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Large Aperture Fresnel Telescopes

Roderick A Hyde
Lawrence Livermore National Laboratory

Successfully imaging extra-solar planets requitesuse of verylarge aperture (VLA) space
telescopes. Fielding sudtuge (50 — 100 metenjelescopes is aimmensechallenge; nobnly do
they require maintaining optical precision olage distances, buthe apertures must bdelivered
to and fielded in space, i.e., thewst be lightweightpackagable for launch, and deployabjgon
arrival.

Themass ofastronomical mirrors iglictated not bythe need taeflect light (which can bedone
with a very thin metal film)put instead byaccuracy requirements. High precision imaging requires

wavefront control of ~A/10, whichmeansthat mirror surfaces must baccurate to ~A/20; for
visible imaging thisdemandsaccuracies of abou250 Angstroms.The traditional approach to
attaining suchprecision (usingthick and rigid substrates) is unaffordably massif@ VLA
telescopesmodern designs emphasize a combination of nedfieient rigidization andactive
adaptiveoptics. Most ofthe material in thick,monolithic, substrates isot necessary anchn be
done away withwith this approacthe Hubble primarywasthinned to a180 kg/m* mass, and
current prototypes extertdis method down to ~ 1&g/m’. While still much heavier than the
physicallimit set by thereflective-layer ( ~ 10 kg/m?), this technique should eventuatiyach the ~
1 kg/m? values at whichVLAs start to becomemass-affordable Because packaging and
deployment ofsuch locally-stiffmirrors will be quite challenging,there isalso interest in the
opposite approach; namely using a flexiblen-rigid materialand achievingts surface accuracy
via activecontrol. Herethe reflective coating is placed on a ttpelymer film, which is bottvery
light ( ~ 10° kg/m®) and flexible enough sthat it can becompactly folded up into &unchable
volume. While this approach would soltre problem of launching and deployingVaA, it must
rely uponactive control tomeet thesevere precision requirements. Not havihg assistance of
local stiffnessgreatly increasethe challenge involved (namelghe time and spatial frequency
requirements) in achievinactive control. Hencewhile approaches to extend reflective telescopes
up into theVLA regime existand are beingursued, success is hardly guaranteed.

At Livermore we've spenthe last two yearsexamining analternative approach towards VLA
telescopes, one based upimansmissive Fresnel lensegher than ommirrors. Thin optical films

are thekey to making VLAs launchable; not only are they lightweight, but they are also flexible and
so areinherently packagable and deployaliiee problem with membrane mirrors, aburse, is

that it's hard to control their shape the A/20 type of precision needed #ttain A/10 optical
tolerances. However, this difficulty ariskecausehe film is reflecting light, therebydoubling the
effect of surfaceerrors; for a thin transmissive surfapathlengtherrorsarriving atthe surface are
cancelled(not reinforced) ashe light departs. So &ransmissive primary (i.e., lans) should be
virtually insensitive to shaperrors. Inpractice, this pathlength cancellation is not perfect since
(because thdéilm must focuslight) the incomingand outgoing lightare not traveling inquite the

same directions. Ithe light is bent throughangle 6, thenthe pathlength error in amirror is
amplified (abovehe physical shape error) by a factor @+cod), while that in a thinens is
reduced by(1-cosh). Lenses thereforbave a(1+cod)/(1-cosh) tolerance advantagaver mirrors.
By makingthe lens weak, i.e., keeping small,then this tolerance gaimecomeshuge, scaling as

4/67% i.e., as 16E. A slow thin lens having Jfof 100 can tolerate 160,000 timesgreater shape
errors than a similar mirror; this raises visible-light tolerarficea a few hundre@ngstroms up to
nearly a centimeter, semendouspractical advantagevhen trying to field a thin optical-quality
membrane irspace.



In order to use a lens #se primary of a VLA telescope, itnust be dhin lens; notonly is this
essential for launchabilityeasons,but also to reaphe optical tolerance benefits. Conventional
refractive lenses are, unfortunately, not nearly thin enough to be useful. Diffractive optics, however,
do provide ameans tdfield truly thin transmissive lensesince they chopthe applied phase

correction into Zrthick radialbands.

Thereare twomain complications to using slow Fresnel lenses for a \telascope. The first
concern is that the telescoprist be veryjong, andthe second ighat Fresnel lenseare strongly
chromatic, and saregenerally considered incapablelwbad-band, diffraction-limited, imaging.

This form of transmissive VLA telescope mustltweg; the product ofits largeaperture and high
F. (responsible foits tolerance advantagedictatesprimary focal lengths of ~ 10 km omore.
Such lengthsare impracticable for a single spacecraft, the telescope is split into tweeparate
vehicles, a Magnifyingslassand an Eyepiece. ThHdagnifying Glassvehicle isresponsible for
supportingthe largeaperture Fresnel lens, holding ittive proper shapeand for swiveling it in
order to pointowardsdesired targets. Light gently focused by the Fresnel lemtirectedtowards
its distantfocal point. There it is collected and imaged by a free-flylegepiecevehicle. This
spacecraft is much moreconventional space telescope, rigidly buld with a modest, few meter
wide, aperture.

The Eyepiece is similar tather space telescopes rimost regardsbut does face two special
requirements due tdats cooperation withthe Magnifying Glass. It is responsibléor the
stationkeeping necessary keep theoverall telescope in focus and properly mied, and also
performs thechromatic correction necessary to turn this Fresnel tele$ampea monochromatic
to a broad-band instrument.

Thetelescope’s pointing and alignment is handled by two control loops; an outer, crude-level, of
control is provided bythe physical placement dhe Eyepiecevehicle, and an inner, fine-level, of
control is then handled by smaltjustments irits internal optics. Because of this split-up, the
Eyepiece’s stationkeeping task is not particularly challenginggteésope is in solar space, where
gravity gradientsare weak, anddue tothe multi-kilometer separationits position need only be
controlled to near-meter accuradyhe Eyepiece’s maneuvers (for stationkeepamgl retargeting)

do not have to be dormuickly, so efficient, low-thrust, electric propulsican beused.

The greatest optical challenge to using a Fresnel telescope is chromatic correctifmealTleagth
of a single Fresnel lens varies inversely with wavelength, so itamaiyratelyfocuseslight which

lies within a small spectral bandwidth. &ohieveA/10 imaging, theAAA | bandwidth is limited to
1/(10N), where N is the number of Fresnel zondkerlens, i.e., the lens’s optical deptteasured
in wavelengths. The Fresnel lenses needed for VLA visible telesbapes~100,000 zones, and
hencebandwidths of ~ 1 ppm. Thibandwidth isfar too small for anefficient telescope, so
widening it is essential.

In principle, the chromaticerrors introduced byne Fresnel lensan becorrected by pasng the
light through another, inverse, one. Hence, a Fresnel Corredta iyepiece vehiclean beused

to cancel thechromatic dispersion introduced Itlge Magnifying Glass.The keys todoing so
successfullywere presented by Faklis &orris in 1989 (Optical Engineering, V2§592). The
primary requirement is that the second, correcting, Frésmglmust be at amage site othefirst,
distorting, lens.Physically,the reason for this iglear; light leaves each point dhe Magnifying
GlassFresnel lens in an angular spray, each color bsamg into a different direction. Athe light
from this site travelstowards the Eyepiece it spreadspart, diverging both spectrally and
physically; both effects must la®rrected. The physicatassembly is achieved first, by making the
light passthrough a reimaging telescope as it enteesEyepiece.This internal telescopécuses



the surface ofthe Magnifying Glass ontahat of the Fresnel Corrector, thereby physically
recombining rays which leftach site orthe first Fresnel lens to a matching site the secondone.
Now each site orthe Fresnel Corrector sees an incoming angular/color spray correspondiag to
from the departure site othe Magnifying Glass; by employing aimverse (defocusingfresnel
profile, it can remove this angular/colepray. As a resulgach raybundle isnow bothphysically
and spectrally recombinethe set obundlescanthen be brought to @mmonachromatic focus.
This final focusing requireanother optical element, sintee light leaving theFresnel Corrector is
diverging (from a virtual image site); as Faklis & Morris showed, a hydeithent(combining the
defocusing Fresnel profile with a focusing achromatic evik)oring the light to acommon,real
focus.

This basic approach to chromatic correctiam berefined for use in VLA Fresnel telescopes. The
major requirement for our application is that want theVLA telescope to have diffraction-limited
performance. This requirdkat theimaging (mappingpetween the two Fresnel lenses be precise,
which in turn requireghat thetransfer optics be achromatic and aberration-free. Faklidaris
demonstrated their Fresnel telescope by using a single refractive lens to plkeefogimaging;this
introduces toanany physical and chromatic aberrations for use in VLA telescoplesreimager

is of course just delescope; aswith conventional telescopes, chromatic aberratioas be
prevented by using reflectivdementsand physical aberratiortan belimited by using miltiple,
properly shaped, reflectors. Wewve successfully designed aberration-free reimagers which use
just two reflectors, placed in @assegrain configuratiothe Fresnel Corrector iplaced at their
image surfaceThe surfaces ofthe two reflectors are shaped to removespherical and coma
aberrations. The image tie Magnifying Glass formed byhis two-element transfer telescope is
(in general) stillsubject to aberrations from astigmatisand distortion. Howeverbecause the
“objects” beingimagedare sites on a diffractive lens, each emitere-dimensionaangular spray;
only tangential rays arereated, s@agittal astigmatism doemt have to beorrected.This enables

a simple design in which astigmatisran beeliminated by placinghe Fresnel Correctoalong the
transfer telescope’s tangential image surfade remaining aberration, distortiorsimply causes
the imaging to be slightly nonlinearather than strictly proportional; it is easitlealt with by
properly tailoringthe Fresnel profile orthe Corrector. Once thesaberrationsare suppressed,
Fresnel telescopes have, waish other diffraction-limited telescopesthe same pathlength for all
light rays, regardless ablor orposition.

The Eyepiece vehicle thus contains 3 basic optitahentsThe first two are thePrimary and the
Secondary ofhe transfer telescopélhey aredesigned to transfer an aberration-free image of the
Magnifying Glassonto the surface dhe third element, which is a hybrid of a defocusing Fresnel
lens and a focusing mirror. This Fresnel Corredieing contained withithe Eyepiecevehicle, is

much smaller than thdéarge Magnifying Glass Fresndéns; themagnification between themm, is
generally ~ 0.01. The Corrector’s small smeansthat its Fresnel profilemust, inorder toapply

the proper angular/color correctiothave amuch smaller E (by a factor ofn) thanthat of the
Magnifying Glass.The feature-sizegeeded to construct a Fresnel Isnale with it's F,, so the
Fresnel Correctowill require small, preciseljlocated, surfaceeatures. Fortunately (precisely
because oits small, sub-metersize) theCorrector can be built from conventiorgbtical materials
andits Fresnel surface pattegan begenerated by modern lithographic techniqubese factors
will enable it to achievéhe necessary precision.

After leaving theFresnel Corrector, light haseenchromatically corrected and physically focused
towardsthe telescope’s sensor array. In principle, this design should be chromatically corrected for
all wavelengths, sahe only limitation on spectral bandwidtlshould beset by the Mgnifying
Glass'’s vavelength dependent diffractive efficiency. In practibe, bandwidth is governed by the

fact that theEyepiececan only correct light which it sees. lthough the Magnifying Glass is
focused towardthe Eyepieceijts focallength varies with wavelength, so short wavelength light is
focused behindhe Eyepiece andong wavelength light ifront of it. Sincethe Eyepiece (being



built from conventionabptical materials) isnuch narrowethanthe Magnifying Glass, much of
this defocused light will benissed.This spectral-capture bandwidth is just the diameter ratio of the
Eyepiece Primary tthat ofthe Magnifying GlassAll light within this bandwidth is captured and
properly corrected;when light is outside this range, thenly centralportions ofthe Magnifying
Glass are seen,with reduced intensity and angular resolutidfor instance, consider a VLA
telescope using an 80 meter Magnifying Glasd a 4 meter Eyepiece Primary. This design would

fully capture at5% spectrabandwidth; only25% of light 10% off the design wavelength would
be captured, and this (coming from only half the aperture) could be imaged toatithe angular

resolution. Because @ limited intensity and poor resolution, out-of-baight is generally more
trouble than it's worth, and can bejected by spectrdilters at thesensors.

So far we havaliscussed a simple, single spectral-bdelgscope. Whahappens if wewant to
view amuch broader spectral regior@ne obvious approach would be take advantage of the
variable focal length ofFresnellenses, and to simply mowhe Eyepiece vehicle tthe appropriate
separation distance ftine desired wavelength. Unfortunately, it is hard to kéepinternaltransfer
telescope in focus dke vehicle separation changesiom optics can bedesigned to maintain a
paraxial focus, but do notsuppressthe aberrations sufficiently to permit diffraction-limited
viewing. Using multi-spectral Fresnel opticor both the Magnifying Glassand the Fresnel
Corrector) solveshis problem (and permits simultaneous multi-spectral viewsigge the focal
length and hencthe vehicular separationeed notthange. Theimplest multi-spectral Fresn&dns
is one which images harmonic frequencies tmiamonfocal point: A quadratically-blazed phase

profile lens which is designed forgiven upperwavelength),, also focusesll of its harmonics,

A« = AJK, to the samefocal point. For example, a lens designed for 44 operation will also
function at 1.0, 0.67, 0.5, 0.4tc., microns.Each spectral band 8multaneously color-corrected
(since the crucial reimaging is achromatic, dependent only tigsystem’s geometry), and so the
telescopecan view a set oharmonic bandsgachwith a reasonable (8.1) bandwidth.The only
cost associated with this approachhie need tamake the Fresnel features deeper anitier, i.e.,
matched tathe longest wavelength-to-be-viewedpt the shortest. The precisiotolerances (on
optical depth and on radigimensions)are set by theshortest wavelength-to-be-viewed, i.e., are
the same aghe simple visible-wavelengthsystemsthat areprimarily discussechere. Another
technique, particularly suitable for deepfRavelengths, is to use spectrally-selective zone-plates.
These use a thin present/absent surtaaing vhich is opaqueonly nearthe desired wavelength;
this coating acts as a zone-plate for a given speegidn, but has noeffect at othemwavelengths.
This techniguecan be used isombination with a (lowespectral regimemulti-harmonic phase-
profile lens, viich thencan bemade thinner than if ivere responsible forthe entirespectral
coverage.

For spectroscopic measurementme would like continuousspectral coveragenot a set of
windows with gaps in betweerMulti-harmonic Fresnel telescopesn bedesigned to provide
such a continuous spectral coverage, at least within fairly broad spieciisl This isachieved by
noting that as theharmonic index increasesthe wavelengthsget closer and closer together.

Eventually, at soma,, their spectralwvindows start to overlapthe telescope provides continuous
spectral coverage fall wavelengths below this. In practicgbere are twaomplications:The first
is due to materiabdispersion; for short wavelengthikese profilesare many waveshick, and
eventually (below someA) the difference between K() and nj)) becomedoo severe to permit

efficient focusing. Thisrestricts coverage to fite (A,A,) range; but in practicehe range can
extendfrom the visible well intothe IR. A secondconcern is that trulycontinuous coverage is
harder to providethe largerthe Fresnel aperturbecomes. This happebgcausgfor agiven limit

on thesize ofthe conventional optics ithe Eyepiecevehicle) the width of each spectrakindow

shrinks aghe Fresnel aperture increases. This delays the start of continuous coverage to higher and

higher harmoniandices, which for aiven desired\, value forcesthe lens’ design wavelength,



and hencdts thickness, to increase. In practice, tbi# dealtwith by designing for dolerable
thicknessand henceallowing coverage gapshere is stillcoverage withirthe gaps, simply at an
intensity and resolution corresponding to a smaller apeforemostspectroscopigurposeshis

will be acceptable sincextreme angular resolution is not their greatest priority. So while a
moderately-sized (say 40 nglescopecan be fully corrected, a largene (say 80 m)will have
variable spectratoverage. About half ats spectrumwill be inside coveragaindows andhence
benefit fromthe full 80 m aperture, while in thtgaps”, imagingwill be reduced to that obtainable
from a 40 mtelescope.

It is clear, and has been confirmeddatailedoptical simulation, that a Fresnel VLA telescopié
work if it can be built. Sincéhe same is alsdrue of more conventional reflective telescopdben
we mustask: Can a large Fresnel telescope be fauill, if so,what are itadvantages?

Thereasons fompursuinglarge Fresnel telescopelave already beediscussed:They provide a
lightweight, readily packaged and deployable, method of obtainiagye opticalaperture. Inthis
they are similar to membrane reflectoesxd superior tganel-truss designs. laddition to their
inherent launchability, they virtually eliminatiee extremely tight (few hundredngstroms in the
visible), out-of-plane shape tolerances required for reflectors. Hnesabstantial advantages, so:
Can large Fresnel lenses be built and fielded?

Clearly building and fielding hugd-resnel lensesvill be a challenging task, and until actually
demonstratedwill be a major source of concern. Nonetheless, both jdies,building and the
fielding, do look feasible.

In building alarge polymer-based Fresnédns, we can take advantage of tthings;the required
feature sizesare large, andthe lens can be seamed togethefrom small sectionsThe large
Magnifying GlassFresnel lens has a high ghis, remember, is what's responsitiier its large

tolerances), so also hisge radialfeature sizesFor instance, an /400 design has (for 0.pm

light), a smallest feature-size of 4Q@n; in relation tocurrent manufacturingapabilities this is
huge, no challenge at all. The challenge is presented by two other toletamce=ed tacontrol the
phase thickness diie polymer film, and to placdghe Fresnel zones in their correetdial positions.

In order toachieveA/10 imaging,the phaseprofile (patternplus substrate) ofthe film must be

accuratgfor typical n = 1.5 polymers) @/5; for visible light this is about 0.Am. Note thathis is
purely a manufacturinghallenge, fieldingssues primarilychangethe shape ofthe film, not its
thickness. Ypical commercially purchased thin films, , to 1 rthick, are not globally accurate to
this level, althoughcan beover meterscale regions. The requiredprecision canhowever, be
reached irseveral different waysThe preferred approach is simply to improtree processing,
giving thickness uniformity a much highgiriority than it is typically assigned. Another,
independent procedure, is to incorporatal phase-depth contrahto the Fresnel patterning step.
A third, and also independent step, is to achiegal accuracy (over ~ 1 meteacales) bythe first
two methodsbut to correct larger-scaleonuniformities in-the-field, using aadaptive optics
system irthe Eyepiece.

Livermore is currently investigating two scalable techniques for applgg§resnel pattern to the
surface of a polymer filmThe first process involvesreatingthe pattern onthe surface of a rigid
and stable master, and then replicating it ont@tilgmer film. This approach is madeasible by
the fact thatthe full lenscan beassembled by seaminggether smallesections. Optical-surface-
quality material and techniques (lithography amond turning)exist with which we can create
the required feature-size patterns in meter-scale sizes. Tdasde used amasters for the
replication-in-polymer of sections diie overall lens, wich are then seamed together. A second
process involves directhyriting the pattern,via laserablation,onto the surface of golymer film.
This procedure habeenwell studied usingeither UV or short pulselasers. The challenge in



scaling it up to writinglarge ared-resnel lenses is neithttre photonic cost nothe feature sizes,
but instead is deliveringhe many laser spots needed.Beam delivery systems, in Wwich many
parallel spotsare written simultaneouslyshouldprovide an effective patterningpol. The overall
challenge in buildindarge area Fresnel lens li&ely to be asmuch one of pattern registration and
film handling, than it is creatinthe proper phase profiles the polymer.

Once a largd-resnel lens ibuilt, it must be successfullffelded in space; inust be transported
there, deployed intthe proper configurationand then held tthe required optical precision. The
desired shape isimply aflat disk, which is inherentlysimpler to formand maintain than are
precisely curved reflectingnirrors, particularly giventhe loose (near-centimeter) flatnefesvels
adequate for a slow Fresnel lens. Therenisyever,one substantial challenge involved in fielding
the Magnifying Glasslens; namelythat theFresnel zonesnust be inthe correct radiallocations.

Each band igsesponsible for applying specific onex phase change the incominglight; if the
band ismisplaced, thetthe phase correction igrong. Thisconcernleads to fairly tightradial

tolerances10% of the zoneizes forA/10 viewing. So athe rim of a visible-wavelength, F# 400

lens, weneedabout 40um in-plane precisiorthis is 1 ppm for an 80 metaperturesystem.This

radial precision requiremernis, of course, notinique to Fresnel lenses; it applies to any lens or
mirror. The radial coordinatgyoverning an optical element’'s built-in phase profilast be the

same ashe geometric radius; radial distortion leads to phase errors. For reflectors, the challenge of
meeting thigradial tolerance is generaltjwarfed bythe difficulties in attainingthe proper (few
hundred angstromyut-of-plane precision. Largealow, Fresnel lensesffectively eliminate this
out-of-plane demand (via,Fscaling),but only relax (via F,), not remove, the in-plane radial
requirements.

After being deployed in space, tMagnifying Glasdens will be kept flat by being held in tension.
This flattens out elastic packagingrinkles and raiseshe membrane’sout-of-plane vibrational
frequencies, making it less floppy. The dominant challenge in meaggig-plane radialtolerances
is not due to this stretchingwhich is predictable and hencean beallowed for when writing the
Fresnel pattern), nor is it frothe presence ofmanufacturing seamshe largest distortions instead
come fromthermal strains. It is essential fille Magnifying Glass to be thermally “cleanthat is,
to avoid gradients irheating or in materigbropertiesthat lead tanonuniformthermal stretching.
Axial rotation is a particularlysimple tensioning mechanism wich is both self-deploying and
thermally “clean”; it requires onlyhe optical membrane, with naextrinsic support structure.
Uniform tenperature changes (due tbe enplacement in space and/or by changes in the
intercepted solar irradiatior@re therefore not g@roblem,since they leadnly to areally uniform
stretching.For aFresnel lens this just changt® focallength and hence Bccommodated by a
slight motion ofthe Eyepiecevehicle. With rotationaltensioning,the largest source ofadial
distortion results fronthermal stretching due twonuniformities inthe properties ofthe polymer
film. These effects can most readily be keptall (without requiring extreme materiahiformity)
by employing low thermal-expansion-coefficidltw CTE) polymersfor the lens. Other, more
mechanically intensive, tensioning approactess beused,but these wilimpose moretolerance
challenges than are facedth the rotational approach.

There are, of course, othmsuesinvolved in building and fieldindarge thin-film Fresnel lenses.
Here, let's discuss two dhe mostimportant: What's ibuilt out of? And, what about noisérom
scattered sunlight?

A naked Magnifying Glaswiill be continually hit bysunlight, someportion of which will diffusely
scatter anaenter thedistant EyepieceUnlessspecialized noise filterare used, this noise will be
significantly (~ 10) times greater thathe signal from an extra-solar planet. Hence, fdhis
application, it will be necessary to shathe Magnifying Glass fromthe Sun (as, ofcourse, is
planned to be done fdne NGST). This sunshade must be somewhsader tharthe Magnifying



Glass,but isalso constructed frorthin polymer film(s). It is mucheasier to fabricate and field,
since ithas a simple metal coating, with no complex optical pattern or tight dimensional tolerances.

The phase pattern fdine Fresnel lens will be implemented as a surfeadief (having physical cut

depth of roughlytwice thewavelength, i.e.about 1um for visible light) profile in athin-film
polymer. To besuitable for this applicatiorthe polymer must be transparent the operating
wavelength, exhibit good phase uniformity, and musstable inthe spaceenvironment. Inorder
to assist in meetinthe in-plane dimensional tolerances, it is desirdb& thepolymer also has a
low CTE. Therearemany transparent polymetsyt most are attacked byne ormore aspects of
the spaceenvironment. Fortunately, our VLA telescopél be located in solar orbifawayfrom
Earth’'s atomic oxygerand geomagnetic radiation belts) and will banshaded; thidenign
environment permits modtraditional optical plastics to beonsidered. Sgoolymerssuch as
PMMA, polystyrene, Teflon-AF, polycarbonate, TP¥)d othersare all potential candidates (for
visible imaging). The only common flaw to this group is that taeyave fairly normal (i.e., > 10
ppmFK) CTEs. Most thermalproblemsare alleviated byemploying a sunshade, such CTE
values may bacceptableHowever, the interaction ofnonuniformmaterial properties and a large
temperaturdifference between fabrication and operational conditires, between Earth and
space) may be troubling. In this event, it will be necessary to maecla lowerCTE polymer; one
attractive possibility is a class ofow-CTE (< 1 ppmFK), reasonably colorless, polyimides
developed fothe semiconductor industry.

In summary, Fresnel lensesire attractive for VLA telescopes because theye launchable
(lightweight, packagable, and deployable) and because they virtually elirthiedtaditional, very
tight, surfaceshape requirementaced byreflecting telescopeslheir (potentially severe) optical
drawback, a very narrow spectral bandwidth, can be eliminated by ussecbrad (muclsmaller)
chromatically-correcting Fresnel element. Témables FresnélLA telescopes to provideither

singleband @AMA ~ 0.1), multiple band, or continuogpectral coverage. Building and fielding

such largeFresnel lenses will present a significant challenge, but dmehvappears, with effort, to
be solvable.
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