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1.0 EXECUTIVE SUMMARY

The objective of the Phase | sudy was to assess the feashility of usng ultra
lightweight holographicaly corrected membranes as the primary mirror for a large
gperture  astronomica  telescope. The concluson of the sudy is tha (8
holographically corrected membrane telescopes (HCMT) are eminently feasible and
(b) they are the only affordable method today and in the foreseegble future enabling
diffraction-limited space-based large aperture telescopes.  We beieve that the
concept is revolutionary in the manner defined by the NASA Inditute for Advanced
Concepts (NIAC). If this concept were to be demonstrated for large apertures in
space, and there is no reason why it could not be, it could revolutionize observationd
astronomy.

In a rdated NRO (Nationd Reconnaissance Organization) study, a norinflated
Im diameter parabolic membrane mirror was designed, fabricated, and messured to
be within the 1 mm rms surface accuracy limit prescribed. The surface inaccuracy
was measured to be e = 0.367 mm rms which is wel within that which could be fully
corrected holographically. The NRO study has aso proven, a least on a small scae,
that the norrinflated net-less membrane mirror design is workable and can dtan the
required surface accuracy. Scdability to larger diameters was caried out
andyticdly by peforming a finite demert smulation on  10m and 20m gpertures.
The andyss included the result of therma caculations usng TRASYS and SINDA.
The reaults of the thema cdculaions show that the use of extremdy low CTE
(coefficient of thermd expanson) PBO membrane combined with a sun-shielded
telescope design results in low temperature gradients over the membrane mirror
aurface and temperatures remaining practicdly congant in time as long as the
relative orientation between the sun and the tel escope remains the same.

The Im NRO membrane mirror was holographicaly corrected to the diffraction
limt.  After correction, the focd spot was diffraction limited. Its ue as a
diffraction-limited imaging device, was demondrated by illuminating a USAF
resolution chart with diffuse laser light and a photograph taken.

The peimeter truss desgn for the membrane mirror support sructure is in
Section 4.0. Here, we leveraged off the Large Radar Antenna (LRA) program with
NASA/JPL. LRA is a current L’'Garde program and is addressng the support
sructure materids and design for large space structures (~50m). The packaging and
deployment control of large apertures will be addressed in detall during Phase 1.
The perimeter truss (PT) like the membrane mirror is foldable and packagegble into a
andl launch volume. The PT is made of inflatably deployed maerid that rigidizes
by passvely cooling the dructure to a temperature below its glass trangtion, Tg.
The Tg of the resn used for the PT boom eements has been shown by the LRA
program to be tailorable, up or down the temperature scale.
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A conceptud design of a 1m diameter holographicaly corrected membrane
telescope is presented in Section 9.0. The system issues are addressed and include
(@ bandwidth, (b) tempora correction (fixed or red time holography), (C)
holographic media, (d) laser beacon distance from the telescope, (e) laser beacon
power and pointing requirements, and (f) laser beacon platform (co-orbiting or
fixed). A conceptud desgn of the optics module is also presented.  The overdl
conceptud design of a sun-shiddded 1 m HCMT congds of the primary mirror, a
holographic correction module, associated optics, and a co-orbiting laser beacon
platform.  Photopolymer material was chosen as the holographic medium because of
its sengtivity to the laser frequency, high resolution, availability, low codt, heritage,
and non-wet processng requirement. UV light is used to “fix” the hologram. For
ultra high resolution research like plangtary imaging, extraterrestria planet search,
deep sky surveys, etc., a more distant orbit such as the L2 Lagrange point would be
required for lower thermd and gravitationa gradients.

Findly, we outlined and lided some of the many gpplications of a narrow
bandwidth telescope such as an HCMT. Vey narow band imaging and
spectroscopy  do  have  gpplications in - astronomy  but only for rdatively bright
sources. By usng ultra lightweight membrane mirrors, we could incresse the
gperture diameter many fold to compensate for faint sources, without much mass
pendty and launch vehicle congraint.

The applications address some of the NASA missons under the Space Science
Enterprise (SPE) including (&) Search for Origins, (b) Structure and Evolution of the
Universe, and () Exploration of the Solar System. Some of the gpplications
consdered are:

(A) Detection of extrasolar planets. The smal angular separation between
the planets and their host dars, as well as ther extreme differences in
brightness makes the detection very difficult. A large HCMT will make
it possble to observe medium sSzed planes in the extrasolar
neighborhood.

(B) Cosmology. Larger teescopes will alow us to resolve finer details and
view fanter objects which in turn adlows us to more accurately define
the Hubble congant, the densty of the universe, the cosmologica
congant (if it exists) and hence the age and future of the universe.

© Solar system objects.  With a 100m diameter space telescope, we could
obsarve every planet in our solar system with more detal then any
previous fly by misson. We could dso use the large tedescope as an
ealy waning device in finding and locaing near-earth objects
especidly those that could intersect the earth’ s orbit around the sun.

(D) Black hole environg/accretion disks.
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(B)
(F)
©G)
(H)

(1)

Q)

Sun spots and solar flare activity on nearby stars.

Red and brown dwarfs.

Gdactic, gdlar, and planetary formation regions.

Adgtrometry.  Adrometry requires high resolution measurement without
the requirement of large bandwidth imaging. The number of das
observed by the Hipparcas’Tycho misson conducted by the European
Space Agency (ESA) was ultimately limited by the size of the telescope
goerture. For future catdogs, essentid in the era of ultra large
telescopes, large aperture astrometry missons will be required.
HCMTs are wdl suited to this application.

Opticd _communications. Experiments have shown that holographicaly
corrected telescopes can be used for optica transmittersreceivers. In
fact, as a consequence of the hologram, which is both a narrowband
phase plate as wdl as a dispersve dement, HCTs have the potentid to
isolate sgnd frequencies much better than conventiond telescopes and
with fewer opticd dements. Signad bandwidths of 100 GHz have been
demondgtrated with >60dB blocking, with further improvements possible
with holographic media

Lidar. Lidar involves the detection of scattered laser sgnd from some
digant source. Since this source is often gaseous, the return 9gnds are
often 0 low that ether a large laser pulse or large receiver (or both) is
required. A large receiver can reduce the required laser power required.
The reaults from opticd communications tests show that HCTs can be
used for lidar receivers with many improvements over exising
systems.

For agronomy, perhgps the most intriguing science would be due to the
unexpected. Mogt discoveries made with new telescopes have been due to
seeing the previoudy unobserved. We know the Hubble Deegp Fiedd showed
images of gdaxies far younger than other telescopes have detected before and
with a dramdic increase in both resolution and light gathering power. An ultra
large tdescope aded by the membrane primary mirror and a holographic
correction as outlined in this report will no doubt see a host of new objects and
processes in our mysterious universe.
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2.0 OVERVIEW OF PHASE | STUDY

2.1 Objective of the Phase | Study. The objective of the Phase | was to carry out an
assessment of the feadhility of usng an ultra lightweight reflective membrane as the
primay mirror of a large gperture asronomica telescope. Although thin film
technology is a fast growing technology field, its impact on membrane mirrors may never
come to the point where membranes can have the surface accuracy required of an orbiting
astronomica telescope. The revolutionary solution we proposed to enable orbiting, space
based large aperture telescopes was the use of membranes for the telescope mirror and
correcting it to the diffraction-limit usng a holographic technique. In the rdated NRO
sudy, we fabricated and demonstrated the full correction of a 1 m diameter, F/D=2.43
membrane mirror. We strongly believe the method to be scalable to 100 meters.

2.2 Introduction. To answer some basc science questions about the origin of the
universe and the posshility of life in other parts of the Solar Sysem and beyond, it is
necessary to build much larger telescopes than those avalable today. The Hubble Space
Telescope (HCT) with its 24 m primary mirror has provided sgnificant information
about outer space during the last 10 years but much higher resolution is required to
unlock the secrets of the universe.

Large aperture, lightweight, space-based telescopes are required for next generation
sysems to increase the resolution of space targets. A large diameter telescope, on the
order of 10m or larger is needed. Of course people have talked about using distributed
goertures, which dlegedly would get rid of dngle large aperture problems.
Unfortunately, this concept introduces much more gSgnificant problems than it solves.
The requirements on time and space accuracy imposed on the individud gSpacecraft
making up this didributed architecture will be very difficult to overcome with the
foreseedble technology of the future. Thus, we are back to large apertures. However,
large gpertures manufactured and based on current materias technology for telescopes
are heavy, bulky, and very expensve. At this time, ultra low expansion (ULE), slica,
and zerodur are the three most commonly used materias for space telescopes and mirrors
and only ULE is usd for large epertures Evolutionary improvements in the
manufacturing of these materids cannot provide larger blanks to make much larger
mirrors. However, the space community, including the intdligence and the military have
an insatiable demand for higher and higher resolution images. This demand can only be
met by a revolutionary approach. It is necessary to abandon the traditiona evolutionary
approach and look outside the box for other techniques and concepts to develop a large
diameter telescope.

Secondly, once the space telescope is manufactured, one is faced with the problem of
ddivery of the aticle into orbit. It is not the payload mass thet is usudly of concern but
the packaged volume. For example, space shuttle payloads are dmost never weight
condrained but volume condrained. The largest booder faring diameter including the
Shuttle cargo bay cannot accommodate an aperture size on the order of 10 m or larger.
This makes the launch cogt of large gperture systems prohibitively expensive. The
telescope must be package-able in a samdl volume for ddivery into orbit after which it is
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deployed to its full diameter. This is where membrane mirrors have a clear advantage.
Not only are they lightweight, they are dso volume-conformable as well as package-able
inamuch smdler volume

2.3 Proposed Solution. An aberrated mirror has been shown to be correctable to the
diffraction-limit usng a hologrgphic technique[l] A mirror fashioned out of a thin film
membrane can be made to gpproximate a parabolic or spherica surface but to be useful
as a teescope mirror in the optical regime, the surface inaccuracy and  surface dope
errors need to be extremdy smdl. By itsdf, membrane mirrors do not have the required
accuracy but coupled with a holographic-correcting technique, it can be made to work in
the diffraction-limit. However, there is an upper bound to the surface inaccuracy that the
holographic procedure can correct. During the last few years, polymeric materids with
extremey low CTE such as polybenzoxazole (PBO) have been predicted to have an on+
orbit surface inaccuracy of only 0.35 mm rms. At the same time, holographic techniques
have been improved consderably to the point that surface inaccuracies on the order of 1
mm rms or less are perfectly correctable to the diffraction limit.[1,2] It must be noted
that membrane reflectors on the order of 10m diameter made from KaptontE with ten
times larger coefficient of thermd expanson (CTE) than PBO, have been shown to have
~1 mm rms surface inaccuracy. And this includes ALL sources of errors on orbit
including thermd effects.  Hence, a sphericd or parabolic mirror made of a thin film of
PBO in conjunction with the proper holographic correction can enable a 10m or larger
space-based aperture operating in the diffraction limit.
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3.0 HOLOGRAPHIC CORRECTION OF ABERRATED MIRRORS

3.1 Holographic Correction. The proposed solution is to condruct an astronomica
telescope from a lightweight membrane mirror, which is holographicaly corrected for
surface digortions, in-situ. This scheme makes it possble to correct apertures of
virtudly unlimited Sze, over a narrow bandwidth, a opticd and UV wavdengths. This
techniqgue has previoudy been demondrated for conventiona telescopes, microscopes,
and communication transceivers. As can be seen in Section 8.0, the method works as
well for amembrane mirror.

The basic operation of a hologrephicaly corrected reflecting telescope is shown in
Fig. 31. It has been shown that poor mirrors can be corrected to the diffraction limit
usng this technique. There are limitations however. These are (1) a collimated beam is
used as reference, implying that there already exists a source of (laser) monochromatic
light a some distance away to create the reference beam. Such a scheme would involve
deploying the laser as an isolated device, or as an indrument fixed to the Internationd
Space Station (1SS). (2) Because the hologram is made a a specific laser frequency, the
correction is maximized only at that frequency.

Teding and andyss have shown that the firg limitation can be softened by usng a
laser reference beacon located at the center of curvature instead of a collimated beam, but
this technique introduces errors into the correction. Similarly, the bandwidth of light thet
can be handled can be increased, again with some reduction in accuracy.

As shown in Fig. 3.1, a digant source of laser light (the keacon) is used to illuminate
an aberrated primary with the focused light directed through a secondary optic that
collimates the light and produces a de-magnified image of the primay onto the
holographic medium (Fig. 3.1a). A hologram is recorded between this object beam and a
diffraction-limited plane wave reference beam incident at an angle. If light from a distant
object is incident on the primary (Fig. 3.1b), a recondtructed beam will be produced
which can be focused to form an un-aberrated image of the distant object. This technique
is used to remove aberrations present in a large diameter, inexpensve opticd system to
produce a diffractionlimited telescope operating over a moderate bandwidth.
Furthermore, the same scheme can be used for any type of primay — reflecting or
refracting, parabolic, spherica, or any other conic.

A hologram is a record of the digtortions of the primary a any given time, and can
correct for these digtortions, as long as no changes occur to the mirror between recording
and replay. In a space environment, therma and gravitational gradients will produce
minute changes in the shape of the membrane mirror, which means tha a sngle daic
hologram cannot permanently correct for an aberrated primary. There ae severd
solutions to this problem, including red-time hologrgphic media such as optically-
addressed gpatial light modulators (OASLM) or photopolymer materids, or
incorporaing an inexpensve adaptive optics sysem in conjunction with a high resolution
gatic holographic medium.
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a.

plane wave aberrated primary

> —
reference beam lens

hologram
b.
distant source aberrated primary

>

detector gologram

Fig. 3.1. A schematic of a holographically corrected telescope. a.) Recording. A distant laser source
illuminates the aberrated primary to form the object beam. The hologram is written with a collimated beam
incident & an angle. b.) Reconstruction. Light from a distant object (starlight) reconstructs an unaberrated
image which is then focused to produce a perfect image of the distant object.

Photopolymer materials are perhaps the most desrable media, as they ae very
inexpensve, very lightweight, and can be used for ether red-time or daic holographic
correction in a space environment.  To create a hologram using a photopolymer film, the
film is exposad to the laser light and developed usng UV. A hologram (from a light-
proof roll of photopolymer film) is smultaneoudy recorded and reconstructed to adapt
for tempord changes in the shape of the primary. New holograms from the same roll can
be created as needed.

3.2 Previous Holographic Results. Holographicaly corrected telescopes have been
extensvely investigated [4-8] with many different desgns and apertures as large as 0.5m.

Figure 3.2 shows the result of correcting a 0.5 m diameter telescope mirror.  This is
reproduced from Ref. 9. The reproduced copy shown is not as high qudity as the
origind. The telescope was tested as an imaging indrument by placing a resolution chart
a the focus of the parabolic collimator and illuminaing it with diffused laser light.
Diffraction limited resolution was obtained after correction.

These demondrations show that mirrors with as much as 1 mm rms departure from a
perfect figure can indeed be completey corrected using holograms, which is criticd in
gysems involving lightweight, membrane primaries.  The same holographically corrected
telescope has been shown to be ided for opticd communications, with possible data
transfer rates beyond 100 Giga bits per second (Ghps).
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Fig. 3.2. : Holographic correction of a0.5m diameter mirror. The interferometric patterna. before, and b.

after showing the removal of 250 waves of aberration. A 1951 USAF resolution test chart c. before, and d.
after correction.

Recently, Andersen, et d. [2] demondtrated the complete remova of over 2500 waves of
aberration in a 0.2 m diameter, F/25 spherica primary mirror, to diffraction-limited
performance. Figure 3.3 below shows the results of the experiment.

(b) (©
Fig. 3.3. Imaging. (a) The uncorrected focal spot, shown actual size. (b) The focal spot of the reconstructed
beam, shown magnified by 500X. (c) Wavefront. An interferogram of the reconstructed beam, indicating

better than diffraction limited performance. Due tothe overwhelmingly large error to begin with, no
“before” interferogram was possible for comparison.
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4.0 ADVANCED CONCEPT DESCRIPTION

4.1. Net-Membrane and Net-Less Membrane Mirror. A 10m aperture, lightweight,
space-based telescope is required to revolutionize space exploration and unlock some of
the myderies of the universe. The ultimate objective is to manufacture a payload
conssting of a 10 m or larger telescope in a compact configuration that can be integrated
with a platform to produce an operational flying imaging pacecraft to revolutionize
goace exploration.  In Fig. 4.1 we show three different membrane mirror configurations.

The firg (Figs. 41 A and B) is the purdy inflatable reflector. It is a lenticular structure
condging of a reflector membrane and a cler canopy. The lenticular volume is
pressurized with inflatant gas that drains the reflector membrane smoothing out the
packaging wrinkles. The second and third concepts are norrinflaed: the net-membrane
and the net-less configurations. The net-membrane configuration conggs of the reflector
surface, which is formed by a net-membrane structure.  The net forms a geodesic surface
over which the metalized reflector membrane is dretched. Another net structure but
without the membrane, is located at the “bottom” and is a mirror image of the top net.

This bottom net is used as anchor points for tenson ties between it and the top net-
membrane. These ties provide tenson in the membrane keeping it taut and wrinkle-free.
The net materid is an accurately built low CTE, high diffness compodte network and
provides the accuracy and added thermd stability. The perimeter truss support structure
can be made of a light, deployable rigid compodte maerid or infladble rigidizable
material.  The net-less configuration like the net-membrane, is norrinfladble. It is
gmilar to the net-membrane but as its name suggeds, it does not have a cable matrix
(net) over the reflector surface. The reflector surface is tensioned via tenson ties bonded
to the back of the reflector and the other end anchored to a net structure at the “bottom”.

Because there is no cable network over the reflector, there is some weight savings as well

asincreased light gathering area.

4.2. Perimeter Truss Support. The membrane mirror support structure is the perimeter
truss shown in Fg. 42. Here, we leveraged off the Large Radar Antenna (LRA)
Program with NASA/JPL that is currently addressng the perimeter truss configuraions
for large space Structures. Mogt of the design and analyss of the perimeter truss supports
have been done within the LRA program.

The perimeter truss type that is suitable for a 10 m diameter or larger aperture is the
Diamond truss shown in Fig. 42A. In Fig. 4.2B, we show the net-membrane. Since the
conical truss concept —Fig. 4.2C — offers the posshility of further reducing the mass and
packaging volume, we have included it as a good perimeter truss candidate.

The perimeter truss support structure shown in Figs 4.1C and D are made of
inflatably-deployable, rigidizable materid. One such candidate uses the Sub-Tg method
of rigidization. That is, prior to deployment, the materid is a a temperature above its
glass-trangtion temperature (Tg) and hence it is flexible and foldable.  After deployment,
it is dlowed to (passvely) cool bdow its Tg meking the materid very iff and rigid.
L'’Garde has identified a radiation-resgant resn for use in impregnating graphite fabric
for making Sub-Tg trusses.
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Fig. 41. (A) and (B). Purely inflatable membrane mirrors. The inflatable reflector shown in (A) is7 min
diameter with an F/D=0.5. It is a ground model. The inflatable reflector shown in (B) is the Inflatable
Antenna Experiment (IAE) on-orbit. 1t was deployed by the Space Shuttle STS-77 on May 20, 1996. It is
the first ever inflatable reflector flown in space. (C) Net-Membrane mirror shown with its perimeter
support structure. The struts are not shown. (D) Net-less membrane mirror shown with its perimeter
support structure. The struts are not shown.

In the Phase | study, we carried out the design and andyss of the net-membrane
configuration. The net-less membrane configuration was addressed by the related NRO
dudy. The results of the finite dement andyds of the net-membrane and net-less
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configurations are presented in Section 7.0.
was fabricated and

membrane  mirror
videogrammetry.

corrected to the diffraction limit.

Section 8.0.

offset
between joints “—l' Ac

(A)

upper
longeron

tension
diagonal
invert
longeron

In the NRO sudy, a 1m diameter net-less
its surface profile was measured using

The faboricated membrane mirror was successfully  holographically-

The results of the holographic tests can be found in
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Fig. 4.2. Perimeter truss support for the membrane mirror telescope. (A) Diamond truss. (B) Net-

membrane mirror supported by a perimeter truss. (C) The conical perimeter truss.

L’ Garde, Inc. Technical Report, LTR-00-A P-021

15



5.0 TECHNOLOGY CHALLENGE

5.1. Surface Accuracy. There are issues and chdlenges to the technology regarding the
use of membrane mirror for optics[3] The firg and foremost is surface accuracy. The
current state of the art onrorbit precison for membrane reflectors up to about 10m
gperture diameter using Kapton-like materid is on the order of 1 mm rms with ALL
sources of surface degradation consdered including manufacturing and thermd  effects.
At gmdler dianges (£3m), 0.5 mm rms accuracies have been achieved on ground
measurements.  Figure 5.1 shows some of the (inflatable) membrane reflectors tha
L’Garde, Inc. has huilt to date. The last one, Fig. 5.1D, was built under the NRO
program and is the non+inflated Net-Less Membrane Mirror.

52 Membrane Material. For a space application, the membrane materid for the
mirror must be able to resst the hazards of the space environment; e.g. aomic oxygen (at
low earth orbits), radiation, UV, and micrometeoroids. On top of this the thermd
excursons experienced by the membrane mirror must be such tha its surface profile
changes are 4ill correctable holographicadly. Moreover, the transent component of the
temperature effects must be “dow” enough to render the hologram condructed for that
paticular date usdble over the entire time intevad of astronomical/astrometry
obsarvation. Therefore, a very low coefficient of themd expandgon (CTE) membrane
materia is needed. Fortunately one such materid exigs. It is polybenzoxazole (PBO).
For such low CTE materids @ » -1 ppm/C°), an onorbit surface accuracy of 0.35 mm
rms has been predicted for gperture diameters of 10m. These error magnitudes have been
shown to be holographicdly-correctable to the diffraction limit[1,2] PBO however,
unlike Kapton E, has not yet been tested for space radiation resistance. Kapton-E was
shown to be resgant to space radiation (GEO levels) for a misson life greater than 5
years[14] Andyticad cdculaions, though, predict thaa PBO should be dightly more
radiation resstant than KegptontE.[15] What remains now for PBO film membrane is to
be tested for space environment resistance.

5.3. Holographic Film Material. In order to accomplish holographic correction in red-
time and in-situ, we need a suitable holographic film materid. The hologrgphic film
materid must aso be able to ress the harsh environment of space that include radiation,
UV, micrometeoroids, and a low eath orbits aomic oxygen. In designing a
holographically corrected membrane teescope (HCOMET), the holographic  film
materid can be shidded againg atomic oxygen and most micrometeoroids. However, it
may not be possble to completdy shidd it againgt radiation.  Hence, whatever
holographic film materid is chosen, these issues must be serioudy congdered.  Section
9.0 discusses the different holographic media and issues associated with each of them
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(B)

Fig. 5.1. (A). TheInflatable Antenna Experiment (IAE) Reflector on-orbit.
Deployed from the Space-Shuttle on May 20", 1996, it is the first ever
parabolic membrane reflector to be flown in space. (B). One-fifth sector of
the |AE reflector — 3m diameter. This membrane mirror was ground tested
and measured to have a surface accuracy of 0.67 mmrms. It was used to
test the |AE Surface Accuracy Measurement System (SAMS). (C) Three
meter diameter HAIR (Highly Accurate Inflatable Reflector) reflector. This
was fabricated in the late * 80s and had a measured surface accuracy close to
1 mmrms. (D) One meter diameter Net-Less membrane mirror. This

mirror was fabricated for the NRO and was measured videogrammetrically
to have a surface accuracy of 0.367 mmrms. It was also holographically

corrected to the diffraction-limit.

54 Perimeter Support Structure Material. The perimeter support structure materid is
basdined on a Sub-Tg resn impregnated grephite fabric. When the materid is a a
temperature above its glass-trandtion temperature (Tg), the compodte laminate is soft,
flexible, and packegesble. Hence, a smdl amount of power may be needed from the
parent spacecraft to keep the payload at the required temperature. After deployment, it is
exposad to the space environment and alowed to (passvely) cool beow its Tg making it
vay giff and rigid. A modulus of a few million ps has been obtaned usng the Sub-Tg
method. A radiaionresstant Sub-Tg resin with the proper glass trangtion temperaure is
required. L’'Garde's research into this has so far resulted in the identification of one
candidate resn. Although its Tg is high, aout 30 °C above room temperature, the good
thing is tha its Tqg is talorable. Work is continuing to synthesize a (radiationresstant)
resnwithalow Tg. TheLRA program & L’ Gardeis currently addressing thisissue.
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6.0 THERMAL ANALYS SOF THE 1M DIAMETER MEMBRANE
TELESCOPE

6.1 Therma Modd. It is imperative that we know the temperature profile over the
membrane mirror.  Any didortion of the mirror primary will impact the imaging
capability of the optical sysem. Furthermore, we must know the magnitude of the
digortion to determine whether or not they are within the capability of the holographic
correction method used. The therma analyss presented here is by no means complete.
The time and budget for the Phase | study did not permit a more thorough andyss. As
such, the ample andysis carried out in this section is amed to give us an indicaion of
the temperature and temperature gradient magnitudes to expect on-orbit.

The theemd modd is shown in Fig. 6.1. The 1 m diameter membrane mirror is
shown encased in a tubular sunshidd. One end of the sunshidd is open to dlow light
from a digant target, a dar, planet, etc. to get into the holographicaly-corrected
membrane telescope.  The membrane mirror is made out of 0.005 inch (12.7 micron)
thick PBO membrane.

6.2 TRASYS Moded. An orbit dtitude of 220 nautica miles was assumed for the 1m
diameter membrane mirror.  TRASYS [16] was used to esimate the thermd loading on
the telescope.  The input to TRASYS conssts of the geometry of the modd, the opticd
properties, the orbit (earth-centered or sun-centered), the dtitude, and the orientation of
the spacecraft (the mode) relative to the heat sources. TRASYS dso dlows the user to
extract the radiation conductors within the mode itself as well as the radiation conductors
to space; i.e., he conductor(s) with one end connected to a node a the temperature of
outer space. In this case, we used absolute zero. These conductors as well as the
irradiation of each of the dements are then used in as subsequent SINDA[17] run to
cdculate the temperature-time higory of the dements of the theema modd. The
parameters of the thermd moded are liged in Table 6.1. The mode has been smplified
in that the perimeter truss structure had not been included. This is not expected to change
the temperature results of the membrane mirror.

6.3 SINDA Model. SINDA [17] is a finite difference theemd andyzer and is widdy
used in the aerospace industry. Input to the code consists of the thermd network and the
nodes specifications. The network is defined by specifying the conductor (or therma
resstor) values between interconnected nodes. For the nodes, the capacitance and initia
temperature (if a trangent andyss) must be specified as wdl as the type of node i.e,
diffuson, aithmetic, or boundary.  In the SINDA run, the initid temperature of the
boom nodes have been specified to be 70 °F = 21.1 °C.

Our man interest is the temperaiure and temperaure didribution within the
membrane mirror materid. In particular, we want to know if the operating temperature is
within the tolerance of the materid itsdf. Secondly, are the temperature gradients within
that which can cause distortions beyond what is holographically correctable? Within the
membrane telescope thermal model, we used 45 nodes - 9 nodes per quadrant and 36
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circumferentiad  (linear) conductors and 24 axid (linear) conductors.

The telescope

cylindrical enclosure is covered with MLI and the effective emissvity between the MLI

and the telescope tubular enclosures is taken as e* = 0.02.

Table6.1. Parameters of the Therma Modd.

Geometric Properties
Membrane mirror diameter 1m
Sunshield diameter 2m
Ovedl Length 3.05m
Telescope F/D 243
Mass and Physical Properties
Sunshidd materia dengity 1.8 g/ent
Sunshield specific heat 921 Jkg-C
Membrane mirror materia density 1.38 g/ent
Membrane mirror specific heat 921 Jkg-C
Membrane mirror therma conductivity  0{173W/cm-C
Optical Properties
Outer sunshidd surface
Emissvity 0.269
solar absorptivity 0.58
olar trangmissivity 0
Inner sunshidd surface
emissvity 0.90
solar absorptivity 0.90
Solar transmissvity 0
Membrane mirror surface
emissvity 0.05
solar absorptivity 0.15
Solar transmissvity 0
Effective emmisivity used for MLI 0.02
Number of conductors within the
Cylindricd tube 14,758
Number of conductors within membrane
Mirror 60
Number of conductors to space 468

L’ Garde, Inc. Technical Report, LTR-00-A P-021

19



<«— Sunshidd

Struts \

Solar array

membrane mirror

Fig. 6.1. Thetherma model of the 1 m diameter holographically-corrected membrane tel escope on-orbit.

6.4. Results. Because the membrane mirror is o thin, its therma mass is very smal.
We then expect its temperature to get to its operating temperature dmost as soon as it is
exposd to the thermd environment.  This is indeed the case as shown in Fig. 6.2B. The
orbit was assumed to be a 220 nautica mile dtitude circular orbit with the sun directly
overhead. The irradiation of the modd was cdculaled by TRASYS. This was
subsequently input to SINDA for the caculation of the temperatures.

As can be seen from Fig. 6.2B, the temperature of the membrane mirror drops
dmog indantaneoudy — as soon as it is exposed to its therma environment. The
temperature remains congdant throughout. This is expected because the irradiation is
congant. The sun is dways overhead and the telescope is dways pointing away from the
eath. It will aso be noted that the largest temperature gradient over the membrane
mirror is less than 9 C°. This gradient can be reduced with better nsulation around the
telescope.  The temperature over the membrane mirror shown in Fig. 6.2B were obtained
with an effective emissvity of e* = 0.02 between the MLI and the telescope tube. With
the CTE of the membrane maerid beng a = -1 x 10° /C° the change in the mirror
surface will dill be within what can be hologrephicaly corrected. The surface accuracy
after the agpplication of the therma loads changed negligibly, from e = 0.401 to 0.399.
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However, the foca length increased dightly, as expected. Since the membrane shrunk
due to the drop in temperature, the mirror foca length increased.
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Fig. 6.2. (A) 220 nautical mile circular orbit. Sun isassumed directly overhead. (B) Temperature —time
history of selected nodes on the membrane mirror. Note how quickly the temperature drops and stabilizes.
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Fig. 6.3. Temperature distribution over the membrane mirror. The numbersin each SINDA cell arethe
temperature of the cell in degrees Celsius.
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7.0 FINITEELEMENT MODELING OF THE MEMBRANE MIRROR

7.1. Finite Element Analysis. In order to assess the structural performance and predict
the surface accuracy of membrane mirrors in a space environment, we carried out a finite
eement andyss (FEA) of the Net-Membrane and the Net-Less configurations. We used
the FEA to predict the surface profile of the 1m diameter Net-Less membrane mirror built
for the NRO study. We extended the calculations to assess the scalability of the concept
by andyzing a 10m and a 20 m diameter gperture, Net-Membrane configurations. For the
Net-Less configuration, we carried out the andysis for a 1m and a 10 m Size gperture.

7.2 Finite Element Model of the Net-Membrane Mirror. Fig. 7.1A shows the finite
edement mode of a 10m diameter Net-Membrane mirror. The surface contours are
shown in Fig. 7.1B. The mode contains 1731 nodes, 832 membrane eements, and 634
cable elements. This modd used 853 tension ties. The overdl predicted surface accuracy
ise =0142 mm rms. A finite dement mode was also created for the 20 m diameter.

Because of symmetry (60° symmetry) only a 60° dice of the circular parabolic membrane
ismodded.

(A) (B)
Fig. 7.1 A. Finite element model of 10m Net-Membrane mirror. B. Predicted surface profile of 10m Net-
Membrane.

7.3 Finite Element Model of the Net-Less Membrane Mirror. Fig. 7.2A shows the
finite dement modd of the 10m Net-Less membrane mirror. The surface contours are
shown in Fig. 7.2B. The modd contains 3459 nodes and 1092 membrane dements.  The
overdl predicted surface accuracy is 0.39 mm rms. This modd used 1215 tendon ties.
Note that the predicted surface accuracy for the Net-Membrane (Fig. 7.1) is better than
for the Net-Membrane. We can increase the surface accuracy of the Net-Less by
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increasing the number of tenson ties. However, from the fabrication point of view, this
may not be practical.

(A) (B)
Fig. 7.2. A. Finite element model of 10m Net-Less membrane mirror. B. Predicted surface profile of 10m
Net-L ess membrane mirror.

A 1m diameter Net-Less Membrane mirror was fabricated for the NRO study.
The mirror is shown in its fabrication steps in Fg. 7.3. The Net-Less configuration is
amilar to the Net-Membrane, except that the Net-Less, as the name implies, does not
have a cable network over the reflector surface. In order to drain the membrane mirror,
tenson ties are bonded on its backsde via plagtic tabs. The other ends of the ties are
hooked up to the “bottom” of the perimeter truss and the tension adjusted via screw
knobs. The backsde of the un-tensoned Net-Less membrane mirror is shown in Fig.
7.3A. The tendon ties are bonded to the “Kapton sde’ of the membrane mirror. The
tensoned reflector is shown in Fig. 7.3C. This photo angle was used to show more
clearly the curvature of the surface. The tiny “dots’ on the surface are the retroreflective
targets used in the videogrammetric measurement of the surface qudity. The maerid
used for the mirror was aduminized (vapor deposted auminum) KaptortE. Only one
Sdewas auminized. Fig. 7.3B and 7.3C show the duminized sde.

A thermd load case usng the results of Section 6.0 Thermd Anayss, for the 1m
diameter case was used in a finite ement run.  The “before’ and “after” cases are
shown in Fig. 74 — surface profiles. The design temperature used br this finite dement
run was —60 °C. The “hottest” temperature was about —63 C and the coldest, -72.3 C.
Therefore, there is an overdl temperature drop relative to the design temperature. This
means that the membrane, assumed to be PBO in this case, shrunk. Hence, we should
expect the focd length to increase after the application of the thermd loads. This is
indeed the case. The surface accuracy and the focd length before and after the load are
shownin Table 7.1.
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Fig. 7.3. The 1 m diameter Net-Less Membrane Mirror in fabrication. A. The backside of the mirror is
shown with the tension ties bonded but still in its slack state. The mirror at this point is still unstressed. B.
The aluminized side of the mirror is shown with the retro targets being (carefully) applied. In C, the
tensioned Net-Less membrane mirror is shown upright ready to be measured videogrammetrically. This
photo angle was chosen to show the double surface curvature achieved. Eight seven ties were used. The
measured surface accuracy was e = 0.367 mm rms with a best-fit focal length of 2.43 m. The F/D = 2.43.
D. The support structure used for the 1m Net-Less Prototype.
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Table7.1. FEM Simulation of One Meter Diameter Net-Less Membrane Mirror before
and after the Application of the Temperature Loads shown in Fig. 6.3.

Before After
Foca Length 2575m 2579 m
Surface Accuracy 0.401 mm rms 0.399 mm rms

As can be seen, dnce the temperature gradient over the membrane mirror surface is
very smdl and the desgn temperature chosen to be close to the average operating
temperature, the overdl effect on the mirror profile is amdl. The magnitude of the effect
is dill within the range, which can be corrected hologrephicaly. The good thing is thet
for a sun shielded telescope like the model shown in Section 6.0, the temperature gradient
over the mirror surface is very smadl and the temperature stays dmost constant over time.
The implication of this is that we may need to condruct not as many holograms to take
into account the otherwise many different temporal and structural “states’ of the mirror.
In fact, a sunshidd must be used to thermdly protect the mirror and achieve the surface
accuracies required for holographic correction. The results of the sengtivity andyses are
shown in Table 7.2.

DISPLAY III - GEOMETRY MODELIMG £ FRE-FOST MODULE

Fig. 7.4 (A)
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(B)

Fig. 7.4. Thermal Load Case for the 1m Net-Less Membrane Mirror. (A) Before thermal load is applied:
F=2575 m, rms=0401mm rms. (B) After thermd load is applied: F=2.579m, rms=0.399 mm rms.
Because the temperature gradient over the surface is small and the design temperature chosen to be close to
the average operating temperature, very little change in the mirror surface profile occurs. The magnitudes

of the profile change s still within the limits that can be corrected holographically.

Table 7.2. Results of Sengtivity Andysis for the 10m and 20m Net-Membrane.

10m 20m

No. of Ties 583 847
F/D e (mmrms) F/D e (mmrms)

Basdline 2.60 0.142 2.60 0.216
A. Random tie force (10%) 261 0.183 2.60 0.283
B. Random force directions(5°) | 2.60 0.142 2.60 0.216
C. Random net length error’ 2.61 0.209 2.61 0.257
Combination of A,B,C 261 0.210 2.60 0.318

*Sandard deviation = 0.002 inch error for every 25 inch length.
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8.0 RESULTSOF HOLOGRAPHIC CORRECTION

In a related study for the Nationd Reconnaissance Organization (NRO), L’Garde
built a 1 meter diameter Net-Less parabolic membrane mirror. It is shown in Fig. 7.3C.
The objective of the NRO study was to show holographic correction of a membrane
mirror to the diffraction limit. In order to achieve the illumination of the entire 1 m
diameter gperture with a diffraction-limited beam, a 1 m diameter rigid parabolic mirror
blank was polished to 1 wave rms. Its F/D is 24. The grinding and polishing work has
only recently been completed and a the time of this writing, it is on its way to the Nava
Obsarvatory in Hagdteff, Arizona to be duminized. After the (rigid) mirror collimator is
coated, it will be shipped to the USAF Academy Laser and Optics Research Center
(LORC), in Colorado Springs. It is a the LORC where the find holographic correction
of the membrane mirror will take place. This will happen sometime in mid-December
2000. Because of this, we will not have the full results of the holographic correction of
the Net-Less Membrane mirror. The LORC however, has another collimator but with a
much lower reflectivity. Whereas we expect about 95% reflectivity on the NRO
collimator, the LORC's collimator has a reflectivity of only about 4%. It could ill be
used but it takes more time and very careful effort to produce the hologram. In fact, this
LORC mirror was used and the result of the holographic correction reported here was
caried out usng the LORC collimator. An addenda section was added to this report
where we will add the find holographic test results (usng the more reflective NRO
collimator) when they come in sometime in January of 2001.

8.1. One Meter Diameter Net-Less Membrane Mirror.  The Net-Less membrane
mirror is shown in Fig. 8.1. It is shown under congruction in Fig. 8.1A and under
videogrammetric test in Fig. 8.1B. Figure 8.1C shows the mirror a the USAFA LORC in
Colorado Springs under holographic test usng the LORC collimator. The parameters of
the Net-Less membrane mirror are listed in Table 8.1.

Table 8.1. Parameters of the 1 m Membrane Mirror.

Dedgn Measured
Diameter 1.00 m 1.00 m
F/D 20<FD<26 F=9567b F/D=243
Surface Accuracy | e £ 1.00 mmrms e =0.367 mmrms
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Fig. 8.1. (A) The Net-Less membrane mirror under construction at L’ Garde. (B) Under videogrammetric
measurement at L’ Garde. Note the double curvature of the surface. The “dots’ on the surface are retro-
reflective targets used for the videogrammetric measurement. (C) Under holographic correction at the
USAFA LORC Laboratory in Colorado Springs.
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8.2. Holographic Correction of the Net-Less Membrane Mirror.  The holographic
correction was carried out at the USAFA Laser and Optics Research Center.  The result
usng the LORC collimator (4% reflective) are shown in Fig. 8.2. The uncorrected foca
goot is shown in Fig. 82A. It isabout 125 cm in dianeter.  Although the mirror has a
surface inaccuracy of only 0.367 mm rms, there is a substantid amount of light scattering
away from the focd point because the surface dope eror is rdatively high. A net-
membrane configuration will probably obtain a rdaively more focused spot but it is not
cdear until a full ray-tracing smulation is conducted. A amilar but purey inflatable
membrane mirror will achieve an even smdler foca spot.

=

(A) (B) ©
Fig. 8.2. Foca spot of 1 m Net-Less Parabolic Membrane Mirror. (A). Before correction, the focal spot

sizewas about 12.5 cm. (B) After correction, adiffraction-limited focal spot was obtained. (C) Focal spot
magnified to 750 microns.

A USAF rexolution chat was imaged with diffuse laser light and imaged usng the
holographicdly corrected membrane telescope mirror. The results are shown in Fig. 8.3.
Note that before correction, the image was blurred and unidentifiable.  After correction,
diffraction-limited resolution was obtained.

=
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(A) (B)
Fig. 8.3. USAFA resolution chart imaged before and after holographic correction. (A) Before. (B) After
correction, diffraction-limited performance was obtained.
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The results of the correction usng the more reflective NRO collimator will be
added later in the Addendum Section, Chapter 14.

Bdow is a dmulaion udng a 100 m diameae hologrgphicdly-corrected
membrane telescope.  The figure on the left is an image of Europa, one of Jupiter's
moons, taken with the Hubble Space Telescope (HST). On the right is the image of
Europa if it were taken with a 100 m diameter holographicaly-corrected membrane
telescope from the same distance.

(A) (B)
Fig. 8.4. Europa, one of Jupiter’'smoons. (A) Taken by the Hubble Space Telescope (HST). (B) Animage
simulation of Europa had it been taken by a 100m holographically -corrected membrane telescope. Notice
the much higher resolution.
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9.0 CONCEPTUAL DESIGN OF A SPACE-BASED 1M DIAMETER
MEMBRANE TELESCOPE

9.1 Design issues. The basic desgn for a space telescope will look something like that
shown in Fgure 9.1. In this section the more specific desgn issues associated with a
space-based HCT will be discussed in more detall.

Teleseope

W/////W

Fig. 9.1. A holographically corrected space telescope. The distant laser beacon
illuminates the aberrated telescope from a separate orbiting platform, resulting in the
most compact and lightweight telescope possible.

9.1.1 Bandwidth. The hologram is a recording of the phase error of a surface defect at
the wavelength of the laser. On recongtruction, this same phase correction, applied to the
aberrated wavefront a the same waveength, will result in complete remova of the
aberration. At a different wavelength, however, the same phase trandates into a different
absolute correction, which will be ether more or less than that required. For a recording
waveength, | 1, the bandwidth, DI , isgiven by:

D = final _error )

" Initial _error

Thus, with an initid wavefront error of 10 waves, to be corrected to 0.1 waves, the
bandwidth will be 1% that of the recording wavdength (i.e. ~10nm a | ;=1nmm). It should
be dressed, however, that dthough complete correction is only possble within this
bandwidth, there is gill a dramatic reduction in the wavefront error a other waveengths.
Furthermore, this can actudly be exploited in some applications such as opticd
communications, where narrowband operation is desired.

Although the bandwidth a& a given wavdength is amdl, a different hologram can be

recorded a severd different wavelengths While this will ill provide only a smal
fraction of the overdl spectrum, comparison between images a discrete wavelengths can
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dill provide large amounts of information about distant objects. In order to record these
separate holograms, the beacon lasr must be capable of multi-spectral emisson. The
details of the laser design will be discussed in alater section.

912 Temporal correction. The hologram will completdy correct for the mirror
digtortions s0 long as there are no changes in the relative postions of any of the optica
components and no changes in the figure error of the primary throughout the lifetime of
the hologram. For long-term correction, ether the movement must be diminated, or a
method of adjusting for these tempora changes must be devised.

9.1.2.1 Fixed holography. For a rigid mirror, a fixed, one-off hologrgphic medium may
be used. In this case, a new hologram may only be required every 1000 hrs or less. Minor
theema or gravitationad gradients may only amount to changes of a few waves or more,
S0 in this case, a hybrid sysem may be preferable, such as the one shown in Figure 9.2
below.

aberrated beam

static hologram

narrowband filter

wavefront sensor

< beamsplitter
) /7
deformable mirror
image plane < \/
A /

lens

Fig. 9.2. Hybrid holographic correction. The large-scale aberrations are removed by a static
hologram, while minor temporal changes in the mirror are corrected by the small-stroke
deformable mirror.

The hybrid system uses the large-stroke correction of fixed holograms, with the
rgpid tempord correction (up to 1kHz) of the smal-stroke deformable mirror [18,19]. In
the space telescope we are proposing here, the design would initidly condst of the fixed
hologram only. The modular design concept, however, would dlow for replacement of
the fixed reflector with the optics necessary for adaptive optics correction.

9.1.2.2 Red-time holography. Any red time holographic correction requires the
hologram to be recorded a the same time as it is recongtructed. As such, there is the

obvious problem of designing a sysem with constant beacon illumination, given that the
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laser is to be postioned many kilometers away. While there is the posshbility of having a
beacon located close to the primary, this has been shown to be an impracticd solution for
primaries with smdl F-numbers [7,21]. In any case, the fact that there will be laser
illumination in the direct line-of-dght of the primary will inevitably reduce the sengtivity
of the tdescope. Meanwhile, there are dso the problems of desgning a laser for near-
continuous operation, and the need for severd individud lasers for multi-spectral
correction.  As such, for a red time correction scheme, the hybrid system is seen as a
more efficient and more robust approach.

9.3 Holographic media. The choice of holographic media depends on the type of
correction desired. There are several options, each with advantages and tradeoffs. Table
9.1 shows a comparison of various types of materids.

SHG? DCG° HRF-600° | EOP” SLMm®
Exposure” 0.1 300-1000 | 0.1 5 4 104
Resolutior? 6000 6000 1000 1000 200
Responsetime® | n/a na na 500 1
Efficiency” 90% 100% >90% >90% 30%
Grating type’ vV, T V, T vV, T Vv, T V,R
Processing® Wet Wet Dry Dry na
Overwrite’ N N N Y Y
Substrate® G,C G G P G G
Lifetime® >1000 >1000 >1000 >1000 >1000
Stability™ Good V. good V.good | V.good
Outgassing Y Y N
Max. Sze™ 100 >500 >200 50 35
Scatter™ Low V. low V. low Low V. low
Wavedength™ 400-650 | 300-500 | 400-520, 400-850

630-660

Table 9.1. Properties of opticaly addressed holographic media (blank
cdlsindicate unknown quantity, n/aindicates not gpplicable).

Typica exposurein m¥cm?

Resolution in line pairs per mm

Response time (msecs) for regltime performance

Maximum efficiency (ratio of 1% diffracted order to input)

T: Thin, V: Volume, T: Tranamission, R: Reflection, S: Relief
(surface)

6. Wet: Chemicd processing, Dry: Non-chemical processng

7. Themedia s ability to be reused for more than one hologram

8. G: Glass C: Cdlulose, P. Plagtic/Polymer
0.
1

agrpONOE

Hologram lifetime with minima change in performance (in hours)
0. Stahility of hologram performance over thermd range of 10-30°C
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11. Posshility of outgassing from medium or subgrate

12. Maximum size (in mm) of hologram possble with currently avallable
samples

13. Quditative measure of amount of scattered light

14. Typica operating wavelength in nm

Siver hdide sengtized dichromated gdlatin

Dichromated gdatin

DuPont Omnidex holographic recording materia§22,23]

Electro-optic photopolymerg 24]

Optically addressed spatid light modulatorg9,25]

S0 oTw

For a space telescope, wet processng is impractical, which leaves photopolymers
as the most likely candidates (assuming a fixed/hybrid system is adopted). The DuPont
photopolymers have farly good performance characterisics and are a wel-tested
technology, and as such would be the mogt logicd short-term choice for a holographic
medium. The photopolymer will be held in light-proof rolls, so that it can be wound out
for exposure any time new film is required.

9.4 Beacon

9.4.1. Digance. The recording scheme requires a distant source of coherent light (the
beacon). Exactly how distant this laser beacon needs to be depends on the dimensions of
the primary to be corrected. With the beacon located some finite distance away, there will
be some sphericd aberration present on recording (for a parabolic primary, for example).
If, on replay, a source a infinity is to be viewed, there will be no sphericd aberration
present. Since the hologram has some spherica aberration recorded, it will be present on
the recongructed beam, giving less than perfect performance. The magnitude of spherica
aberration (to 39 order) for a mirror with a semi-diameter r, focd length f, and a beacon
distancey, isgiven by:

_(y- f)r
W= 8f2y2 (2)

Figure 9.3 shows how the wavefront error changes with beacon distance for 1m
diameter mirrors of various different F-numbers.

Given the large beacon digances involved, it may seem that a HCT is quite
infeesble. However, in a space environment, where amospheric didortion is not an
issue, the beacon disance is largdy irrdevant and only affects the pointing sability
requirements for the laser. Since it possble to caculate the amount of uncorrected
spherical aberration, it is dso possble to incorporate the remova of some of the error in
secondary optics, in much the same way as was achieved with the Hubble Space
Telescope, COSTAR system. In this way, we can take a beacon distance of around 50 km
and an F/2.0 primary mirror.
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Figure 9.3. This plot shows the amount of uncorrected spherical aberration that
remains for agiven beacon distance. The mirror diameter is 1m, and the curves
show F-numbersof 1,1.5,2 & 2.5 from top to bottom.

94.2. Laser plaform. The laser platform is expected to be an independently controlled
platform, co-orbiting with the tdlescope. There is the possibility of mounting the laser to
the International Space Station (ISS), which would smplify many design issues, but for
this andysswe will assumethisis not posshble.

The laser would have a series of capacitor banks that could be charged by smadl
amounts of current over the long periods of idle time between operation. Other power
requirements for the module (such as low-gain communicetions) are expected to be
minor. As such, the power should be fully provided by solar pands on the exterior of the
module itsdlf, or by using solar pandsif necessary.

A high quaity gsar tracker and gyros will be required for good pointing ability. It
may aso be necessary to have a smple opticd detector attached to the front of the
module as a safety backup, to ensure that the laser is never activated while pointed at the
Eath. Assuming a diffraction limited laser beam with an initid aperture sze of 20mm,
we can cdculate the beam diameter at 50 km to be 1.7 m, which would require a pointing
accuracy of 12 mrad, or 2.5 arcsec. For comparison, the fine-guidance sensors on HST
can give an absolute pointing accuracy of 14 arcsec.  Unlike those sensors, however, a
long-term lock need not be edtablished, since the exposure time is only 10ns. A high
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degree of pointing accuracy can dso be achieved by pulsing the laser a very low powers,
and maximizing the sgnd recaived &t the telescope.

94.3. The Laser. The laser will mogt likdy be a Q-switched sysem with a pulse length
of aound 10ns This will permit a relative motion between the laser and the telescope
plaforms of 10ms™. So long as the orbitd “dtitude’ of the two platforms differs by less
than 16.7km (~10 miles), the reative velocity between them will be less than this vaue
(assuming a 600km orhit).

The precise laser power depends entirdy on the size and medium chosen for the
hologram. If we assume a 100mm-diameter hologram, with a required exposure of
0.1mJen?, the laser power required will have to be around 350mJ. This vaue, which
takes into account the previoudy mentioned divergence expected from a 20mm beam at a
distance of 50km, is an eadily obtainable power with current lasers.

The sole redriction on the beacon wavelength is that a hologram can actudly be
recorded. Thus, the lasr wavelength is determined mostly by the sengtivity of the
medium chosen. It is expected that multi-line operation will be desrred, so there will need
to be some method for converting the naturd laser emisson wavelength into other
wavdengths. This can be achieved by Raman hifting in a multi-stage laser. A Q-
switched, frequency-doubled Nd:YAG laser (532nm green) with two externad sStages
which can be added: 1. A Raman shifter for 633nm red. 2. A tripler (to get 355nm) and
Raman shifter for 416nm blue. One possible arrangement of this type is shown below in
Figure 9.4.

N\

: N | > H

A EEL  —

Figure 9.4. The laser module. 1 Pulsed, frequency-doubled Nd:Y AG laser, 2 Raman cell, 3
Tripler and Raman cell combination, 4 Star tracker/gyros, 5 Communications/processor, 6
Capacitors. The dotted lines indicate mirrors which can be electronically moved in and out
of position. Not shown are the solar cells on the outside of the module.
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9.5. Primary mirror. The primary mirror and support struts are designed to be packed
within asmdl volume a one end of the optics module, as shown in Figure 9.5.

optics module
Oancd ZaN

[=riEkY

primary

Fig. 9.5. The telescope. The telescope consists of an optics module and the primary
mirror enclosed within a protective outer casing. The primary mirror will deploy from the
shaded section at the end of the optics module.

The desgn of the membrane mirror has been discussed in previous sections, but some
mention should be made of the choice for the mirror conic. With a distant beacon, any
conic can be usad for the primary. For example, if a sphericad figure is adopted, the
gpherica  aberration, which is present, is treated smply as another aberation to be
corrected by the hologram. So long as the spatia frequency of this error does not exceed
the maximum resolution of the hologram, complete correction is assured. This dlows us
to relax the desgn condraints on the primary figure design somewhat, though obvioudy
the closer the figure is to a paraboloid, the smaler the totd wavefront error recorded, and
the greater the find bandwidth. The choice of mirror F-number will depend on many
factors such as a trade-off between surface figure and minimizing the overdl length of
the telescope for greater tiffness.

9.6. Optics module. A basc outline of the components in the optics module is shown in
Figure 9.6. The telescope used to collect light for the reference beam must be a high
quaity ingrument of about 10-inch diameter. The UV lamp is required to “fix” the
hologram in the photopolymer, and is on a trandation stage so tha it can be placed
directly in front of the film. The film itsdf is dored in a caniger and wound down into
position when a new hologram needs to be recorded. There will need to be a method of
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aoplying a dight tension to the film in order to ensure thet it is rigid and flat. The filter is
required to remove light a other wavelengths than those within the correction bandwidth
of the hologram. A filter whed can be used for multi-wavelength operation.

9 10

Upper support

. 10” Cassegrain telescope
. Secondary lens

. Hologram

.UV lamp lamp
Filter

. Imaging lens

CCD

. Processor/power control
. Star tracker/gyros

0. Communications

Unusefl canister

Film

Used fcanister

POO~NOUIA WNE

Lower support
Fig. 9.6: The optics module. Thered line indicate light paths through the optical components.
The overall dimensionswill be ~0.4mx0.4mx1m. A sectional view of the hologram and UV
lamp are shown as well.

9.7. Orbit/Servicing. For the lightest possble structure, the telescope can be an oper+
truss which removes the need for a massve enclosure — see Section 4.0. Asin any space
telescope, the holographicaly corrected membrane mirror would ill require protection
from direct solar radiation for optimum performance. If an opentruss were used, the
fixed solar shieddd would mean the Elescope would have to be placed in a polar orbit. If a
low-inclination orbit were preferred, an enclosed telescope would be needed.

The design of both the laser and telescope platforms may be modular, enabling future
missons to sarvice any parts that fail over the lifetime of the indrument. It is envisoned
that this modular design would be much like that for the Hubble Space Telescope. To
place an indrument in a polar orbit is a very expensve propostion, so with the
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requirements of sarvicing, the low-inclination orbit (with an enclosed telescope) is <.
For a larger diameter tedescope such as a 10m or 20m, an dtitude above most of the
earth’'s amosphere is required because of the drag issue. Again, if servicing is required,
the higher dtitudes are an expensive propostion.

9.8. Future missons.  Future holographicaly corrected telescopes will no doubt
incorporate a primary agperture of >10m diameter in order to truly exploit the benefits of
this technology. Even a 10m optical telescope would have twice the resolution as the
NGST [26] (for less than 10% of the mass) since it would be designed to operate a short
optical waveengths. For ultrahigh resolution research (planetary imaging, deep sky
surveys ec.), severd changes will have to be made for optimum performance. For
example, a more digtant orbit (such as the L2 Lagrangian point) would be required for
lower theemd and gravitationd gradients. This would make it possble to return to an
openttruss, and low-mass sun-shidd desgn, while removing the posshility of servicing
missons.
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10.0 ASTRONOMY AND ASTROMETRY APPLICATIONSFOR
HOLOGRAPHICALLY-CORRECTED MEMBRANE MIRROR
TELESCOPE

10.0 Mission applications. The bandwidth limitations of holographicaly corrected
telescopes make them unsuited as multi-spectrd  ingtruments. However, the gans in
reolution possble with ultralarge apertures have dramatic benefits for other
goplications. In many of these, the reduction in bandwidth can actudly be used to
improve performance over conventiona instruments.

10.1 Adgronomy. While the narrow bandwidth will not alow for spectroscopic
observations, the following is a discusson of the many advances in adronomica science
that could be achieved from an ultra-large space-based HCT.

We ae a present (and for Phase Il) investigating different methods of increasing the
bandwidth such as (a) the use of secondary adaptive optics system, (b) the use of pre-
formed membrane mirror gores, and (c) severd smadler more precise membrane mirrors
separated by large distances to increase resolution.

10.1.1 Extrasolar planets. With the indirect detection of over 50 extra-solar planets,
there is a great interest in both the scientific and public communities to obtain direct
observational data. The smadl angular separation between the planets and their host gars,
a wdl as ther extreme differences in brightness makes this very difficult. In fact,
cadculaions show that even the Next Generation Space Telescope will be unable b image
even the brightest of these planets. A much larger HCT will make it posshle to observe
medium szed planets in the extra-solar nelghborhood.

10.1.2 Cosmology. Larger telescopes are able to resolve finer details and view fainter
objects which in turn adlows us to more accurately define the Hubble congtant, the dengity
of the universe, the cosmologicd congtant (if it exists) and hence the age and future of the
universe. For ingance, the Hubble congstant can be measured by observing standard
candles such Cepheld variables and/or Type | supernovee in digant gdaxies of known
redshift. While the redshift of the parent gdaxy can be obtaned from ground-based
gpectroscopic insruments, the luminogty of the individud sars and supernovae cannot
be detected because of resolution limits. A HCT with an aperture >10m could extend the
observationa limit for these standard candles and greetly improve the accuracy of
cosmologica modeds.

10.1.3 Solar-system objects. Perhgps one of the greatest applications of the Hubble
Space telescope will be in observing objects within our own Solar system. With a 100m
diameter, space telescope, we could observe every planet in better detail than any
previous fly-by misson.
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10.1.4 Other observations. With purely high-resolution observations, we can be sure that
an ultra-large space telescope would be able to observe many phenomenain more detall,
such as.

Black hole environg/accretion disks
Sun spots on nearby stars
Red and brown dwarfs

Gdactic, sdlar and planetary formation regions

oo oo

Perhgps the most intriguing science would be due to the unexpected. Most discoveries
made with new telescopes have been due to seeing the previous unobserved. We know
the Hubble Deep Field showed images of gdaxies in the universe far younger that other
telescopes, and with a dramaic increase in both resolution and light-gathering power, an
ultra-large telescope will no doubt see many other new objects.

10.2 Astrometry. Adromelry requires high-resolution measurements of star postions
but without the requirement of large bandwidth imaging. The largest catdogue of this
type is the Hipparcos'Tycho misson conducted by the European Space Agency, which
concluded in 1996. The number of stars observed was ultimady limited by the sze of
the telescope aperture. For future catalogues, essentid in the era of ultra-large telescopes
(both ground and space-based), larger aperture astrometry missons will be required.
Holographically corrected telescopes will be well suited to this gpplication.

10.3 Optical communications. One of the mogt promisng applications for
holographically corrected telescopes is for  high-bandwidth opticd  communications.
Increesingly there is a need for free-gpace networks using optical frequencies for
improved data transfer. Aress in which such communications could be useful are not
limited just to civilian and military communications. Scientific payloads on Spacecreft are
cgpable of collecting much more data than can be trangmitted using radio frequencies
(eg. live video feeds). Given the posshility of condructing a lightweght, inexpensve
optical communications system, there is the potentid for orders of magnitude more data
collection from future space missons.

Experiments have shown that holographicaly corrected telescopes can be used for optical
transmittersreceivers. In fact, as a consequence of the hologram, which is both a narrow-
band phase-plate as wel as a dispersve dement, HCTs have the potentid to isolate
ggnd frequencies much better than conventiond telescopes and with fewer opticd
edements. Sgnd bandwidths of 100GHz have been demondrated with >60dB blocking,
with further improvements possible with aternative holographic media

104 Lidar. Lidar is a remote sensng technique increasingly being developed for space-
based operdtions. Applications of lidar include amospheric profiling  (including
temperaiure, wind velocity and aerosol dendty), species identification and surface
profiling. Lidar data is used for turbulence avoidance systems, meteorology and precison
mapping/topology. Since most lidar applications support or even require narrow
bandwidth detection, holographically corrected telescopes are ided for such systems.
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Lidar involves the detection of a scattered laser sgnd from some distant source,
Since this source is often gaseous, the return sgnds are often so low that ether a large
lasr pulse or a large receiver (or both) is required. In many aerospace-based
goplications, where the laser is pointed towards the ground, ocular damage due to direct
laser exposure is a serious concern. A larger receiver can reduce the required laser power
required. The results from the optical communications tests show that HCTs can be used
for lidar recaivers, with many improvements over existing systems.
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11.0 PHASE Il TASKS

Our proposed solution to addressing some of the NASA missions especidly the Space
Science Enterprise is to cary out a system desgn of a space-based 100m diameter
holographicaly corrected membrane mirror telescope. We will address the system
issues, the enabling technologies, etimate the cost of such a sysgem, and create a
technology roadmap whose predicted maturation points will be used as milestones dong
the timdine culminating in the development, fabrication, and flight of a 100m HCMT.
A description of the tasks to accomplish the objectives are enumerated below.

Task 1. Conceptuad system design of a 100m diameter HCMT. We have accomplished
some dements of this task during this Phase, but for a much smdler HCMT — a Im
diangter. The sysem design will be peformed with a specific NASA mission in mind,
eg. an dternate to the Terrestrial Planet Finder (TPF) Misson under the Search for
Origins of the Space Science Enterprise. For other gpplicable missons, we can identify
the changes that need to be made to the basdine design. It is dso under this task where
we quantify the requirements on the different system components. For example, the
capability of the secondary adaptive optics (Task 2) will dictate the requirements on the
diffness of the overal dructure which in turn sets the requirement on the diffness of the
other sub-components. Feeding into this task dso are Tasks 3, thermd andysis, and
Task 4, Finite dement smulation of the 100m HCMT.

Task 2. Holographic correction with secondary adaptive optics.  Under this task, we will
investigate the use of adaptive optics in conjunction with holographic correction.  One
concern with any use of membrane primaries is that they are susceptible to changes in
figure due to thermd, vibraiona and gravitationd gradients. This problem is not dtered
by the application of holographic correction. The hologram is a record of the primary
mirror aberrations at the time of exposure: so long as the system geometry stays condtant,
there will be complete correction. If the primary mirror changes shape in any way, the
hologran will continue to subtract the recorded wavefront aberration, with the net
difference in the two wavefronts being present on the reconstructed beam. There are two
methods of overcoming this problem: redl-time holography and adaptive optics.

There has been much development of red-time holography based on opticdly
addressed spatid light modulators (OASLMs). Using these devices, the hologram can be
smultaneoudy recorded and recondructed, adjusting for tempord changes in mirror
deformation. These devices, however, can only correct for rdatively smdl figure errors
(few tens of waves) and have maximum throughput efficiencies of ~35%. The mgor
drawback, however, may be the requirement of having continuous laser illumination. In
thisway, the laser beacon must aways be in front of the object being viewed.

A more practical approach is to use conventiond daic holography with high
efficiencies (~100%) and high spatid definition, dlowing severa thousands of waves of
surface error to be removed. A secondary, conventiona adaptive optics system can be
added after the hologram to remove any smal amounts of aberration that may arise (see
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Figure 11.1). It is worth gtressing once agan, that even with a perfect membrane mirror,
there would ill be the need for such a corrective sysem due to these same tempord
effects.

aberrated beam

static hologram

narrowband filter

wavefront sensor

deformable mirror
image plane C] < \/
h /

Fig. 11.1. Rea-time holographic correction. This figure shows the addition of a simple adaptive
optics system applied to a holographically corrected telescope. The large-scale aberrations are
removed by a static hologram, while temporal changes in the mirror are corrected by the small-
stroke, deformable mirror.

beamsplitter

Under this task, we will use an adaptive optics module a the USAF Academy Laser and
Optics Research Center (LORC) in Colorado Springs in conjunction with a holographic
correction system (dready setup) to test the Im diameter membrane mirror built for the
NRO. The membrane mirror is dso dready a the LORC. From this study, we will
identify the parameters of the adaptive optics system and its projected capabilities in the
future to put a bound on what is achievable in terms of correcting any remaning mirror
aberraions.  The identification of the capabilities of the AO sysem will dso dictate the
requirements on the giffness of the overal ructure which in turn sets the requirement on
the stiffness of the other sub-components

Task 3. Thamd Andyds Once the specific misson is identified, in this case the TPF,
the orbit is likewise identified. Hence, the thema sources and therma loads on the
components of the 100m diameter HCMT can be easily determined and used in a thermdl
andyss. Codes TRASYS and SINDA will be used for this tak. The result of the
thermd andyss on a 100m HCMT will tdl us wha temperature and temperature
gradient to expect on-orbit. The two therma codes mentioned above are workhorses of
the industry and give fairly accurate predictions. Of course this is on the assumption that
the codes have been given the right materid and optical properties. L’Garde has a library
of materia and optical properties for every material we have used in the past.

Task 4. FHnite dement smulaion. The 100m HCMT dructure is nonlinear. The
membrane mirror by itsdf is made of nonliner materid and because it experiences
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deflections that are large reative to its thickness, geometric nonlinear finite dement
andyss mugt be used. Under this task, we will determine the error budgets that need to
be assgned to each manufacturing, materid, and environmenta parameters that affect the
ovedl surface accuracy. Here is where L’Garde's FAIM (Finite Element Anayzer for
Membranes) code is useful. FAIM was written specificdly for membrane structures. It
has materid and geometric nonlinear capability. We have dso shown that in so far as
nonlinear datiic membrane andyss is concerned, FAIM is more robust than
commercidly available codes.

The dedred fina surface figure of the membrane mirror is a paraboloid surface
under tenson. In order to be able to fabricate an accurate surface, we must know what
the unstressed membrane surface looks like i.e. we must solve the inverse problem.
What mugt be the initid shgpe of the membrane so that after it is loaded to its find
configuration, we have an accurae pardbolic mirror? We have dready solved this
problem and the equations have been coded into our FLATE code. Large membrane
mirrors and reflectors are usudly fabricated usng flat gores.  In order to increase the
accuracy even more, we aso propose to investigate and andyze how much we gan in
accuracy if formed gores are used for the 100m diameter HCMT.

Task 5. Increasng the operating bandwidth The bandwidth of the telescope will be set
by the severity of the aberrdions initidly present in the primary mirror, as wdl as the
operding wavelength. For example, let us assume the bandwidth after correction is
+5nm, centered on the recording wavelength of 500nm (green) for a tenth of a wave
performance. For wavelengths outsde this bandwidth, the residud aberration will be
larger than a tenth of a wave due to over or under correction of the mirror distortions
(corresponding to red or blue wavelengths respectively).

There are three ways of approaching this problem :

1. Congtruct multiple holograms of the mirror at different wavelengthsin order to
produce images in different parts of the spectrum,

2. Condgruct secondary holograms at a different wavelengths to the first, to correct
for the aberrations present in the diffracted beam from the first hologram,

3. Use adaptive optics to dter the replay waveength.

The fird method is the smplest to understand. After passng through the imaging
lens, the light is directed through a number of dichroic beamsplitters to separate out
different wavedengths, which can then be used to form a number of different holograms.
The drawback with this concept is that it will require a multiple number of holograms,
imaging/bounce optics, image-capture devices, and most importantly a distant laser
beacon capable of ddivering more than one wavelength of light.

" N.B. in each case the final bandwidth will still be the same as before, but the center wavelength will be
altered so that adifferent part of the spectrum can be accessed.
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The second method will adso require a multi-line laser beacon. With the primary
hologram recorded in the green, say, illuminaion with a red laser beacon will result in an
aberrated red beam. This beam is then sent onto a second holographic plate where a new
hologram is recorded in the same manner as the first. Recongtruction can now be made at
ether the green wavdength, using only the first hologram, or in the red, using both.

The third scheme is perhaps the smplest. We once again have a single hologram that
can correct for a narrow bandwidth n the green, but fals to completely correct for mirror
aberrations in the red. The partidly aberrated red beam is sent onto a deformable mirror
that is actively controlled to remove the remaining wavefront aberrations. This will work
only if the severity of the didortions a this wavelength is not too large. Although it is
difficult to find acceptable holographic media sendtive to long wavelengths, this hybrid
method may be a smple way in which infrared operation may be achieved. A further
benefit of this method is tha dthough it is difficult to congruct bright laser sources
operating a important asironomica emisson lines (eg. Lymandpha, Sodium D1&D?2),
the adaptive optics system can be used to shift the bandwidth to coincide with them. The
resuting narrow, tunable imaging bandwidth will aso make it possible to do some broad-
range spectroscopic andyss of astronomical phenomena.

Wewill propose to investigate the third scheme.

Task 6. _Beacon spacecraft dation keeping and pointing. The requirements on the
companion laser beacon spacecraft station keeping and pointing will be determined under
this task. The issues include () distance between the beacon and the HCMT, (b) the
laser beacon power required, and (c) pointing accuracy. The laser beacon platform is
expected to be an independently controlled platform, co-orbiting with the telescope. The
laser would have a series of capacitor banks that could be charged by smal amounts of
current over the long periods of idle time between operation. The lasr will mogt likely
be a Q-switched system with a pulse length of around 10ns. The precise laser power
depends entirdly on the sze and medium chosen for the hologram.  The redtriction on the
beacon wavelength is that a hologram can actudly be recorded. Thus the wavedength is
determined mogtly by the sengtivity of the medium chosen. It is expected that multi-line
operation will be desired, so there will need to be some method for converting the naturdl
laser emisson wavelength into other wavelengths. This can be achieved by Raman
shifting in amulti-stage laser.

Task 7. Generae technology roadmap. In order to create the technology roadmap, we
must firgt identify the enabling technologies for the 100m HCMT. As we proceed with
the task of desgning the 100m HCMT, we will identify any other enabling technologies
that come up. We will use the predicted maturation points of the identified enabling
technologies as milestones dong the roadmep timeine culminating in the deveopment,
fabrication, and flight of a 100m holographicaly corrected membrane telescope.  The
enabling technologies we have identified so far include (during the performance of Phase
[, we may identify more):
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(A) Zero-CTE thin film materids. PBO has a very low CTE (-1 ppm/C) and will
work but a zero- CTE membrane materid will be even better.

(B) Faoricating a 100m diameter deployable membrane mirror with surface
accuracy on the order of e~1 mm rms will be a chdlenge.  Developing the
technology to achieve this accuracy for 100m apertures is key to a working
space-based HCMT.

(C) Due to the materid nonlinearity, the (geometric) nonlinear nature of the datics
(large deformation) of the large aperture telescope, the need to know its
dynamic behavior, coupled with the fact that is dze is many orders of
magnitude larger than the surface accuracy dedred, exising anaytical codes
may have to be modified or new ones written.

(D) We ds0 need to develop space environment resdtant rigidizable materias for
the support dructure.  The LRA program is currently addressng the issues
associated with this type of maerids. For example, LRA is looking into
gyntheszing a Sub-Tg resn (for composte maerids) with Tg in the
neighborhood of —15C. At room temperature, which is about 35 C dove this
Tg, a woven graphite fabric impregnated with this resn will be foldable and
packagesble. When used in its operaing environment, the materid is passvey
cooled to a temperature of a few tens of degrees below its Tg (> 50 C below its
Tg). Under these conditions, the materid is iff and rigid. Measurements show
that under these conditions, it is possble to get modulus vaues for the
composte on the order of a few million ps. The LRA program has dready
gyntheszed a space environment resdant Sub-Tg resin. It was tested at the
Aerospace Corporation in El Segundo, Cdifornia, and found to be radiation
resstant to a total absorbed dose equivdent to a greater than 5 year life in a
GEO orbit. It must dso be pointed out the the Sub-Tg resins being considered
have talorable Tg; i.e, therr glass trangtion temperatures can be moved up or
down the temperature scale.
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12.0 SUMMARY AND CONCLUSIONS

The objective of the Phase | sudy was to assess the feasbility of using ultra
lightweight holographically corrected membranes as the primary mirror for a large
gperture  astronomica  telescope. The concluson of the sudy is tha (8
holographically corrected membrane telescopes (HCMT) are eminently feasible and
(b) they are the only affordable method today and in the foreseegble future enabling
diffraction-limited space-based large aperture telescopes.  We beieve that the
concept is revolutionary in the manner defined by the NASA Inditute for Advanced
Concepts (NIAC). If this concept were to be demondtrated for large apertures in
space, and there is no reason why it could not be, it could revolutionize observationd
astronomy.

In a rdated NRO (Nationd Reconnaissance Organization) study, a norinflated
Im diameter parabolic membrane mirror was designed, fabricated, and measured to
be within the 1 mm rms surface accuracy limit prescribed. The surface inaccuracy
was measured to be e = 0.367 mm rms which is wel within that which could be fully
corrected holographicaly. The NRO study has dso proven, at least on a small scae,
that the norrinflated net-less membrane mirror design is workable and can dtan the
required surface accuracy. Scdability to larger diameters was caried out
andyticaly by peforming a finite dement smulation on  10m and 20m apertures.
The andyss included the result of therma caculations usng TRASYS and SINDA.
The reaults of the thema cdculaions show that the use of extremdy low CTE
(coefficient of therma expanson) PBO membrane combined with a sun-shielded
telescope design results in low temperature gradients over the membrane mirror
aurface and temperatures remaining practicdly congant in time as long as the
relative orientation between the sun and the tel escope remains the same.

The Im NRO membrane mirror was holographicaly corrected to the diffraction
limt.  After correction, the focd spot was diffraction limited. Its ue as a
diffraction-limited imaging device, was demondrated by illuminating a USAF
resolution chart with diffuse laser light and a photograph taken.

The peimeter truss desgn for the membrane mirror support sructure is in
Section 4.0. Here, we leveraged off the Large Radar Antenna (LRA) program with
NASA/JPL. LRA is a current L'Garde program and is addressng the support
sructure materids and design for large space structures (~50m). The packaging and
deployment control of large apertures will be addressed in detall during Phase 1.
The perimeter truss (PT) like the membrane mirror is foldable and packagegble into a
andl launch volume. The PT is made of inflatably deployed maerid that rigidizes
by passvely cooling the dructure to a temperature below its glass trangtion, Tg.
The Tg of the resin used for the PT boom eements has been shown by the LRA
program to be tailorable, up or down the temperature scale.
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A conceptud design of a 1m diameter holographicaly corrected membrane
telescope is presented in Section 9.0. The system issues are addressed and include
(@ bandwidth, (b) tempora correction (fixed or red time holography), (C)
holographic media, (d) laser beacon distance from the telescope, (e) laser beacon
power and pointing requirements, and (f) laser beacon platform (co-orbiting or
fixed). A conceptud desgn of the optics module is dso presented.  The overdl
conceptud design of a sun-shiddded 1 m HCMT congds of the primary mirror, a
holographic correction module, associated optics, and a co-orbiting laser beacon
platform. Photopolymer materid was chosen as the holographic medium because of
its sengtivity to the laser frequency, high resolution, availability, low codt, heritage,
and non-wet processng requirement. UV light is used to “fix” the hologram. For
ultra high resolution research like planetary imaging, extraterrestria planet search,
deep sky surveys, etc., a more distant orbit such as the L2 Lagrange point would be
required for lower thermd and gravitationa gradients.

Findly, we outlined and lided some of the many gpplications of a narrow
bandwidth telescope such as an HCMT. Vey narow band imaging and
spectroscopy  do  have  gpplications in - astronomy  but only for rdatively bright
sources. By usng ultra lightweight membrane mirrors, we could incresse the
gperture diameter many fold to compensate for faint sources, without much mass
pendty and launch vehicle congraint.

The applications address some of the NASA missons under the Space Science
Enterprise (SPE) including (&) Search for Origins, (b) Structure and Evolution of the
Universe, and (c) Exploration of the Solar Sysem. Some of the applications
consdered are:

(K) Detection of extrasolar planets. The smal angular separation between
the planets and their host dars, as well as ther extreme differences in
brightness makes the detection very difficult. A large HCMT will make
it possble to observe medium sSzed planes in the extrasolar
neighborhood.

(L) Cosmology. Larger teescopes will alow us to resolve finer details and
view fanter objects which in turn adlows us to more accurately define
the Hubble congtant, the dendty of the universe, the cosmologica
congant (if it exists) and hence the age and future of the universe.

(M) Solar system objects.  With a 100m diameter space telescope, we could
obsarve every planet in our solar sysem with more detal than any
previous fly by misson. We could dso use the large tedescope as an
ealy waning device in finding and locaing near-earth objects
especidly those that could intersect the earth’ s orbit around the sun.

(N) Black hole environg/accretion disks.

L’ Garde, Inc. Technical Report, LTR-00-A P-021 50



(O)
(P)
Q)
(R)

©

M

Sun spots and solar flare activity on nearby sars.

Red and brown dwarfs.

Gdactic, gdlar, and planetary formation regions.

Adgtrometry.  Adrometry requires high resolution measurement without
the requirement of large bandwidth imaging. The number of das
observed by the Hipparcas/Tycho misson conducted by the European
Space Agency (ESA) was ultimately limited by the size of the telescope
goerture. For future catdogs, essentid in the era of ultra large
telescopes, large gperture astrometry missons will  be required.
HCMTs are wdl suited to this application.

Opticd _communications. Experiments have shown that holographicaly
corrected telescopes can be used for optica transmittersreceivers. In
fact, as a consequence of the hologram, which is both a narrowband
phase plate as wdl as a dispersve dement, HCTs have the potentid to
isolate sgnd frequencies much better than conventiond telescopes and
with fewer opticd dements. Signad bandwidths of 100 GHz have been
demongtrated with >60dB blocking, with further improvements possible
with holographic media

Lidar. Lidar involves the detection of scattered laser sgnd from some
digant source. Since this source is often gaseous, the return 9gnds are
often s0 low that ether a large laser pulse or large receiver (or both) is
required. A large receiver can reduce the required laser power required.
The reaults from opticd communications tests show that HCTs can be
used for lidar receivers with many improvements over exising
systems.

For astronomy, perhaps the most intriguing science would be due to the
unexpected. Mogt discoveries made with new telescopes have been due to
seeing the previoudy unobserved. We know the Hubble Deegp Fiedd showed
images of gaaxies far younger than other telescopes have detected before and
with a dramdic increase in both resolution and light gathering power. An ultra
large tdescope aded by the membrane primary mirror and a holographic
correction as outlined in this report will no doubt see a host of new objects and
processes in our mysterious universe.
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14.0 ADDENDA SECTION FOR FUTURE HOLOGRAPHIC CORRECTION
RESULTS
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