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Introduction

Virtually all enterprises involving space are heavily dependent on modern technology.  Space technology is developed mainly in response to the demands of missions that are deemed worthy and feasible, thus creating a “technology pull” dynamic.  In some instances, space technology is unique, having limited uses for other applications.  In other cases, non-space technology is adapted for space use.  The overall success of space technology development and application is strongly affected by a country’s “technological climate”, which includes political support, funding levels, educational opportunities, tolerance for failure, commercialization potential, remuneration packages, and scientific prestige.

While not always readily apparent, policy issues arise regarding space technology just as they do with all the other aspects of space utilization and exploration.  In some cases, technology offers multiple paths to accomplishing a given space objective, and decision makers must choose which path or which combination of paths to follow.  In other instances, technology defines the feasibility of specific space capabilities, but actually pursuing them is fraught with political implications that must be resolved both nationally and internationally.
As is clear from earlier chapters, the space missions that technology supports may be classified in numerous ways.  A common taxonomy comprises three sectors -- military/defense, scientific, and commercial.  Another breakdown differentiates near-Earth missions from lunar, interplanetary and deep-space exploration, the former capturing military/defense, commercial and some scientific missions, the latter encompassing the remaining scientific undertakings.  Another approach is to separate manned from unmanned missions, and still another is to examine national missions versus international ones.

Regardless of how one chooses to classify space missions, all of them depend to varying degrees on at least five key technologies – propulsion, power, communications, lightweight, high-strength materials, and computers.  We will now explore these technologies and highlight some of the policy issues associated with them.
Propulsion Technology

Propulsion technology is an essential contributor to every space mission, providing the means for putting any spacecraft into space.  Propulsion is the means of providing acceleration, which means exerting a force on a body for a specified period of time.  The most common method of accomplishing this in space is with rockets, which push mass in one direction to gain momentum in the opposite direction.  The greater the mass pushed out the rocket’s nozzle or the greater the velocity of this mass, the greater the desired accelerative force.  A common measure of performance of a rocket is specific impulse, which is defined as the amount of accelerative force delivered over a unit of time per unit of propellant mass expended.  The common unit for specific impulse is seconds.  Specific impulse turns out to be directly proportional to the effective exhaust velocity of the mass exiting the nozzle.  The higher the specific impulse, the more efficient a rocket is, and thus a key research driver for propulsion technology over the years has been finding ways to achieve higher values for this key parameter.  The actual feasibility of some space missions comes down to whether sufficiently high values of specific impulse can be achieved or not. The figure below shows that the best systems offer high thrust, high specific impulse, and low specific mass.  Unfortunately, systems that exist today generally cannot meet all of these requirements. 
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Figure 1.  Performance of Propulsion Systems.  For specific design information on each of these systems, see Space Propulsion Analysis and Design, Humble, 1995. 
Thermodynamic Rockets

The most common rockets used for propelling spacecraft into Earth orbit or beyond Earth’s gravitational field are thermodynamic rockets, which transfer thermodynamic energy (heat and pressure) to a propellant and convert the energized propellant to high-speed exhaust by directing it through a nozzle.  Depending on the source of the heat and pressure, thermodynamic rockets may be classed as chemical, cold gas, solar thermal, thermoelectric, and nuclear thermal.

Chemical rockets have been the workhorse of the world’s launch vehicles, offering specific impulses as high as 477 seconds for the liquid oxygen/liquid hydrogen fuel combination that powered the United States’ Saturn V moon rocket.  See Figure 2.

[image: image2]
Figure 2. F1 Engine Used in the Saturn V Program.

When intense, direct sunlight is continually available, solar heating of a hydrogen propellant can provide specific impulses on the order of 800 seconds.  Electric arc heating of a propellant, assuming adequate electric power availability, can raise specific impulse as high as 1,000 seconds.
Nuclear Propulsion

Nuclear propulsion, where the heat to expand the propellant through a nozzle is provided by a nuclear fission reactor, offers the advantages of both high specific impulse (on the order of 1,000 seconds) and high thrust.  The United States’ Nuclear Engine for Rocket Vehicle Applications (NERVA) program tested nuclear-thermal rockets from 1947 until 1972, at which time environmental and political concerns about safe ground testing and launching a fully fueled nuclear reactor forced sharp reductions in funding for this promising technology.  See Figure 3.
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Figure 3.  NERVA Being Tested and Core Design. 
This stand down came despite the proven safety record in the United States of developing and operating nuclear reactors.  The US Navy’s extensive nuclear reactor program for submarine and ship propulsion, for example, boasts a zero nuclear accident record.  One mitigating feature of launching a nuclear reactor for use in deep space is that, assuming it is fueled with enriched uranium, it is totally inert until it is put into operation, presumably after liftoff from Earth on a conventional launch system.  Once in operation, the radiation it gives off is based on the amount of time it operates.

This combination of performance parameters offered by a nuclear-thermal rocket is essential for some missions, for example sending humans to Mars and back in a time frame sufficiently short that they are not exposed to unacceptable levels of solar and cosmic radiation.  No other form of propulsion currently known can accomplish this.  Use of chemical rockets would result in a travel time to Mars of hundreds of days, whereas a nuclear rocket could shorten the trip to 40 days.  For a round trip with a stay-time on Mars of 30 days, the total trip time entailed with the use of chemical rockets would be 433 days.  A nuclear rocket would shorten it to 316 days.  The radiation exposure of the space travelers would drop from 60 rem to 45 rem.  Other missions, for example heavier payloads to distant planets, would fall into the realm of possibility were nuclear rockets used.  See Table 1.
There are recent signs that nuclear propulsion may be emerging from under the blanket of fear thrown over it.  As part of NASA’s 2005 budget, $10 million was identified for nuclear thermal propulsion work at the Marshall Spaceflight Center as part of the Prometheus Nuclear Systems and Technology Program.  A promising potential application was the Jupiter Icy Moons Orbiter, which would orbit the Callisto, Ganymede and Europa moons of Jupiter, suspected of harboring vast oceans beneath their icy surfaces, and collect data pertinent to their makeup, history and potential of sustaining life.  More recently, however, NASA canceled the Prometheus program to focus on lunar missions, but the concept is currently being pursued by a joint commercial/DOE program called IOSTAR.  This program is looking at possibly developing a nuclear-propelled orbital transfer vehicle. 
[image: image5.emf]
Table 1.  This table shows that flying to Mars via a nuclear rocket gives less of a dose then a chemical rocket due to less time in galactic space where the radiation doses can be high. 

Electric Propulsion Rockets
Electric propulsion rockets, which entail the acceleration of charged particles by electrostatic or electromagnetic fields to produce thrust, offer the principal path to higher efficiencies unattainable with thermodynamic rockets.  The two principal types of electrodynamic rockets are ion thrusters and plasma thrusters.  Specific impulses up to 10,000 seconds may be achieved, but at a cost of low levels of thrust.  Thus, electrodynamic propulsion is most suitable for long-duration interplanetary flights.
Ion thrusters use electric fields to accelerate ions, while plasma thrusters use electromagnetic fields to accelerate plasmas.  NASA’s Deep Space 1 mission, launched in 1998, was the first to rely on an ion thruster, operating at 2.3 kW and producing a thrust of 0.09 N with a specific impulse of 3,100 sec.  The most common plasma thruster is the Hall effect thruster, which employs a radial magnetic field to accelerate positive ions within a plasma.  Hall effect thrusters produce somewhat higher levels of thrust at lower specific impulse for a given amount of power than ion thrusters.  Electrodynamic propulsion has achieved a satisfactory level of maturity, and a robust variety of devices are available for various low-thrust applications as long as sufficient electrical power is available.  See Figure 4.
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Figure 4.  EOL-2 Plasma Propulsion System Layout (Two Views): 1-Propulsion Module, 2-Propellant Tank, 3-Propellant Management Assembly, 4-SPT Thruster, 5-Power Processing Unit
In analyzing nuclear thermal and nuclear electric systems, there are important factors for decision makers to consider.  Trip time has implications on how long one would have to verify the design through testing on Earth, for example.  Using low density, high specific impulse propellants like hydrogen would require large tanks, which would make launch difficult with existing launch vehicles and would require on-orbit assembly with multiple launches.
Table 2 below compares nuclear thermal and nuclear electric systems.  Although nuclear thermal propulsion can send a 500 kg payload to the outer regions of our solar system faster, it will require a large payload faring due to the high volume or the hydrogen propellant.  The electric system will require prolonged testing to validate its ability to accommodate long periods of continuous thrusting due to the spiral transfer trajectory.
	
	ΔV (km/s)
	Initial Mass (kg)
	Height (m)
	TOF (years)

	Jupiter Nuclear Thermal
	7.6
	15,250
	12.2
	4.1

	Jupiter Nuclear Electric (Ion)
	15.5
	15,515
	---
	19.4

	Pluto Nuclear Thermal
	13.4
	41,680
	34.4
	19.0

	Pluto Nuclear Electric (Ion)
	31.5
	17,285
	---
	57.5


Table 2.  Comparison of Nuclear Thermal and Nuclear Electric Systems


Low Cost Propulsion
In addition to achieving higher efficiencies in propulsion systems, such as with nuclear reactors, propulsion engineers, entrepreneurs, and government decision makers have all come to realize that drastically lowering the cost of putting objects into space is a compelling objective.  The high cost of putting mass into Earth orbit, currently about $20,000 per kilogram (if one used conventional US launch vehicles), limits the scope and structure of many space applications.  Moreover, because lowering the costs of launch encompasses simplifying system designs, manufacturing processes, and launch procedures, a reduction in launch preparation time can be expected as well, itself a money saver.  This combined cost-time reduction opens the door to new military and commercial strategies that were heretofore seen as unacceptable, mainly having to do with spares on the ground instead of in space and less reliance on preemption in the arena of space defense.  Alternatively, the cost-time reduction may be exploited to put greater quantities of mass into orbit without increasing costs.  This also opens new vistas for military and commercial consideration.  Shielding, for example, to harden satellites against attack or to protect humans from radiation becomes a more attractive option.
Although techniques for lowering launch costs have been explored to some extent, it has been capability, rather than cost, that has been the overriding consideration, with government programs leading the way.  Only in recent years with entrepreneurs playing a more active role, eyeing profits to be won from space tourism, satellite imagery, personal communications, and the like, has the quest for cheaper launch capabilities intensified.  A fundamental dichotomy in this quest is between trying to lower the cost of expendable launch vehicles versus switching to reusable vehicles, technology playing a very important underlying role.
If it were possible to construct a launch vehicle that could fly into orbit and return as a single stage – a sort of space airplane – great cost and time advantages would result.  However, this would require high-thrust, high specific impulse propulsion systems and lighter weight materials than currently exist and a robust, low maintenance reentry protection system to return safely time and again.  Getting into space with a single stage will probably entail a combined cycle propulsion system, exploiting jet and scramjet techniques in the atmosphere and transitioning to rocket propulsion in the exosphere.  Private investors have not yet concluded that single-stage-to-orbit (SSTO) approaches are safe for their investments, and funding from the government has dwindled, since there has been no tradeoff between chemical rocket engine design and light weight materials advances to ensure an SSTO system would work with quick turn around and reduced maintenance costs.  Studies have shown that a nuclear-thermal propulsion SSTO system is feasible, but development costs and political concerns have prevented any significant progress to date.
At the present time, the more promising option for lowing the cost per kilogram of getting into space lies with the use of cheaper expendables, as evidenced by commercial endeavors in this arena.  Current efforts, such as the DARPA’s Falcon program, hold promise for reducing the cost to orbit through its work with air launch techniques, such as those pioneered by Orbital Sciences Corporation, and with SpaceX, a relatively new company determined to find ways to lower the cost of manufacturing ground-based expendable launchers. To date, SpaceX has made more progress than the new air launched system.  This company has developed a two-stage liquid propulsion system and has promised to deliver 1500 kg to LEO for one-third the price of current launch systems.  Completely privately financed, SpaceX’s approach has been to use COTS technology as much as possible  and sacrifice performance and mass to keep the costs down.  Unfortunately, due to a procedural error, the maiden launch of SpaceX’s Falcon-I out of Kwajalein Atoll was unsuccessful, but the company plans another attempt, financed by itself and DARPA, for early fall of 2006. 
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Figure 6. SpaceX hopes to dramatically reduce launch costs by a factory-line type assembly for its rockets. 

A substantial number of companies have tried to solve the low cost spacelift conundrum through an SSTO approach, including Kistler, Beal, Conestoga, Roton, Scorpios and even the larger corporations Boeing and Lockheed Martin.  The main reason that all of these development efforts failed was that the companies relied on developing new technology as part of their new vehicle concepts.  Unfortunately, they all got bogged down with new technology development and found themselves unable to develop their system.  Conestoga attempted to use existing solid rocket engines, but they used too many and floundered on integration issues.
The lowest cost systems in the world today are Russian.  The Russians have kept their costs down by refraining from modifying their designs since the 1960’s.  New designs require new analysis, new manufacturing procedures, and substantial testing, and the Russians’ strategy holds that for cheap expendable systems, it is not worth the extra mass that can be saved through design improvements.  Their Proton rocket, for example, has just seven engineers involved in its manufacturing, mainly due to keeping the manufacturing simple with as little change as possible over the years. 

A recent new system in the US and an existing one in Europe is a secondary payload adapter ring that permits the launch of multiple small satellites with a medium lift expendable launcher.  The Europeans have flown their ring in the Ariane IV and call it the ASAP ring, while the new US system (ESPA) will make its maiden voyage on the Atlas V in fall 2006.  The Europeans have charged $200 K per satellite or $2 million for the entire ring. US costs have not been fixed, since the maiden launch is still some months away.  This could become a low cost alternative for 150 kg, 1.5 m3-class payloads – ideal for distributed network constellations, for example.
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Figure 7.  Russian Dnepr and Proton launch vehicles.  The Dnepr is a modified ballistic missile that the Russians have developed as a low cost small satellite launcher (<$5 million for several hundred kilograms to LEO).  
Hypersonics technology holds promise for contributing to a cheaper, more reliable route to space, either via an SSTO or an air-launched approach.  A committee of the National Research Council, in their Evaluation of the National Aerospace Initiative (2004,) performed a very detailed evaluation of hypersonics applications to space and the critical technologies that needed to be matured.  Four critical technologies they highlighted are:  (1) air-breathing hypersonic propulsion and flight test; (2) material thermal protection systems and structures;  (3) integrated vehicle design and multidisciplinary optimization; and (4) integrated ground test and numerical simulation and analysis.  The committee’s prediction was that a two-stage-to-orbit, reusable Mach 12 vehicle could be developed in the 2015-2018 time frame.  
Power Technology
A reliable source of electrical power is essential for the operation of every craft that goes into space.  Payload sensors and spacecraft housekeeping modules are invariably powered by electricity, and, as noted above, some propulsion schemes also require this form of energy.  A key performance parameter for space power systems is the power produced per unit mass, often expressed in W/kg, since the mass of a system is such a critical factor in its suitability for space launch.  (For terrestrial systems, where mass is hardly relevant, the key parameter is energy conversion efficiency, although greenhouse gas and pollutant emission levels are becoming increasingly important.)
Solar panels, which convert sunlight directly into electricity with efficiencies on the order of 25%, are the preferred source of electrical power for long-lived spacecraft in Earth orbit.  Performance levels approaching 140 W/kg are realizable for some designs.  In the future, development of “rainbow” multiple band gap photovoltaic cells may well double the amount of power produced by these systems.  Additionally, manned spacecraft take advantage of fuel cells to generate electricity, since the byproduct of those using hydrogen and oxygen is potable water.  They can produce powers on the order of 1,000 w, but their main limitation is the amount of fuel that can practically be carried into space to power them.
Inescapably, the energy per unit area emitted by the Sun falls off as the square of the distance away, which means that an additional 93 million miles out into space from the Sun, the solar flux is only one-quarter of what it is in Earth orbit.  Thus solar panels are not practical for use beyond Mars, and other sources of electricity must be considered for deep space missions.  Here, nuclear energy again comes into play, in the form of radioisotope thermoelectric generators (RTGs).  RTGs use the heat generated by radioactive decay to heat thermocouples to produce electricity.  Their most important advantage is their long life, a result of the long half life of the radioisotope used, often uranium or plutonium.  On the down side, RTGs are about five times more expensive than solar cells per unit power delivered, and, like nuclear fission reactors for space propulsion, they prompt political concerns centered on possible accidents involving radioactive materials.  Fortunately, disposal of the radioactive RTG is not a problem for deep space missions, since they are not designed to return to Earth.  In the future, it would be possible to adopt a nuclear fission reactor instead of an RTG to generate large amounts of electrical power in space or on another planet or moon in the solar system.  Again, it could be designed such that radioactive emissions would not begin until it reached its destination and began operating.
One of the more intriguing possibilities involving power in space, perhaps coming to fruition 20 or 30 years from now, is the deployment of one or more solar power satellites in Earth orbit.  According to one concept, sunlight would be concentrated by thin Fresnel lens membranes and focused on “rainbow” multiple bandgap solar arrays, each lens-array combination generating nominally one megawatt of power.  The power from multiple arrays would be combined, converted to microwaves, and beamed to different locations on Earth by means of kilometer-sized antennas.  Five-km “rectennas” (antenna-rectifier combinations) at different locations on the ground would receive the microwaves and convert them to electricity for insertion into the local power grid.  Power levels as high as 400 megawatts might be produced by a 5-km array of 1-mW modules in orbit.
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Figure 7. Radioisotope Thermal Generator
Clearly, undertakings of this nature must get their start at government expense before commercial interests take over.  Pursuit of this concept is currently in the hands of NASA under its Space Solar Power Exploratory Research and Technologies (SERT) Program.  The overriding consideration, of course, is the ultimate cost per kW of power from solar satellites compared with more conventional sources.  A major hurdle is the high level of investment required before any power is produced.  One design, a non-tracking geosynchronous satellite with an integral phased array, offers an eight-fold reduction in initial investment costs over earlier designs.  Other factors besides cost, however, play a role, such as the “cleaner” nature of the power and the greater ease of distribution to lesser-developed regions, such as those in the Third World.  Although solar power satellite energy production will progress as a civilian enterprise, once in place, it is likely that its availability in remote locations will be a feature of great interest to the military.  It is not difficult to envision deployed military forces employing this source of energy in lieu of transporting heavy generators and large quantities of fuel to the field.
Communications Technology
The most pervasive space application today is communications, being central to the military and civilian communities alike.  Military communications satellites and leased channels on commercial satellites permit unparalleled amounts of information to flow in secure fashion to and from military commanders and their subordinate echelons.  To the extent desired, military campaigns may now be monitored and controlled from afar.  Remotely piloted vehicles collecting intelligence or delivering weapons in hostile territory can be controlled from a separate continent.  Costly and sometimes vulnerable ground stations on foreign territory can be eliminated through the use of satellite-to-satellite communications.
Commercial satellite communications, relying mainly on long-lived spacecraft in geosynchronous orbits, is now a well-established, profitable enterprise, supporting extensive television services and high-capacity data and voice channels.  Constellations of lower-orbit satellites, such as Iridium, provide worldwide communications access through hand-held transceivers.
Communications satellite technology continues to advance, driven in part by NASA’s Space Communications Program.  Objectives of this program include higher power spacecraft transmitters that reduce the size and complexity of ground equipment, antennas with greater gain and directionality yet lighter in weight, use of different bands of the spectrum such as the Ku and Ka bands that help relieve spectrum congestion, and more extensive use of digital components to exploit the advantages of digital communications.
While a principal driver for this work is to equip NASA scientific satellites with greater communications capabilities, the results are also available to the commercial sector to help improve the capabilities of its satellites as well.  Commercial applications include global long-distance telephone service, wireless communications and wireless data links, private, wireless networks for voice, data, and multimedia, point-of-sale data gathering, news gathering, information distribution, videoconferencing, and employee training, entertainment services (high-quality television transmission), digital audio broadcasting, Internet services, tele-education, telemarketing, crime-prevention networks, intelligent highway services, and high-performance, special-purpose radiofrequency components, antennas, digital electronics, and digital signal processing.  With fiber optic communications networks growing rapidly, both on land and undersea, integration of satellite communications with fiber optic networks into a seamless system is a key requirement and is being pursued actively.  
A particularly promising avenue of research underway at NASA’s Glenn Research Center in Cleveland, OH, is the development of ways to make connections between aircraft and spacecraft as easy as Internet connections. The goal is to transform the United States’ current 1960s voice-dominated air transportation system into a 21st Century global system that combines communications, navigation and surveillance systems to provide a ground-to-air-to-space network where all users can connect with each other.
From a political point of view, it may be argued that communications satellite technology, with the systems it has spawned, has brought the world community closer together than any other single achievement.  There are the obvious services that carry vast quantities of pictures, commentary, data, and messages to every corner of the globe, increasing awareness and understanding among governments, corporations, and private citizens alike.  But, somewhat hidden, is an extraordinary degree of international cooperation that has occurred to enable many countries to obtain their own satellite communications capabilities or to cooperatively exploit the capabilities of other countries.  In 2004, for example, 16 communications satellites were launched for customers comprising the United States, Japan, the European Union, Russia, the United Nations, China, Argentina, Canada and Spain.  There is every expectation such levels of cooperation will continue.
Lightweight, High-Strength Materials

Given the high cost of boosting mass into space and the payload limitations of current launch vehicles, there are strong incentives for attempting to reduce the mass of the structural materials used both in launch vehicles and their payloads without sacrificing performance.  For liquid-fuelled launch vehicles, propellant tanks present a major structural challenge that is customarily addressed with either aluminum alloys or filament wound fiberglass composite materials.  The Atlas launcher employs thin aluminum for its tanks, which are subjected to a modest positive pressure during launch to maintain structural integrity, whereas the U.S. Shuttle carries its liquid launch fuel in a large fiberglass tank structure that drops back to earth following launch.  The Shuttle also employs two strap-on solid propellant boosters to provide additional thrust during launch whose casings are also made of composite materials.
If there is to be a breakthrough in structural materials for space applications, it is likely to come in the form of carbon nanotubes, sometimes called “Buckytubes”, as they are a variant of “Buckeyballs”, a novel allotrope of carbon named after the geodesic structures invented by Buckminster Fuller.  (Graphite and diamonds are the most common forms of carbon.)  Nanotubes of carbon comprise carbon atoms arranged in long, thin tubes whose diameter is approximately one nanometer, or 10​​-9 m.  They exhibit strengths as high as 100 times that of steel at one-sixth the weight, a result of their pure carbon-carbon atomic bonds.  Currently still in the research stage, their initial applications are occurring in the electronics industry, taking advantage of their unique electrical properties, where small quantities are highly useful.  Ways must be found to manufacture large quantities at low cost before they become feasible for structural applications, which Ivan Bekey estimates will occur in the 2010 – 2030 time period.  The current forecast is that production levels will reach 1,000 pounds per day by 2008 at a cost of $100 - $1,000 per pound.  Further cost reductions are likely as demand and production levels continue to increase.  It is envisioned that initial space applications will be reducing the weight of payloads, resulting in launching larger payloads with current launch vehicles or reaching higher orbits with current missions.  Bekey predicts that other space applications, currently seen as impractical or impossible, will be viewed in an entirely different light with the advent of structural nanotube materials.
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Figure 8.  Carbon Nanotube Structure.

Computer Technology
Computers are ubiquitous in space systems.  Were it not for steady advances in computer technology, both for use in space and on the ground, during the late 1950’s and through the 1960’s, the Apollo Program that landed men on the moon multiple times would not have been possible.  Whether it be for communications, guidance and control, or other requirements of data handling, the need for continual improvements in speed, reduction of size and power levels, and increased storage capacity of digital electronics keeps marching on at a staggering rate.  For​tunately, this technology has continued to advance at a rapid rate and promises to continue doing so.  Moore’s Law asserts that the number of transistors on a semiconductor chip doubles about every two years.  It has proven true for the past 35 years and shows no signs of slackening off, thanks to nanotechnology and other technical advances, although eventual theoretical limitations are well known.  The tremendous commercial potential of small computer-controlled devices, such as GPS receivers, cell phones, laptop computers, and the like, is a key driving force behind this progress, as it results in exponential reductions in the cost of the digital electronics they exploit.
Digital electronics for space use, however, must be protected from radiation, as they must be for many defense applications as well, where there is the perceived need for operations in a nuclear weapons environment.  This can, in theory, be accomplished either by shielding the circuitry or making it intrinsically radiation-resistant by using semiconductor materials that themselves are less prone to radiation damage.  Shielding, which requires pure mass to accomplish, is much less attractive for space use, because of the high cost of putting mass into space as described earlier.  Thus, the U.S. Government defense and space sectors have steadily supported research and development of radiation-hardened electronics, and, there being little commercial incentive for this, will likely be forced to continue doing so, always chasing the improved performance of commercial off-the-shelf (COTS) devices.
Satellite Constellations
The Iridium constellation of 66 communications satellites in medium earth orbit and the 24-satellite constellation of global positioning satellites, also in medium earth orbit, illustrate the importance of constellations in providing specific capabilities.  In the case of Iridium, the desired use of hand-held transceivers to communicate directly with satellites, coupled with the requirement for continuous availability from any point on earth, requires a constellation of satellites considerably closer to earth than geosynchronous altitude.  With the GPS system, the position-finding algorithm requires receipt of signals from four different satellites, and its use worldwide at any time again requires a robust constellation.  The need for many copies of the same satellite in both cases led to a successful push to use innovative mass production techniques in spacecraft production.  This, in part, has stimulated a harder look in recent times at the pros and cons of satisfying other space needs, heretofore addressed by single high-cost, long-life satellite or a few such satellites, by larger numbers, i.e. constellations, of simpler, lower-cost satellites.
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Figure 11.  Sirius Constellation
Technology plays in important role in satellite constellation considerations.  Lower cost, simpler launch systems render the multiple launches to put a constellation into orbit more affordable and permit more rapid replacement of individual satellites that fail or expire.  Given less dire consequences of failure of a satellite that is part of a constellation, there is less risk in using newer technology, such as more advanced solar panels or more powerful traveling wave tubes, thus quickening the pace of spacecraft improvement.
Further down the road, there is the possibility that advancing technology will permit the creation of Responsive Space Systems (RSS) comprising constellations of satellites that have reconfigurable capabilities and permit collaborative operations among them.  Anticipated capabilities include intensive data processing and information fusion, precision satellite positioning and deep space navigation, a robust, survivable capability for sensing and surveillance, and new capabilities that protect against hostile threats from space or the ground.  

Constellations that incorporate reconfigurable spacecraft technologies can be expected to exhibit many advantages.  Foremost among them is that the system as a whole will be much more tolerant to faults, to damage to individual satellites, and to the inevitable degradation of performance due to age.  Secondly, such systems, as a result of dynamic interconnection, can be readily applied to multiple, and in some cases, novel problems.  The individual elements will have lower cost and risk, since it will be feasible to accomplish multiple builds of much smaller platforms, which will lead to faster flight qualification.  This will allow the more rapid integration of the latest technology into systems in a controlled, tested, and responsive manner.  Additionally, expected advances in astrodynamics and satellite control can be tested and integrated such that the ability to prepare for and respond to the unexpected will be greatly increased.  Intelligence collection from space is a key mission that can be expected to profit considerably from cooperative and collaborative capabilities among multiple space platforms.

Examples of key technologies that will underpin spacecraft reconfigurability include recon​figurable radar antennas and feed structures, docking and other physical connectors, on-board robotic arms, and integrated multispectral imaging, precision pointing, and on-board data processing and information extraction architectures.  The critical capability of converting data to information in space rather than on the ground will minimize communication bottlenecks, allowing, for example, rapid dissemination of location-critical intelligence to multiple ground receivers.
Still further in the future lies the possibility of the Virtual Satellite Multi-Element System (VSMES), which is a fully distributed embodiment of advanced technologies in any of a multiplicity of satellite configurations.  Natural orbits may be used for composing constellations, sensor information from multiple elements may be fused to synthesize complex functions, and built-in redundancy will enhance reliability and prolong mission duration.  An illustrative concept employing the VSMES approach is that of visible or multi-static radar imagery from distributed aperture elements, based on very accurate inter-satellite ranging capability and precise position control.  Other possibilities, exploiting this “virtual satellite” concept, include:
· Removing multipath ambiguities
· Three dimensional imaging

· Hyperspectral overlays of information

· Event correlation within a military theater

· Vastly improved signal qualities

· Long-baseline interferometry

· Medium to high resolution of the earth’s surface from geosynchronous altitude

One promising approach for accomplishing high-precision station-keeping at geosynchronous altitude is to use electrostatic (Coulomb) forces activated by adjusting the electric charge on each spacecraft making up the array.  Free-space laser relay crosslinks are envisioned as a critical subsystem of distributed arrays, supporting data rates in excess of 100 Gbps.
Decision makers must weigh the costs and risks versus the benefits of pursuing satellite constellations for multiple applications as they parse out the limited funds for space systems research in the years ahead.  Over time, promising architectures will evolve.  The principal question is, over how much time?
Defense Applications
Technological advances stand to benefit civil-military, scientific, and commercial activities in space alike.  It is in the military arena, however, where controversy within the international community is most likely to arise, principally as launch costs drop and access to space increases.  On a positive note, to the extent the governments of the world, especially the space-faring ones, can agree on ways to avoid arms competition in space and continue to collectively exploit its advantages, the greater the overall net benefit they can achieve in the ongoing struggle against terrorism.  Terrorists have no meaningful space capability and don’t have the wherewithal for securing it.  Nor do they have any hopes of achieving the ability to attack any country’s space assets, with the possible exception of a ground station or two, after which intense reactive security measures would preclude any sort of repetition.

In the U.S., however, there are currently several areas of potential controversy with respect to space operations by the military and national security components of the government.  Current United States policy is essentially to ensure unfettered access to space and operational use of space.  Assets of strategic importance to many countries operate in space, and to date unregulated operations by all in the space community has been the accepted practice – even during times of conflict.  As the only global superpower, the United States generally has an asymmetric advantage with respect to both terrorists and other nations, and there is a strong incentive to protect this advantage.  Since the on-orbit random failure of spacecraft can mask deliberate interference by an adversary, either from the ground or from space, the U.S. views it as absolutely critical to be able to differentiate among random component failures, inadvertent interference (e.g., ground-based commercial transmitters); deliberate denial of service attacks; and intentional attacks meant to permanently disable space assets so as to avoid unsettling ambiguity in nation-to-nation relations regarding space.

As a consequence, some of the most critical areas of technology development are those techniques and means that provide space situational awareness (SSA).  This includes sensors that define the environment around a satellite and detect the presence of electromagnetic radiation (RF, optical wavelengths, gamma and x-rays, etc.) and sensors that detect and identify other objects in space that could represent a threat. While historically the threat has often been perceived to be from kinetic energy impactors or covert space mines (particularly nuclear), the future threat may involve highly sophisticated attacks from relatively small and inexpensive satellites that have the ability hide in close proximity to national assets. Therefore, another important SSA capability is to be able to perform autonomous rendezvous and proximity operations (RPO) in the vicinity of space assets – particularly at geosynchronous altitudes – where objects cannot be detected by ground-based observers.

The inability to remove ambiguity associated with the failure of on-orbit assets or temporary loss of service has the potential for very negative consequences.  Failure to understand a problem could lead to the temptation for the U.S. to seek greater military advantage in that realm, through a combination of offensive and both active and passive defensive measures.
Least alarming to the international community would be passive defenses, which could involve hiding, hardening, evasion, and replacement strategies, facilitated by the ability to employ additional mass for coatings, shielding and divert propellants and to quickly launch a replacement for a negated satellite.  Active defenses would entail applying force to attacking weapons, such as “killer” satellites, to negate them, but such a capability is not far removed from the ability to attack other types of satellites.  The next step, a “no-holds-barred” approach to military advantage in space, would bring in offensive capabilities, such as the United States’ own killer satellites.  An international view articulated by Nancy Gallagher is that such a policy of coercive prevention “could provoke a major international policy confrontation in which the United States would be isolated unless it restores a diplomatic dimension to its space security policy and considers more collaborative steps to protect its own space assets without threatening other countries.” (p. 24, “Perspectives on Space Security"). The counter argument is that as the only superpower willing to expend lives and resources to police the planet and attempt to provide some semblance of the rule of law in disparate parts of the earth, the United States will take whatever measures it feels are essential to national security.  Fortunately, more efficient launch systems lessen the potential mass advantage of offensive and active defensive approaches to space warfare and tilt the scale more towards the neutral point where passive defenses become more competitive and the likelihood of alarming the international community declines.

The ever growing equities of the commercial sector in space must not be overlooked in this context.  Concerns would undoubtedly arise among commercial satellite owners in the face of an all-out struggle for space supremacy by competing powers.  Would commercial satellites become targets?  Who would defend them?
Hopefully the governments of the world’s space-capable nations will collectively realize the serious disadvantages of striving to achieve offensive weapons dominance in space and will refrain from doing so.  Their comforting alternative may well be prudent passive defenses, facilitated by advancing space launch technologies.

Interplanetary Space Exploration

Interplanetary space exploration (ISE) traditionally responds to mankind’s quest for knowledge about the solar system, though it is expanding to include objects around nearby stars in our galaxy – other solar systems as it were.  It is funded primarily by government.  In the U.S., NASA’s FY-2004 budget identifies approximately $4 billion for space science, of which about half is for solar system exploration, including Mars but excluding Sun-Earth connections.

In theory, ISE can be accomplished by unmanned flyby, one-way lander, and round-trip lander spacecraft and by manned spacecraft.  Additionally, Earth-orbiting and ground-based telescopes can provide valuable data.  Objects for study, besides the planets, include planetary rings and moons, asteroids, comets, objects residing in the Kuiper Belt and the Oort Cloud farthest from the Sun and, as noted above, planets orbiting nearby stars.

Given the non-defense, non-commercial nature of ISE, it is not a powerful technology driver.  It exploits basic space technologies developed for more compelling missions to a great extent, such as launch systems, information processors, and communications.  The innovations of ISE focus on the scientific sensors that collect the key mission data and on a few specialized technologies such as long-life, non-solar power sources and robotics.  Additionally, in an overall sense, great attention is paid to ensuring that all components, aside from the launch system, function, either continually or intermittently, over long periods of time in the harsh deep-vacuum, low-temperature, high-radiation environment of space and planetary surfaces.
Robotics is a technology that has wide application in unmanned interplanetary exploration and, perhaps somewhat surprisingly, may have extensive application in future manned space missions back to the Moon and possibly to Mars.  Robotics profits from a high commercial demand, and thus requires less investment from the space community than might otherwise be the case.  Currently over 160,000 robotic devices are in use in U.S. manufacturing, which places the U.S. second in robotic use to Japan.  China is rapidly expanding its use of robots.  This extensive commercial development, combined with the previous work by NASA and JPL, implies that advances in robotic technology are likely to well match the requirements of future space missions.  Current spacecraft are basically robots on orbit, and their autonomy is increasing every day.   Obviously, robots are better suited than humans to function in the harsh environment of space and on the Moon, Mars and other planets.  Robotics has already served as a key enabler in the detailed exploration of Mars, and it is sure to be used extensively in future exploration missions of this nature.

One concept is to combine the advantages of manned and unmanned missions on the same mission.  For example, on a mission to Mars, spacecraft with supplies and robots would be launched well in advance of the manned spacecraft.  Since the supplies and robots are not affected by the radiation of the trip, their spacecraft could use a more efficient rocket engine with high Isp and low thrust, such as ion propulsion.  The manned spacecraft, in turn, would carry less instrumentation and travel to Mars in a faster orbit to reduce the radiation exposure time.  The humans on the mission, in addition to their own exploratory tasks, would each act as an “element leader” of 5 to 10 robots.  When the robots needed repairs or redirection, the humans would step in.  Such a mission could accomplish the equivalent of a large manned mission

The 2006 – 2015 New Horizons flyby mission to Pluto and beyond readily illuminates the challenges of ISE.  Launched in January 2006, the New Horizons observatory carries seven scientific instruments and will traverse three billion miles of space over a period of ten years or more and arrive at Pluto within a 120-mile circle at precisely the right time for an alignment of two planets, a moon, the sun and an earthbound network of antennas.  The spacecraft’s instruments comprise an ultraviolet imaging spectrometer, a high-resolution optical telescope, a combination optical/infrared imager, two particle detectors, a radio transmission analyzer, and a dust particle counter.  These sensors will take photographs, map terrain, analyze the atmosphere, sample space dust, and measure the solar wind.  The data they collect will be relayed back to Earth over a nine-month period as the spacecraft continues onward toward the Kuiper Belt, where additional data collection will be attempted.  Clever use of a gravity-assist trajectory past Jupiter will shorten the travel time to Pluto by at least three years.  Nevertheless, while traveling between Jupiter and Pluto, the spacecraft will be in a dormant state lasting eight years during which it must monitor and regulate itself in a carefully structured manner that avoids self-destructive processes when addressing anomalies.  Propulsion limitations preclude New Horizons going into orbit around Pluto.
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Figure 10.  Artists Concept of the New Horizons Spacecraft During its Planned Encounter with Pluto and its Moons.
Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute (NASA/JHUAPL/SwRI)
Few would argue that only manned missions are capable of answering the questions about our solar system.  Nevertheless, a steady stream of studies continues to focus on returning man to the moon and, for the first time, sending him to Mars.  The radiation environment in interplanetary space is very hazardous to living organisms, comprising galactic cosmic rays (GCR), made up of protons, alpha particles, and high-energy, high-charge (HZE) particles, as well as solar particle events.  Such radiation differs drastically from the x-rays and gamma rays reaching the Earth’s surface by producing more complex types of DNA and cellular damage that may lead to adverse health risks, even at low doses.  Without mitigating steps, the radiation exposure experienced by astronauts going to Mars, exploring the surface, and returning might well be close to or above acceptable limits.  Under NASA’s Space Radiation Health Project research is underway to investigate radiation-caused chromosomal damage and mutations, damage to eye, skin and brain tissues, and radiation effects on the formation of cataracts and tumors.  On the side of mitigation, work is underway on designing improved shielding for spacecraft and spacesuits and on pharmaceutical radioprotectants, gene therapy, and dietary regimens to counteract harmful radiation effects.  Much of this work is supported by refined mathematical models that address the space radiation environment, radiation transport and DNA damage and repair.

Other technological innovations required to send humans to Mars and back include adequate propulsion for the round trip, which could require a nuclear thermal approach, as described earlier, and a spacecraft capable of providing artificial gravity.

Interstellar Space Travel
Will humans ever travel to a distant solar system hosted by a distant star?  The answer may be yes, but not anytime soon.  To accomplish such a monumental feat, advances in power and propulsion capability well beyond anything even researched today will be required.  Break​throughs comparable to the discovery of relativity and quantum mechanics in the early Twentieth Century must be achieved if humans are to attempt to reach just the nearest star to Earth, Alpha Centauri, which is 4.3 light years (25 trillion miles) away.  More promising destinations, i.e. those having high probabilities of solar systems similar to Earth’s, are more distant, however.  Two examples are Epsilon Eridani, which is 10.8 light years away, and Tau Ceti, 11.8 light years distant.  See the figure below for the issues with long term space travel.  Even using the most efficient propulsion system known to man today (Specific Impulse of 50,000 sec), requires the mass of the sun in propellant to get to Alpha Centauri in 50 years. 
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Figure 11.  The Tradeoffs Among Rocket Efficiency, Propellant Mass and Trip Time for Interstellar Space Travel

The speed of light (186,000 miles per second) is the upper limit on how fast a spacecraft can travel toward a distant star.  Traveling at this speed to Alpha Centauri and sending data back would entail a total mission time of 8.6 years.  A more realistic scenario employs a propulsion system capable of sustaining an acceleration of 0.1 g for one year to reach a velocity of 0.1 c (one-tenth the speed of light) and coast for 43 years to reach Alpha Centauri.  Counting the 4.3 light years for the information to return to earth, a fly-by mission to Alpha Centauri would take about 48 years.  A comparable mission to Tau Ceti would require 133 years to complete.
It is generally agreed that to plan a mission of longer than 50 years to Alpha Centauri may mean that a later mission with more modern propulsion technologies might arrive there before the original one.  The implication, of course, is that it would have been better to invest the time and money into improving the technologies instead of rushing the mission as soon as it became feasible.  Only in the case of distant space travel do such conundrums arise!  

Conventional thermochemical rocket propulsion is impractical for interstellar travel because of the combined thrust-propellant requirement for a one-year burn.  NASA’s former Breakthrough Propulsion Physics (BPP) Program attempted to find new technical concepts that could overcome this limitation, such as propulsion systems requiring no propellant mass, propulsion technologies that attain the maximum transit speeds physically possible, and breakthrough methods of energy production to power these technologies.  Some of the concepts are: 

· Nuclear-Electric Rocket:  A nuclear reactor combined with a thermal-to-electric generator powering an ion thruster.  The current level of technology applied in this manner would result in a travel time to Alpha Centauri of 12,500 years. 

· Nuclear-Pulse Rocket:  Small nuclear explosions (fission or fusion) impart thrust through a momentum-conditioning unit (shock absorber) to a momentum absorber (pusher plate) on the vehicle.  Development of this technology is on hold, as it would violate the Nuclear Test Ban Treaty.
· Antimatter Rocket:  Propulsive energy extracted from the annihilation of matter and antimatter.  A key challenge is keeping the two types of matter apart until they are used.
· Beamed-Pellet Propulsion:  A long electromagnetic mass driver in the solar system accelerates small pellets in a path toward the star.  The interstellar vehicle rides the pellet beam using a strong magnetic field to reflect the pellets and convey momentum to the spacecraft.

· Beamed-Microwave Propulsion:  Reflected microwaves off a very large sail convey momentum to the spacecraft.  Only good for lightweight probes.  Microwaves only practical at close ranges.

· Beamed-Laser Propulsion:  Reflected laser beam off a very large sail conveys momentum to the spacecraft.
These and other concepts are addressed in Advanced Space System Concepts and Technologies by Ivan Bekey and other sources.
Interestingly, some of the breakthroughs necessary for interstellar travel would totally change the quality of life on Earth.  For example, for a manned interstellar mission to Epsilon Eridani based on beamed-laser propulsion would require a 43,000 terawatt laser running for 1.6 years to complete the mission in 50 years.  Supplying that quantity of energy would require the achievement of controlled nuclear fusion.  If nuclear fusion is solved, all civilization will witness a profound increase in the availability of energy.
The magnitude of the technical problems to be solved is so great that it will probably be at least 100 years before human interstellar travel is attempted.  The financial investment will also be formidable.

Asteroid Defense

Defense of the Earth against near-Earth objects – asteroids and occasional comets – also demands powerful technological capabilities, both for detection and, should the need arise, effective action.  An estimated 1,000 to 1,500 asteroids one kilometer or greater in size exist in the inner solar system.  Relatively small asteroids, about 100 meters in size, are thought to hit the Earth every few hundred years with potentially deadly effects.  One such impact unleashed the force of 1000 atomic bombs when it struck an unpopulated area of Siberia in 1908.
The goal of the Spaceguard Survey, funded mainly by NASA, is to find 90 percent of the 1-km or greater objects by 2008.  Data from this and other sources are fed into the Minor Planet Center at the Smithsonian Astrophysical Observatory in Cambridge, Massachusetts, which operates on behalf of the International Astronomical Union and serves as the central repository of information on sub-planet objects.  The Jet Propulsion Laboratory’s Sentry System assesses the impact potential of detected near-Earth asteroids, classifying those that exhibit a Minimum Orbit Intersection Distance of 7.5 million km or less and a size greater than 150 m as Potentially Hazardous Asteroids (PHAs).  In January 2006, there were 760 PHAs being monitored. For the period from January 1 to March 11, JPL posted 24 upcoming close approaches to Earth, including object 2000 PN9 estimated to be 1.6 to 3.6 km in size, traveling at a relative velocity to Earth of 31.3 km/s, and predicted to pass at a distance of 7.9 lunar distances, or about 3 million km.  At any given time, JPL makes available its current estimated cumulative probability of impact of each threatening NEO and the period of time for which it applies.  For example, in the period 2036-2037, Object 2004 MN4, 320 m in diameter, will have two chances of impacting the Earth with a cumulative probability of about 1 chance in 6000.

In 2003, NASA issued a study report addressing the feasibility of detecting near-Earth objects smaller than one km in size, recognizing that such objects striking Earth could cause massive regional damage, including that from tsunamis generated by ocean impacts.  The study team recommended a goal of a search and detection program sufficient to eliminate 90% of the expected damage from sub-kilometer objects greater than 140 m in size.   The envisioned sensors comprised a mix of ground-based and space-based telescopes, with no breakthroughs in technology anticipated.

The other half of the asteroid defense equation is the action to be taken against truly threatening objects.  According to NASA’s Bill Cooke, the notion of the populace that NASA or some other governmental entity has a means of preventing a collision by an asteroid or comet is false.  Cooke states that “Despite the certainty that an impact will occur sometime in the future, practically nothing has been done to establish the infrastructure that would be required to mitigate the calamities caused by such events.  Inaction has been justified by the assumption that there will be decades, if not centuries, of warning, plenty of time to prepare a defense.”

Still, various concepts have been advanced for preventing an asteroid from colliding with Earth, including nuclear explosions, kinetic impact, mass ejection, ablation, and solar pressure.  For example, lasers or giant space mirrors could evaporate ices on its surface, creating jets that propel it away from Earth.  Alternatively, half-painting a threatening asteroid could make it radiate heat differently on each side, slowly nudging it off course.  However, techniques of this nature require several years of advance warning in order to move the asteroids into safe orbits.

If an overlooked asteroid or comet were suddenly discovered on a collision path with Earth presenting much less time to react, a faster means of action would be required.  One concept that could offer somewhat more rapid response is the space tug as conceived by Schweickart et al that employs low thrust plasma engines powered by electricity from a nuclear fission reactor to move an asteroid into a different orbit.  The proposed pathfinder for a full-blown space tug is the B612 mission, which is designed to demonstrate the ability to attach an engine assembly to an asteroid and apply a low thrust over several months sufficient to alter its velocity and spin to a convincing degree.  Assuming the B612 spacecraft can use off-the-shelf power and propulsion systems and that launch can be accomplished by a single existing launch vehicle, proponents project the cost of the mission to be about $1 billion.  There is no indication, however, that this experiment is in line to receive funding from NASA anytime soon.
Another concept, described by Didier Massonnet and Benoît Meyssignac of France's National Centre for Space Studies, entails capturing a small 40-meter asteroid and “parking” it at a stable Lagrange point 1.5 million km from Earth, where the gravity of the Earth and the Sun balance.  When an object is found to be on a collision course with Earth, the small rock could be moved into its path within eight months.  This "David's stone" would be too puny to cause any damage to Earth if things went awry, claim its advocates.  But other experts say the plan is not realistic. It relies on using a small hopping robot to excavate rock at tens of meters per second from the little asteroid in order to provide the force to capture it and send it towards the larger rock. The capture would take a year of digging and would require the robot to remove 66% of the small rock's mass, a very difficult thing to do technically, according to Dan Durda, a planetary scientist at the Southwest Research Institute in Boulder, Colorado.
More direct impact techniques promise quicker results, and one such concept would entail crashing an impactor spacecraft into a dangerous asteroid.  Dario Izzo, an aerospace engineer at the European Space Agency's Advanced Concepts Team in The Netherlands, is currently formulating an experiment associated with ESA’s Don Quijote mission to do this.  Don Quijote is a technology demonstration mission designed to put a spacecraft in orbit around an asteroid to watch as another is sent crashing into it.  Izzo's team has been working on ways to have this impactor spacecraft demonstrate its ability to deflect a threatening asteroid.  As a test case, the team used the orbital parameters of Apophis, a 400-meter asteroid that will pass by Earth in 2029.  During that pass, Apophis may change course enough to hit Earth when it returns again in 2036 – a possibility currently seen as having a 1-in-5000 probability of happening.  The team found that Apophis could be deflected by a 700 kilogram (1540 pound) spacecraft launched in 2026 whose impact would change its speed by only 0.01 mm per second – a tiny change but enough to prevent it from colliding with Earth a decade later.
NASA has not yet funded the Congressionally-mandated program recommended in its 2003 study cited earlier to eliminate 90% of the threat from objects greater than 140 meters in size.  Neither has the US government assigned any agency responsibility for dealing with an impact threat that may be identified.  So the unsettling words of Bill Cooke chastising decision makers for their assumption that there will be plenty of time to react when a real threat is finally identified seem to hold true.
Conclusions
Space exploration and exploitation are enterprises that depend very heavily on technological advances, some of which occur in response to non-space related incentives, but many of which come only as a result of substantial government investment in space.  The current climate for government investment in space technology is not encouraging, presumably a result of greatly increased expenditures by the government in other sectors, such as the pacification of Iraq and Afghanistan, the war on terrorism, disaster prevention and relief, and the growth in the cost of entitlement programs.  In May 2006, for example, the Space Studies Board of the National Research Council reported that NASA had not been provided with the resources necessary to carry out the tasks it had been assigned and that it was particularly concerned that the shortfall in funding for science had fallen disproportionately on small missions and on basic research and technology.  Priority shifts within the Defense budget also do not bode well for vigorous space technology efforts.  All indications point to a continuation of this austere fiscal climate for some years to come.

The main challenge, then, is for the government to make the wisest choices in how to allocate level or declining sums of money year to year among the numerous space technology projects and proposals competing for support.  This is extraordinarily difficult, in part because it requires comparisons of value, feasibility, and risk across an extremely wide spectrum of technical possibilities.  How important is it, for example, to confirm the presence of water on one or more moons of Jupiter compared to, say, preparing to divert a sizable asteroid that has one chance in 5,000 of striking the Earth ten years from now?  In a zero-sum or declining-sum game, each new initiative comes only at the expense of one or more existing initiatives.
To meet this challenge, scientists and technologists on the one hand and politicians on the other must continue striving to comprehend each others’ interests, objectives, and obligations.  Sometimes there is the happy coincidence that a politician is a scientist or engineer, but not often.  Technical people must accept political realities, and politicians must try to overcome any aversions to technical issues and explanations.  Advisory panels comprising experts with diverse interests and experience have served usefully in the past in bridging this “culture gap”, and their continued use is commended.  Prestigious universities, often private, with large endowments and generous alumni have the privilege of acting on farsighted proposals that excite their faculty and students, unimpeded by consideration of commercial potential or political pressures.  Hopefully, the call of space exploration and space technology will continue to captivate and energize some of these institutions.
Not to be overlooked are the benefits of international cooperation in space technology, even though past experiences have not been without difficulty.  As with the high-energy physics community, dividing up the research pie means that more frontiers can be explored, with more progress likely being made.  Fortunately, cooperation in space has always been accepted as an international objective, serving, for example, as a stabilizing influence during some of the bleakest days of the Cold War.
Over the long term technology for space will continue to advance, hopefully for the benefit of the whole world.  It is important in the meantime, as other priorities dominate, that space activities not lose their luster, their infusion of capable, young, highly educated enthusiasts, and thus their momentum.
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