shift of the secondary to correct theerror.This was the mental start of a com-plete system of correction,which later be-came the ESO active optics system.In thecourse of further discussions with DrGerhard Schwesinger,a brilliant engineerand mathematician who also had excel-lent knowledge of optical aberration the-ory,I became aware of his general Fouri-er theory of the flexure aberrations intro-duced by support errors in primary mir-rors.I realised that the circular nature of the mirror led to polynomial functionswhich were completely equivalent tothose defining optical aberrations,al-though the mathematical boundary con-ditions are not the same.A light went onin my head! It would be perfectly possibleto interpret all the flexure effects in termsof the classical optical polynomials of Hamilton or Zernike.Again,


if one couldmeasure their amount and direction


,onecould correct all such flexure terms by ap-propriate force changes of the supports,calibrated from the Schwesinger theory.Above all,this would apply to the lowestorder term,by far the most important asCouder had recognised,astigmatism.Thiswas particularly interesting,as Sch-wesinger’s calculations showed thatmaintenance of the absolute tolerancesfor the astigmatism specification was justas impossible in practice as the mainte-nance of an absolute decentering toler-ance.It followed that,when I formally joinedESO in September 1972,I had had thewhole theoretical basis of active optics inmy head for several years.However,notonly the central problem of image meas-urement and analysis remained to besolved,it was also necessary to convinceother colleagues and astronomers of theimmense possibilities.In spite of the in-terest and vital information given by Sch-wesinger,Zeiss showed no interest in pur-suing it.I think an industrial concern,however brilliant and engaged in the mat-ter,would anyway have been too far re-moved from practical telescope use.Inother words,an observatory concernedwith practical telescope development fora functioning observing site was essential.Of course,I had this in mind when I joined ESO.However,I soon learned thatESO had other problems far more urgent:the successful realisation of the 3.6 m tel-escope,on which its reputation and,in-deed,its future existence depended.Thiswas a conventional telescope followingthe line of the “Bowen-class telescopes”(Wilson,1996) and had no significant in-novative features.Nevertheless,at itscompletion,the 3.6 m telescope gave methe opportunity,during its optical set-up,alignment and test in 1976,to simulate thewhole theoretical basis of an active opticssystem.The test system used was “classi-cal Hartmann”.This was a painfully slowand exhausting process,measuring photo-graphic Hartmann plates in a semi-auto-matic mode.But it enabled our team (es-sentially Francis Franza,Maurice Le Luy-er and myself) to do a rigorous aberrationanalysis of the finished telescope.This ledto my definition of the “Intrinsic Quality”(IQ) (see Fig.1) of a telescope as that op-tical quality which would be achieved inprinciple if all the correctable termsmeasured could also be corrected in prac-tice.In the 3.6 m telescope,there was nomeans of doing this:the primary mirrorwas too thick and rigid to allow it,even if a suitable support system had been avail-able.Furthermore,a far simpler,rapid andon-line image analysis system than thatused would be essential.The essential elements of my active op-


Figure1:


Results of classical Hartmann tests of the conventional ESO 3.6 m telescope in 1976, illustrating the theoretical improvement after successive removal of polynomial terms. The mean right-hand point of the functions gives the Intrinsic Quality (IQ) of the telescope. (W99)


*In W99, Iexpressed my gratitude to D. Enard andK. Bahner for drawing my attention to these pro-posals by Couder and Maksutov, respectively.
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