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ABSTRACT





Some innovative approaches to the design of a 16 meter filled-aperture, UV to IR, high spatial resolution, wide field-of-view space telescope are presented.  The purpose of this paper is to stimulate the discussion of innovative concepts for a second generation space telescope.  The ideas in this paper are not tested or analyzed.  They are simply concepts that might prove to be applicable and which will have to be tested and developed, and possibly rejected.  Comments on the concepts presented in this paper will be welcomed by the author.








1.  INTRODUCTION





A completely new concept is necessary to design, build, and place an observatory with large optics and HST-like (theoretical) image quality into a high Earth orbit or an Earth-Moon Lagrange point orbit.  This design should take advantage of the unique characteristics of the space environment.  The most notable of these advantages are the absence of gravity (zero-G) and low temperatures.





The observatory would consist of separate telescope module and a power-guidance-telemetry module (p-g-t module) or service module.  These modules would be connected by a semi-rigid, controllable-stiffness link (an electrical and mechanical link with controllable-stiffness).  The primary advantages to the two-module approach are the separation of the "clean" and the "dirty" functions of the observatory, and the ability of the p-g-t module to shade the telescope module from the Sun.  A conceptual drawing of the telescope is shown in Figure 1.  In this drawing the observatory looks very massive.  It does not adequately convey the idea of the extreme light weight of the elements of the observatory.  This drawing also shows the telescope and the p-g-t modules in close proximity.  It is very likely that they would, due to thermal considerations, have to be separated by a considerably greater distance.





The design should be carefully thought out to avoid any high cost drivers.  No new  technologies should be developed simply for the sake of the technology.  Wheels should not be re-invented. Existing technologies should be studied and used to the fullest. Trade-offs should be made whenever technology development becomes a cost driver.  On the other hand, performance sacrifices should not be made without exploring innovative ways to solve technological problems.





The telescope should have at minimum a 16 meter diameter, filled aperture primary mirror with a small f/number for compactness. The exact size of the primary mirror will be determined by the science requirements, the technology availability, and a system design trade study.





The spectral range of the telescope would extend from the UV to the IR.  The exact range would be determined by a trade study considering the science requirements, the thermal analysis, and the available detector technologies.  Various trade studies will have to be done to compromise between the conflicting demands of long and short wavelength systems.





Assembly of the telescope and primary mirror and final figuring of the primary mirror would be done on-orbit, presumably in low Earth orbit (LEO).  If thermal problems in LEO prevent stabilization of the primary mirror temperature, the final figuring may have to be done in the final orbit.  A modification of the presently used ion etching or ion deposition technology for mirror figuring would be used.





This primary mirror would be extremely lightweight.  This requirement means that it will be impossible to do the final figuring of the mirror in a 1-G environment (on the surface of the Earth).  The technology used to make an extremely light weight mirror should be an extension of presently available light-weight mirror technologies.  The technologies investigated should not be confined only to those presently considered for optical telescopes.  Developments in deployable radio telescope "mirrors" might be more appropriate in this case.





�





Figure 1.  Artist's Concept of the Second Generation Space Telescope





The observatory (telescope and power-guidance-telemetry modules) would initially be launched to low Earth orbit by an expendable launch vehicle(s).  It is important that launch vehicle considerations do not limit the conceptual design of the system.  When the conceptual design is complete, and when the available technologies have been explored, the means for  launching and for boosting the system to the appropriate orbit may be investigated.





Preferably, all on-orbit assembly of the telescope would be automated.  If human assistance is required it would be supplied by a follow-on Shuttle or Hermes or Buran mission.  Initial designs requiring manual assembly on-orbit should be avoided.  Such an option should be considered only if the cost of the mission, because of unavailable on-orbit automated assembly technology, becomes prohibitive without it.





After assembly, the observatory (telescope module and p-g-t module fastened together) would be boosted to a higher final orbit (HEO, GEO, Earth-Moon Lagrange point) by a propulsion system attached to the p-g-t module.  The orbit boost propulsion system could be jettisoned once proper orbit has been achieved, unless it is needed to bring the system back to LEO for servicing (or for safe disposal).





The issue of servicing should be examined carefully.  As the observatory will be launched on an expendable vehicle, there is no need for man-rating.  If the requirement for servicing drives up the cost, by requiring man-rating for example, it should be dropped.  Every effort should be made to avoid manned operations for the assembly of the observatory.  It may be prudent to consider manned operation after launch of the observatory, only if there is some sort of failure in the automated operations.





The issue of system redundancy should be carefully considered.  The trade-off between serviceability, parts qualification level, redundancy, and mission life must be made.  It would be a very good idea to build a small prototype telescope to test the concepts before going to the full 16 meter aperture system.  A telescope with a 2.5 meter aperture, for example, would be a good choice for a prototype.  This would allow the use of much of the knowledge gained from the Hubble experience.








2.  OPERATIONS





The operations of this telescope would be extremely "leisurely".  Slewing of the telescope between targets would be very slow.  Any operation that involves moving relatively massive objects within the telescope module would be very slow, or at least the accelerations would be very small.  This requirement is dictated by the need to avoid exciting the very low frequency vibrational modes of the telescope.





Operation of the observatory would be complicated by the need to keep the telescope module in the solar shadow of the p-g-t module.  It will also be necessary to provide a clear view of the Earth for telemetry.  Only one antenna is shown in Figure 1.  It is likely that more than one antenna would be needed to provide a direct view of the Earth without undue motions of the observatory.  It will be important to select an orbit that will provide the maximum opportunities for astronomical observations, and that also takes the operational factors into consideration.








3.  SYSTEM





The observatory would have a p-g-t module and a telescope module that could be launched separately, assembled, and connected on orbit.  These modules would be rigidly connected during the boost to the final orbit, and separated (except for the semi-rigid, controllable-stiffness link) once on the final orbit.





The primary power, telemetry, antennas, and coarse pointing subsystems would be located in the p-g-t module.  This would keep all systems generating heat, contamination, and electrical and mechanical disturbances away from the telescope module.  There are, for example, small cone-shaped thrusters shown in Figure 1.





The telescope module would mainly contain passive elements (except for instrument mechanisms) and low power electronics.  All subsystems that can be removed from the telescope module, including most of the instrument electronics, the signal processing and command handling electronics, would be in the p-g-t module.





The p-g-t module, solar array, and support structure would serve as a Sun shield for the telescope module.  To reduce the effect of thermal radiation from the p-g-t module to the telescope module the separation of the modules would be as large as possible consistent with practical controllable-stiffness link capabilities.  If the illumination in the conceptual drawing in Figure 1 were shown accurately, the telescope module would not be visible as it would be completely shaded by the p-g-t module.





The connection between the modules would be by a semi-rigid, controllable-stiffness link, the design of which must be determined by a separate study.  The conceptual drawing of the link in Figure 1 is simply a series of articulated segments.  As the resonant frequency of the assembled telescope module would be very low, it is important that it be designed to avoid transferring any  mechanical disturbances from the p-g-t module to the telescope module via the controllable-stiffness link.


4.  SUBSYSTEMS





4.1  Optics





4.1.1  Optical design





A short Cassegrain-type configuration for the telescope may be preferred.  The optical design will have to be optimized to meet the diffraction limit and field-of-view requirements.  A multiple (more than two) mirror configuration will be required to obtain good imaging over a wide field-of-view.  The smaller elements in the optical train could be used in the image motion compensation system and, if necessary, for wavefront correction.  





As the telescope will be optimized for use in the infrared (IR), the multiple optical surfaces will not seriously degrade the throughput.  The large aperture will enable ultraviolet (UV) applications, even though the mirror reflectivity will not be optimized for that part of the spectrum.  





The primary mirror would be assembled on-orbit.  A three- or four-piece primary mirror assembly would be reasonable.   The possibility to use multiple mirrors, as are used in the Keck telescope, should also be considered.  If only a few sections are used, the joint lines of the sections could be shadowed by the secondary mirror support structure.  If this option was used, a three-piece mirror (or multiple thereof) would be preferable.





4.1.2  Figuring





The primary mirror would be rough figured on the ground, in sections, in a simulated zero-g environment or by using an innovative polishing technique for very thin optics.  The required accuracy of the ground figuring will be determined by the extent of the capability to do final figuring, by ion etching and/or deposition, on-orbit.





The primary mirror material could be some sort of low-expansion honeycomb or foam sandwich (metal matrix composite, for example).  A trade study would determine if the mirror should be monolithic, or if it should make use of an external supporting structure.  All of the available technologies for extreme light-weighting should be investigated.  Innovative combinations of the available technologies should also be investigated.





The structure of the primary mirror must be such that the figure will be essentially independent of the bulk temperature.  The thermal control system of the telescope should be adequate to minimize gradients in the mirror.  Small changes in the focal length may be acceptable as they can be predicted and compensated.





A long outgassing period would be needed to clean the optical surfaces before final figuring on orbit.  In addition, the ion deposition or ion etching system may be used to clean the primary mirror surface in preparation for final figuring.  The same system may be used later in the life of the telescope to remove contamination that may accumulate on the primary.





The telescope would be passively cooled to the final operating temperature (<100K) before figuring of the primary mirror.  This requirement for cooling, and more importantly the limits on the thermal gradients in the mirror, may prevent the final figuring from being done in low Earth orbit.





The final figuring of the primary mirror would be done by ion deposition or ion etching.  The technology presently used in mirror laboratories would be modified for use in the space environment.  This figuring technology would be developed in conjunction with the technology for measuring the wavefront quality of the mirror.





The final figuring (ion deposition/etching) hardware could, for example, be located in a central hole in the secondary mirror.  The wavefront measuring system would have to be located elsewhere in the optical train, possibly at one of the instrument locations.  The optimum configuration for this mirror figuring system would have to be derived via a trade study.





The secondary mirror and the hole in the primary mirror (aperture to the instruments) may have to be covered during final figuring of the mirror to prevent degradation of the surfaces by the ion etching/deposition process.  Some parts of the telescope baffle system may be used for this purpose.


4.1.3  Baffles





Telescope baffle assemblies that are not used to protect the optics during the figuring process might themselves have to be protected during figuring of the primary mirror.  If a reflective baffle system is used (which may be preferred for an IR telescope) this may not be a problem.  To minimize contamination, some of the undeployed baffles could act as covers for the secondary mirror and for the primary mirror hole during mirror figuring.  A study should be done to determine if this protection is necessary.  In order to avoid the excessive use of mechanisms, some compromises may have to be made.





4.1.4  Figure control  (Wavefront correction)





If analysis shows that it is not possible to passively maintain the primary mirror figure to a high enough degree, re-imaging optics constituting a figure correcting system will have to be installed between the front-end optics and the focal plane.  This part of the optical system may also be used for image motion compensation (see Pointing in this section).  The same system that was used for measurement of the primary mirror wavefront quality during figuring could be used to control the wavefront correction system.





4.1.5  Coatings





The mirror coatings would be optimized for throughput across the entire spectral range of the telescope.  A trade study would be done to determine the coating requirements (to match the optical system throughput to the instrument sensitivities).  The possibility to apodize the aperture to optimize the performance across the spectrum should also be investigated.  (See  Optics in PRELIMINARY STUDIES).





4.1.6  Pointing





Coarse pointing (large slews) would be done by "stiffening" the controllable-stiffness link between the p-g-t module and the telescope module, and by using the propulsion system or the heavy torque or reaction wheels on the p-g-t module to turn the telescope.  The coarse pointing (large slew) maneuvers would be very slow or, at least, the accelerations would be very small.  This is required to avoid exciting the low frequency vibrational modes of the telescope module.





Fine pointing of the telescope would be accomplished by light weight reaction wheels or torque wheels in the telescope module.  A detailed control system and structural stiffness study would have to be done to determine the control functions that would have to be taken by the various pointing sub-systems (See Pointing in PRELIMINARY STUDIES).





Ultra-fine pointing and image stabilization would be done by an image motion compensation system.  This would probably be part of a re-imaging optical system located between the telescope fore optics and the instruments.  If figure correction is not necessary (see Optics) the instrument-selecting turning mirror may be used for image motion compensation.





4.2  Instruments





Each instrument would be approximately the size of an HST instrument.  There should be no need for them to be larger.  As the instruments will only contain optics, sensors, and the front-end electronics, it is likely that they can be lighter, if not smaller, than the HST instruments.  An effort should be made to provide common data handling and image pre-processing capabilities in the p-g-t module.  This would not be unlike having a common computer for a research institute.





The number of instruments would only be limited by the radial space behind the primary mirror, and by other practical considerations such as funding, weight, and power consumption.  The conceptual drawing in Fig. 1 shows eight, excessively large instrument bays.  The number of bays could be increased while the individual size would be decreased.  Techniques to allow two instruments to observe simultaneously, possibly in different parts of the spectrum, should be investigated.





The instruments should be designed to either operate at the telescope module ambient temperature (<100K), or else be able to be shut down when not in use and to survive at the telescope module ambient temperature.  Thermal studies will show what temperature gradients are permitted in the telescope module.  It is possible that the instruments may be operated at considerably higher temperatures than the telescope instrument bay, which may in turn be considerably warmer than the telescope.  Interior sections of the infrared instruments, on the other hand, may operate at considerably lower temperatures than the telescope.  A trade study will have to be done to determine the optimum thermal conditions and the capability of radiators to passively maintain the required temperatures.  (See Thermal in PRELIMINARY STUDIES).





A turning mirror would be used to direct the main beam of the telescope to the instruments.  This would assure that each instrument can enjoy the full spatial coverage and the full spatial resolution of the telescope.  If there is a desire for simultaneous observations, some sort of image splitting system would have to be employed, as mentioned above.





4.3  Thermal





The telescope should be well isolated from solar radiation so that it may operate at a low ambient temperature (<100K).  The high Earth orbit would minimize heat input from the Earth.  The high orbit would also eliminate thermal fluctuations in the telescope resulting from thermal eclipses due to solar shadowing by the Earth.





Heat radiation from the instruments would be directed away from the telescope.  All efforts should be made to avoid heating of the telescope so that it may attain the lowest possible temperature by passive cooling.  The instrument radiators would be on the back side of the telescope and are not visible in Fig. 1.





The back side of the solar array (that facing the telescope) would have a highly reflective surface.  This would minimize heat transfer between the p-g-t module and the telescope module.  The heat removed from the p-g-t module electronics and the solar array would have to be dissipated by radiators directed away from the telescope module.  The conceptual drawing in Fig. 1 does not show radiators on the p-g-t module.





4.4  Mechanisms





All motions of mechanisms in the telescope module would be executed very slowly, using very low power actuators.  This would avoid exciting the very low fundamental frequencies of the telescope module.  The fact that the mechanisms are operating in a zero-G environment should also be taken into account.  This will make testing on the ground a little more difficult but should minimize the power required.





4.5  Structural





The fundamental frequency of the deployed telescope module structure need not be high as it will be "packed" during launch.  The design of a deployable structure that has high resonant frequencies when stowed and low frequencies when deployed will be one of the major design tasks.





The vibrational modes of the telescope module structure must not be excited by any motions of the telescope mechanisms.  This means that the mechanisms must operate very slowly and "quietly".  The principles of slow operation and of low frequency control systems are fundamental to the success of this observatory.





The telescope module would be enclosed by a lightweight insulating container on the outside and by light baffles on the inside. The optical metering structure would be very lightweight, probably made of the same materials as the optical elements.  A tripod secondary mirror support structure would probably be best.  The telescope metering structure should be thermally isolated and vibrationally independent of the telescope baffles and enclosure.  The instrument module would be rigidly attached to the metering structure, but alignment would not be critical.  The optical image motion compensation system would assure that the image is placed properly and held stable for each instrument.





4.6  Electronics





All electronics would be designed for minimum power consumption to reduce heat loads, particularly the electronics in the telescope module.  Most of the electronics would be located in the p-g-t module to reduce heat dissipation in the telescope module.  Only the electronics required to control the mechanisms, to drive the detectors, and to process the low-level signals from the detectors should be in the telescope Module.





As mentioned above, an effort should be made to provide common electronics for the instruments.  This should extend to more than the data collection and telemetry systems.  As only one or two instruments  will be operating at a time, it would be prudent to take advantage of as much common electronics as possible.  This would primarily be in the instrument control, data collection, and data processing functions.





4.7  Power





All primary power systems would be contained in the p-g-t module.  Power consumption in the telescope module should be minimized, as mentioned above, to maintain the lowest operating temperature.  The power for the telescope module will be conducted through the controllable-stiffness link.  Voltage and current sensing circuitry in the telescope module could feed sense signals back to the p-g-t module, allowing all power supplies and regulators to be in the p-g-t module.





The instruments should be designed to be shut down, or to be operated at a very low power level, when not in use.  This will also serve to minimize the power dissipation in the telescope module.  The telescope module radiators, which are not visible in the conceptual drawing in Fig. 1, would be on the back side.





4.8  Command and data handling





Data would be buffered and pre-processed on-board and transmitted to the ground at a rate compatible with the orbit.  The extent of on-board processing should be determined by a trade study.  The use of fiber optics to transmit data from the telescope to the p-g-t module should be investigated.  The fiber optic link could also carry the voltage and current sensing signals back to the p-g-t module  (See Command and data handling in PRELIMINARY STUDIES.)








5.  PRELIMINARY STUDIES





Before the conceptual design can be completed, many preliminary design and trade studies must be done.  These studies are listed by observatory sub-system.





5.1  Optics





A structural, thermal, optical analysis of the primary mirror in zero-g must be done.  This will  determine if it is feasible to maintain the required figure with a passive system.  If it is not possible, this study will show what corrections will have to be made.  The final size of the primary mirror will be determined by a trade study.  This study will use the science requirements as the baseline.  It will have  to include the results of the structural, thermal, and optical analyses, the results of the structural and deployment system design, and, in the final analysis, the launch vehicle capabilities.





The optical system design should optimize the field-of-view while maintaining compactness.  Assuming that the mirror figure can be maintained, the design should allow for diffraction limited performance at the shortest operating wavelength.  A trade study will determine the feasibility of this goal.  The UV performance may have to be enhanced through apodization of the aperture.





The feasibility of on-orbit ion deposition/etching to produce the final figure of the primary mirror must be investigated.  The power consumption, thermal stability, figure generation spatial resolution and accuracy, and contamination must be understood.  Testing of the concept in large thermal-vacuum chambers that are presently used for mirror coating will prove the practicality of the method.





The technique for measuring the figure of the primary mirror during the ion deposition/etching process must be worked out.  It is very likely that the optical train of the telescope itself can be used for this measurement.  The development of this process should proceed in conjunction with the development of a practical system for measuring and finishing mirrors for ground based telescopes.





If the structural, thermal,and optical analyses of the primary mirror shows that active figure correction is required, the wavefront sensing and re-imaging system must be designed.  The same wavefront sensing system used to figure the primary mirror may be used if active figure correction is necessary.  Experience gained in the development of the ground-based mirror finishing system will contribute to this work.





The scheme for stowing and deploying the primary mirror will have to be developed.  This study should take into account the many studies that have already been done to develop deployable structures.  (See Structural, below.)





The mirror coatings must be selected based on a trade study.  The trade study would match the throughput of the telescope to the sensitivities of the instruments, taking into account the science requirements.  The technology for coating deposition would have to be developed in conjunction with the technology for mirror figuring by ion deposition/etching.





5.2  Pointing





The concept for a semi-rigid controllable-stiffness link, must be developed.  The enormous amount of work done for the development of robotic arms can certainly be utilized.  The means for transmitting power and signals through the link must be determined.  The mechanisms for controlling the stiffness must be designed.  The magnitude of the transmission of disturbances through the link and the effect on telescope pointing must be determined.





The technique for coarse pointing of the observatory must be defined.  The frequent use of thrusters is probably not feasible, because of the limitation of fuel capacity and possible contamination.  It may be worthwhile to consider ion thrusters, due to low coarse slew rate requirements and reduced possibility for contamination.  It is assumed that magnetic torquers will not be practical in a high Earth orbit.  A technique for conservation of momentum in the reaction wheels must be worked out.





The technique for fine pointing and image motion compensation (IMC) or jitter control using the telescope optics will have to be developed.  As it is likely that some sort of primary mirror figure compensation will be needed, it would be reasonable to incorporate the fine pointing and IMC into that system.





5.3  Instruments





The straw man complement of instruments should be selected based on the science requirements.  This instrument complement will have to be generated to develop some of the observatory requirements.  As the observatory will have the capability to go to rather long wavelengths, some new instrument designs are expected.





5.4  Thermal





The first thermal studies to be done will have to determine the thermal environment of the observatory.  Either a high Earth orbit or one of the Earth-Moon Lagrange points should be assumed.  An analysis of the power module must be done, both to determine the temperatures of that module, and also to determine the amount of heat radiated from the module that will reach the telescope module.  Temperatures of the solar array, positions of radiators, and shielding of the telescope module will all have to be investigated.





A thorough thermal analysis of telescope module temperatures as a function of observatory materials and orientation must be done. The absolute temperatures and temperature gradients for the primary mirror must be determined so that the optical system design and the design of the entire figure control system can be done.





Thermal studies must be done to show what temperature gradients are permitted in the telescope module.  With adequate thermal isolation, it may be possible that the instruments can be operated at considerably higher temperatures than the instrument bay, which may in turn be considerably warmer than the telescope.  Similarly, the IR instruments may be operated at temperatures considerably lower than the telescope instrument bay.





5.5  Mechanisms





The requirements for mechanisms should not be extraordinary, other than the requirement for operation at moderately low temperatures.  They should be slow acting and the power consumption should be minimized.  There should be no need for technology development in this area.


Extensive use should be made of magnetic bearings to minimize vibration and to extend the operating life, particularly in the reaction or torque wheels that are used in the telescope module.





The concept for a semi-rigid controllable-stiffness link must be developed (see Pointing in this section).





5.6  Structural





The concept for a deployable structure for the telescope module must be developed.  The telescope module would consist of several sub-assemblies that would be assembled separately and then joined.  This concept would allow the launch of the sub-assemblies on separate launch vehicles if necessary.  The stowed (undeployed) structure sub-systems must be able to withstand launch loads.  The deployment and assembly mechanisms must not be complicated.  The means for assembling the primary mirror with high precision must be worked out.  This feasibility study should take into account the considerable amount of work that has already been done to develop deployable structures that can be assembled on-orbit.





The concept for the semi-rigid controllable-stiffness link must also be developed (see Pointing in this section).  This link must be able to connect the p-g-t module and the telescope module with sufficient stiffness to provide coarse pointing.  The link must be able to be relaxed so that disturbances from the p-g-t module are not transmitted to the telescope module.  The transmission of signals and power through the link should not be a problem.





5.7  Electronics





The requirements for the observatory system electronics should not be difficult to meet.  Long life in the high Earth orbit, resistance to cosmic ray upsets, and low power consumption are the primary considerations.  An important issue is the provision of a computing and controlling facility as an observatory resource, rather than expecting every instrument to provide its own computing and control capability.





The issue of electronic sub-system redundancy should be carefully considered.  The trade-off between serviceability, parts qualification level, redundancy, and mission life must be made.  A shared computing facility would increase the need for fail-safe operation and redundancy in that equipment.





5.8  Power





The observatory power system should not be difficult to design or require any new technology.  It will certainly not be necessary to populate the entire area of the solar shield panels with solar cells, for example.  Long life in the high Earth orbit and low power consumption are the primary considerations.  It might be advisable to use a high voltage power bus, to minimize the weight and stiffness of the conductors in the semi-rigid controllable-stiffness link.  Every effort should be made to remove power supplies and power conditioning equipment from the telescope module.  If these efforts are successful, there may not be a need for a high voltage power bus.





5.9  Command and data handling





The requirements and techniques for data buffering and pre-processing on-board must be developed.  The requirements will depend on the instruments' capabilities and on the rate at which data may be transmitted.to the Earth  A straw-man instrument set will have to be used for this exercise.  The common computational capability of the observatory would also serve these functions.
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