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A sleeper ship is a hypothetical type of manned spaceship in which most or all of the crew spends the journey in some form of hibernation or suspended animation. There is currently no known technology that allows for long-term suspended animation of humans.

The most common role of sleeper ships in fiction is for interstellar travel, usually at sub-light speed. Travel times for such journeys could reach into the hundreds or thousands of years, making some form of life extension such as suspended animation necessary for the original crew to live to see their destination. Suspended animation is also required on ships which cannot be used as generation ships, for whatever reason.

Freezing the astronauts would probably involve whole body vitrification, and they would most likely be frozen at 145 Kelvin to reduce the risk of fracturing.[1]

Suspended animation can also be useful to reduce the consumption of life support system resources by crew members who are not needed during the trip (and also to an author as a plot device), and for this reason sleeper ships sometimes also make an appearance in the context of purely interplanetary travel.

 Examples in fiction

There are numerous examples of sleeper ships in science fiction literature and films. Some of the best-known examples are:


	2001: A Space Odyssey

	Pandorum

	Nostromo, the sleeper/cargo ship in the film Alien

	Sulaco, the sleeper/war ship in the film Aliens

	Planet of the Apes

	The Fifth Element

	Avatar

	Stargate SG-1

	Prometheus

	SS Botany Bay, a sleeper ship in the Star Trek episode "Space Seed"

	Cargo

	New Mayflower and Ark from Frederik Pohl's novel The World at the End of Time



 See also


	Embryo space colonization

	Seedship

	Generation ship



 References



	^ "Ralph-Merkle-Interview". p. 4. 
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8-cell embryo for transfer in in-vitro fertilization





Embryo space colonization is a theoretical interstellar space colonization concept that involves sending a robotic mission to a habitable terrestrial planet transporting frozen early-stage human embryos or the technological or biological means to create human embryos.[1] [2] The proposal circumvents the most severe technological problems of other mainstream interstellar colonization concepts. In contrast to the sleeper ship proposal, it does not require the more technically challenging 'freezing' of fully developed humans (see cryonics).
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Embryo space colonization concepts involve various concepts of delivering the embryos from Earth to an extrasolar planet around another star system.


	The most straightforward concept is to make use of frozen embryos. Modern medicine has made it possible to store frozen embryos in various low-development stages (up to several weeks into the development of the embryo).

	The technologically more challenging but more flexible scenario calls for just carrying the biological means to create embryos, that is various samples of donated sperm and egg cells.

	Going a step further, the spacecraft "cargo" could be limited just to the genetic information of humans stored in as computer files. In this case, sperm and egg cells would need to be recreated by a biosequencer at the target planet (this proposal is currently not technologically feasible).



 Mission at target planet

Regardless of the "cargo" used in any embryo space colonization scenario, the basic concept is that upon arrival of the embryo-carrying spacecraft (EIS) at the target planet, fully autonomous robots would build the first settlement on the planet and start growing crops. More ambitiously, the planet may be terraformed first.[1] [2] Thereafter the first embryos could be unfrozen (or created using biosequenced or natural sperm and egg cells as outlined above).

In any event, one of the technologies needed for the proposal are artificial uteri.[1] [2] The embryos would need to develop in such artificial uteri until a large enough population existed to procreate by natural biological means.

 Comparison to other interstellar colonization concepts


	Proposals of sleeper ships and generation ships require very large spacecraft to transport humans, life support systems and other equipment or food as well as an even larger propulsion system for a long period in time. Even optimistic proposals would require such a major effort for such ships that the resources required on Earth would involve a large part of mankind devoted to the mission or would even exceed available resources. In contrast, an EIS would have feasible small dimensions in the range of today's spacecraft, as the most important "cargo" would not need much space or weigh very much.

	Sleeper ship proposals call for freezing adult humans. While there is research into hibernation, the complexity of a living fully developed human body may make the sleeper ship proposals much more difficult.[2]

	While sleeper ships and generation ships would deliver to a prospective colony world a population that has undergone some degree of education, training, and socialization in areas reconcilable with those of the sponsor culture (e.g. historical, scientific, and technical education, language acquisition, an understanding of the original mission and broader cultural norms), individuals who are born into colony worlds through embryo space colonization would initially lack this education. [1]



 Difficulties in implementing the concept
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Artist's impression from 2005 of the planet HD 69830 d. Embryo space colonization depends on the existence of a habitable terrestrial exoplanet.





Major difficulties with the idea being implemented include needed advances in various technological areas. In addition there are biological and ethical problems. The proposal, together with any other space colonization concept, depends on facts that are not known today.


	Robotics: Whether it will be possible to develop fully autonomous robots that can build the first settlement on the target planet and raise the first humans, is unclear. In addition, the psychological effects on humans of being raised by a robotic space probe (and their effects on subsequent generations) are unknown and difficult to assess.

	Artificial Uterus: Artificial wombs are not available today. Scientists are however already working on this technology.

	Long-duration computers: Computer hardware would need to function reliably over long periods of time, in the range of several thousands of years.

	Propulsion: Furthermore, a propulsion system would be required that could accelerate the EIS to a high speed and slow it down again upon nearing the destination. Even assuming a speed one hundred times faster than any of today's spaceprobes and a target planet within a couple of hundred light years would lead to a journey lasting several thousand years.

	Exoplanet found: Finally this depends on the existence of an exoplanet qualifying for colonization within a reachable distance. Current science missions like COROT, Kepler or Darwin may very well yield results for this requirement within the next 3 to 4 years.[when?]



 Examples in fiction


	James P. Hogan's novel Voyage from Yesteryear features a planet that was colonized a few generations ago by an automated ship capable of abiogenesis from computerized DNA records of humans and other Earth life, now being visited by a more advanced interstellar spacecraft capable of carrying an adult crew.




	Richard Morgan's novel, Broken Angels (a sequel to the first Takeshi Kovacs novel Altered Carbon), shows Embryo Colonisation as the only one humanity could have ever developed, with only STL travel and string communication being available to them. It describes also, its stages and flaws.




	Tomasz Kołodziejczak's novel Caught in the Lights (the second book in the Solar Dominium dilogy) describes embryo space colonisation in two stages, the robotic and the embryonic. There was a time period in the book's universe called "The Sperm Wars", in which embryos were forced to rapidly grow and fight to defend the colony. Most of those children never reached adulthood due to either forced growth suspension, or being killed in action.




	Jack Williamson's Manseed has as a protagonist one of the robots responsible for protecting and assisting colonists created on a new planet by an automated "seedship", though in this case the colonists are "born" as full adults and with implanted knowledge recorded from preexisting humans via mind transfer technology.




	In Yukinobu Hoshino's 2001 Nights manga, Night 4 showcases an interstellar mission where an automated ship bearing frozen embryos is launched with the help of a comet. Two later chapters, or "Nights," in the series explore what happens to the mission after it touches down on the surface of the destination world.




	In David Brin's The River of Time (1986), the short story Lungfish - which prominently features Von Neumann probes - mentions a class of probe called Seeders which seem to be a type of self-replicating EIS.[3]




	In Alastair Reynolds' Revelation Space series a faction of humanity known as "Amerikano" sent numerous colonization ships out into the galaxy. Almost all of these missions ended in failure, although they did have some success. One noteworthy example (although only a partial success) is the planet "Yellowstone", a planet in the Revelation Space Trilogy and the primary location for another novel in the same setting, "Chasm City", as well as one of the major human clusters in the galaxy.




	In Arthur C. Clarke's novel, The Songs of Distant Earth (1986) humans respond to the prospect of unavoidable doom by launching a series of robot colony seedships into space, to continue Earth life after the destruction of the homeworld (caused by the Sun becoming a nova). Thalassa is colonised by one such ship, but loses contact due to a natural disaster. As technology advances the mantle of colonization is then taken up by sleeper ships. Meanwhile, just as the predicted time of cataclysm is due to elapse, vacuum energy technology is invented to allow the construction of one near-light-speed vessel, the Magellan, which is launched to build the last colony of mankind. (Previous colony ships involved frozen embryos, or various forms of DNA synthesis. In Magellan, a living crew is transported in cryonic suspension.) The Magellan will also assist in terraforming the colonists new planet, Sagan Two.




	In the episode Scorched Earth of the TV Science Fiction series Stargate SG-1, a ship created by extraterrestrials known as the Gadmeer was in the process of 'terraforming' a planet (or rather, adapting it for non-terran life). It contained genetic information from all the life forms of the sulphur-breathing Gadmeer's home planet, all the knowledge of the Gadmeer, and things of cultural importance to the Gadmeer, and was to re-create them once the 'terra'-forming process was completed.




	In the animated film Titan A.E., during the destruction of Earth by alien invaders, a ship is launched with the DNA of every species on the planet.




	In Vernor Vinge's 1972 short story "Long Shot", the story of an attempt at embryo space colonization is told from the point of view of the artificial intelligence bearing the embryo through interstellar space. In his Marooned in Realtime, which posits a society with few remaining Earthlings, artificial womb technology is discussed as necessary to rebuild the population of Earth, since a sufficient rate of natural reproduction would be unfeasible.




	The failed MMO Seed revolved around the concept of embryo space colonization.




	In Pamela Sargent's novel Alien Child (1988) humanity is extinct except for two children raised by aliens that were found in a storeroom full of embryos. The storeroom was built before humanity destroyed itself with wars. The children have to decide whether to revive the other embryos or let the human race die completely.

	Embryo space colonization is treated with derision in Kurt Vonnegut's satiric short story The Big Space Fuck.



 See also


	Embryogenesis



 Notes


	^ a b c d Crowl, Adam et al. "Embryo Space Colonisation to Overcome the Interstellar Time Distance Bottleneck". Journal of the British Interplnanetary Society, 65, 283-285, 2012. 

	^ a b c d Lucas, Paul (2004-06-21). "Cruising the Infinite: Strategies for Human Interstellar Travel". Retrieved 2006-12-24. 

	^ Brin, David (1987). "Lungfish". The River of Time. Davidbrin.com. Retrieved 2006-12-24. 
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An artist's conception of the NASA reference design for the Project Orion spacecraft powered by nuclear propulsion.





Project Orion was a study of a spacecraft intended to be directly propelled by a series of explosions of atomic bombs behind the craft (nuclear pulse propulsion). Early versions of this vehicle were proposed to have taken off from the ground with significant associated nuclear fallout; later versions were presented for use only in space.

A 1955 Los Alamos Laboratory document states (without offering references) that general proposals were first made by Stanislaw Ulam in 1946, and that preliminary calculations were made by F. Reines and Ulam in a Los Alamos memorandum dated 1947.[1] The actual project, initiated in 1958, was led by Ted Taylor at General Atomics and physicist Freeman Dyson, who at Taylor's request took a year away from the Institute for Advanced Study in Princeton, US to work on the project.

The Orion concept offered high thrust and high specific impulse, or propellant efficiency, at the same time. The unprecedented extreme power requirements for doing so would be met by nuclear explosions, of such power relative to the vehicle's mass as to be survived only by using external detonations without attempting to contain them in internal structures. As a qualitative comparison, traditional chemical rockets—such as the Saturn V that took the Apollo program to the Moon—produce high thrust with low specific impulse, whereas electric ion engines produce a small amount of thrust very efficiently. Orion would have offered performance greater than the most advanced conventional or nuclear rocket engines then under consideration. Supporters of Project Orion felt that it had potential for cheap interplanetary travel, but it lost political approval over concerns with fallout from its propulsion.[2]

The Partial Test Ban Treaty of 1963 is generally acknowledged to have ended the project. However, from Project Longshot to Project Daedalus, Mini-Mag Orion, and other proposals which reach engineering analysis at the level of considering thermal power dissipation, the principle of external nuclear pulse propulsion to maximize survivable power has remained common among serious concepts for interstellar flight without external power beaming and for very high-performance interplanetary flight. Such later proposals have tended to modify the basic principle by envisioning equipment driving detonation of much smaller fission or fusion pellets, although in contrast Project Orion's larger nuclear pulse units (nuclear bombs) were based on less speculative technology.
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 Basic principles


[image: ]

[image: ]

The Orion Spacecraft – key components.[3]






[image: ]

[image: ]

A design for a pulse unit.





The Orion nuclear pulse drive combines a very high exhaust velocity, from 12 to 19 mi/s (19 to 31 km/s) in typical interplanetary designs, with meganewtons of thrust.[4] Many spacecraft propulsion drives can achieve one of these or the other, but nuclear pulse rockets are the only proposed technology that could potentially meet the extreme power requirements to deliver both at once (see spacecraft propulsion for more speculative systems).

Specific impulse (Isp) measures how much thrust can be derived from a given mass of fuel, and is a standard figure of merit for rocketry. For any rocket propulsion, since the kinetic energy of exhaust goes up with velocity squared (kinetic energy = ½ mv2), whereas the momentum and thrust goes up with velocity linearly (momentum = mv), obtaining a particular level of thrust (as in a number of g acceleration) requires far more power each time that exhaust velocity and specific impulse (Isp) is much increased in a design goal. (For instance, the most fundamental reason that current and proposed electric propulsion systems of high Isp tend to be low thrust is due to their limits on available power. Their thrust is actually inversely proportional to Isp if power going into exhaust is constant or at its limit from heat dissipation needs or other engineering constraints).[5] The Orion concept detonates nuclear explosions externally at a rate of power release which is beyond what nuclear reactors could survive internally with known materials and design.

Since weight is no limitation, an Orion craft can be extremely robust. An unmanned craft could tolerate very large accelerations, perhaps 100 g. A human-crewed Orion, however, must use some sort of damping system behind the pusher plate to smooth the instantaneous acceleration to a level that humans can comfortably withstand – typically about 2 to 4 g.

The high performance depends on the high exhaust velocity, in order to maximize the rocket's force for a given mass of propellant. The velocity of the plasma debris is proportional to the square root of the change in the temperature (Tc) of the nuclear fireball. Since fireballs routinely achieve ten million degrees Celsius or more in less than a millisecond, they create very high velocities. However, a practical design must also limit the destructive radius of the fireball. The diameter of the nuclear fireball is proportional to the square root of the bomb's explosive yield.

The shape of the bomb's reaction mass is critical to efficiency. The original project designed bombs with a reaction mass made of tungsten. The bomb's geometry and materials focused the X-rays and plasma from the core of nuclear explosive to hit the reaction mass. In effect each bomb would be a nuclear shaped charge.

A bomb with a cylinder of reaction mass expands into a flat, disk-shaped wave of plasma when it explodes. A bomb with a disk-shaped reaction mass expands into a far more efficient cigar-shaped wave of plasma debris. The cigar shape focuses much of the plasma to impinge onto the pusher-plate.

The maximum effective specific impulse, Isp, of an Orion nuclear pulse drive generally is equal to:


	[image: I_{sp} = \frac{C_0 \cdot V_e}{g_n}]



where C0 is the collimation factor (what fraction of the explosion plasma debris will actually hit the impulse absorber plate when a pulse unit explodes), Ve is the nuclear pulse unit plasma debris velocity, and gn is the standard acceleration of gravity (9.81 m/s2; this factor is not necessary if Isp is measured in N·s/kg or m/s). A collimation factor of nearly 0.5 can be achieved by matching the diameter of the pusher plate to the diameter of the nuclear fireball created by the explosion of a nuclear pulse unit.

The smaller the bomb, the smaller each impulse will be, so the higher the rate of impulses and more than will be needed to achieve orbit. Smaller impulses also mean less g shock on the pusher plate and less need for damping to smooth out the acceleration.

The optimal Orion drive bomblet yield (for the human crewed 4,000 ton reference design) was calculated to be in the region of 0.15 kt, with approx 800 bombs needed to orbit and a bomb rate of approx 1 per second.[citation needed]

 Sizes of Orion vehicles

The following can be found in George Dyson's book[6] pg. 55 published in 2002. The figures for the comparison with Saturn V are taken from this section and converted from metric (kg) to US short tons.



	
	Orbital

test
	Interplanetary
	Advanced

interplanetary
	Saturn V



	Ship mass
	880 t
	4,000 t
	10,000 t
	3,350 t



	Ship diameter
	25 m
	40 m
	56 m
	10 m



	Ship height
	36 m
	60 m
	85 m
	110 m



	Bomb yield

(sea level)
	0.03 kt
	0.14 kt
	0.35 kt
	n/a



	Bombs

(to 300 mi Low Earth Orbit)
	800
	800
	800
	n/a



	Payload

(to 300 mi LEO)
	300 t
	1,600 t
	6,100 t
	130 t



	Payload

(to Moon soft landing)
	170 t
	1,200 t
	5,700 t
	2 t



	Payload

(Mars orbit return)
	80 t
	800 t
	5,300 t
	–



	Payload

(3yr Saturn return)
	–
	–
	1,300 t
	–




In late 1958 to early 1959, it was realized that the smallest practical vehicle would be determined by the smallest achievable bomb yield. The use of 0.03 kt (sea-level yield) bombs would give vehicle mass of 880 tons. However, this was regarded as too small for anything other than an orbital test vehicle and the team soon focused on a 4,000 ton "base design".

At that time, the details of small bomb designs were shrouded in secrecy. Many Orion design reports had all details of bombs removed before release. Contrast the above details with the 1959 report by General Atomics,[7] which explored the parameters of three different sizes of hypothetical Orion spacecraft:



	
	"Satellite"

Orion
	"Midrange"

Orion
	"Super"

Orion



	Ship diameter
	17–20 m
	40 m
	400 m



	Ship mass
	300 t
	1000–2000 t
	8,000,000 t



	Number of bombs
	540
	1080
	1080



	Individual bomb mass
	0.22 t
	0.37–0.75 t
	3000 t




The biggest design above is the "super" Orion design; at 8 million tonnes, it could easily be a city.[8] In interviews, the designers contemplated the large ship as a possible interstellar ark. This extreme design could be built with materials and techniques that could be obtained in 1958 or were anticipated to be available shortly after. The practical upper limit is likely to be higher with modern materials.

Most of the three thousand tonnes of each of the "super" Orion's propulsion units would be inert material such as polyethylene, or boron salts, used to transmit the force of the propulsion units detonation to the Orion's pusher plate, and absorb neutrons to minimize fallout. One design proposed by Freeman Dyson for the "Super Orion" called for the pusher plate to be composed primarily of uranium or a transuranic element so that upon reaching a nearby star system the plate could be converted to nuclear fuel.

 Interplanetary applications

The Orion nuclear pulse rocket design has extremely high performance. Orion nuclear pulse rockets using nuclear fission type pulse units were originally intended for use on interplanetary space flights.

Missions that were designed for an Orion vehicle in the original project included single stage (i.e., directly from Earth's surface) to Mars and back, and a trip to one of the moons of Saturn.[8]

One possible modern mission for this near-term technology would be to deflect an asteroid that could collide with Earth. The extremely high performance would permit even a late launch to succeed, and the vehicle could effectively transfer a large amount of kinetic energy to the asteroid by simple impact. Also, such an unmanned mission would eliminate the need for shock absorbers, the most problematic issue of the design.

Nuclear fission pulse unit powered Orions could provide fast and economical interplanetary transportation with useful human crewed payloads of several thousand tonnes.

 Interstellar missions

Freeman Dyson performed the first analysis of what kinds of Orion missions were possible to reach Alpha Centauri, the nearest star system to the Sun.[9] His 1968 paper "Interstellar Transport"[10] (Physics Today, October 1968, p. 41–45) retained the concept of large nuclear explosions but Dyson moved away from the use of fission bombs and considered the use of one megaton deuterium fusion explosions instead. His conclusions were simple: the debris velocity of fusion explosions was probably in the 3000–30,000 km/s range and the reflecting geometry of Orion's hemispherical pusher plate would reduce that range to 750–15,000 km/s.[11]

To estimate the upper and lower limits of what could be done using contemporary technology (in 1968), Dyson considered two starship designs. The more conservative energy limited pusher plate design simply had to absorb all the thermal energy of each impinging explosion (4×1015 joules, half of which would be absorbed by the pusher plate) without melting. Dyson estimated that if the exposed surface consisted of copper with a thickness of 1 mm, then the diameter and mass of the hemispherical pusher plate would have to be 20 kilometers and 5 million metric tons, respectively. 100 seconds would be required to allow the copper to radiatively cool before the next explosion. It would then take on the order of 1000 years for the energy-limited heat sink Orion design to reach Alpha Centauri.

In order to improve on this performance while reducing size and cost, Dyson also considered an alternative momentum limited pusher plate design where an ablation coating of the exposed surface is substituted to get rid of the excess heat. The limitation is then set by the capacity of shock absorbers to transfer momentum from the impulsively accelerated pusher plate to the smoothly accelerated vehicle. Dyson calculated that the properties of available materials limited the velocity transferred by each explosion to ~30 meters per second independent of the size and nature of the explosion. If the vehicle is to be accelerated at 1 Earth gravity (9.81 m/s2) with this velocity transfer, then the pulse rate is one explosion every three seconds.[12] The dimensions and performance of Dyson's vehicles are given in the table below



	
	"Energy Limited"

Orion
	"Momentum Limited"

Orion



	Ship diameter (meters)
	20,000 m
	100 m



	Mass of empty ship (metric tons)
	10,000,000 t (incl.5,000,000 t copper hemisphere)
	100,000 t (incl. 50,000 t structure+payload)



	+Number of bombs = total bomb mass (each 1 Mt bomb weighs 1 metric ton)
	30,000,000
	300,000



	=Departure mass (metric tons)
	40,000,000 t
	400,000 t



	Maximum velocity (kilometers per second)
	1000 km/s (=0.33% of the speed of light)
	10,000 km/s (=3.3% of the speed of light)



	Mean acceleration (Earth gravities)
	0.00003 g (accelerate for 100 years)
	1 g (accelerate for 10 days)



	Time to Alpha Centauri (one way, no slow down)
	1330 years
	133 years



	Estimated cost
	1 year of U.S. GNP (1968), $3.67 Trillion
	0.1 year of U.S. GNP $0.367 Trillion




Later studies indicate that the top cruise velocity that can theoretically be achieved by a thermonuclear Orion starship, assuming no fuel is saved for slowing back down, is about 8% to 10% of the speed of light (0.08-0.1c).[2] An atomic (fission) Orion can achieve perhaps 3%-5% of the speed of light. A nuclear pulse drive starship powered by matter-antimatter pulse units would be theoretically capable of obtaining a velocity between 50% to 80% of the speed of light. In each case saving fuel for slowing down halves the max. speed.

At 0.1c, Orion thermonuclear starships would require a flight time of at least 44 years to reach Alpha Centauri, not counting time needed to reach that speed (about 36 days at constant acceleration of 1g or 9.8 m/s2). At 0.1c, an Orion starship would require 100 years to travel 10 light years. The astronomer Carl Sagan suggested that this would be an excellent use for current stockpiles of nuclear weapons.[13]

Further information: Interstellar travel

 Later developments

A concept similar to Orion was designed by the British Interplanetary Society (B.I.S.) in the years 1973–1974. Project Daedalus was to be a robotic interstellar probe to Barnard's Star that would travel at 12% of the speed of light. In 1989, a similar concept was studied by the U.S. Navy and NASA in Project Longshot. Both of these concepts require significant advances in fusion technology, and therefore cannot be built at present, unlike Orion.

From 1998 to the present, the nuclear engineering department at Pennsylvania State University has been developing two improved versions of the Daedalus design known as Project Ican and Project Aimstar.[14]

 Economics

The expense of the fissionable materials required was thought high, until the physicist Ted Taylor showed that with the right designs for explosives, the amount of fissionables used on launch was close to constant for every size of Orion from 2,000 tons to 8,000,000 tons. The larger bombs used more explosives to super-compress the fissionables, reducing fallout. The extra debris from the explosives also serves as additional propulsion mass.

The bulk of costs for historical nuclear defense programs have been for delivery and support systems, rather than for production cost of the bombs directly (with warheads being 7% of the U.S. 1946-1996 expense total according to one study).[15] After initial infrastructure development and investment, the marginal cost each of additional nuclear bombs in mass production can be relatively low. In the 1980s, some U.S. thermonuclear warheads had $1.1 million estimated cost each ($630 million for 560).[16] For the perhaps simpler fission pulse units to be used by one Orion design, a 1964 source estimated a cost of $40000 or less each in mass production, which would be up to approximately $0.3 million each in modern-day dollars adjusted for inflation.[16][17]

Project Daedalus later proposed fusion explosives (deuterium or tritium pellets) detonated by electron beam inertial confinement. This is the same principle behind inertial confinement fusion. However, theoretically, it might be scaled down to far smaller explosions, and require small shock absorbers.

 Vehicle architecture
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A design for the Orion propulsion module





From 1957 until 1964 this information was used to design a spacecraft propulsion system called "Orion", in which nuclear explosives would be thrown behind a pusher-plate mounted on the bottom of a spacecraft and exploded. The shock wave and radiation from the detonation would impact against the underside of the pusher plate, giving it a powerful "kick". The pusher plate would be mounted on large two-stage shock absorbers that would smoothly transmit acceleration to the rest of the spacecraft.

During take-off, there were concerns of danger from fluidic shrapnel being reflected from the ground. One proposed solution was to use a flat plate of conventional explosives spread over the pusher plate, and detonate this to lift the ship from the ground before going nuclear. This would lift the ship far enough into the air that the first focused nuclear blast would not create debris capable of harming the ship.

A preliminary design for the explosives was produced. It used a shaped-charge fusion-boosted fission explosive. The explosive was wrapped in a beryllium oxide "channel filler", which was surrounded by a uranium radiation mirror. The mirror and channel filler were open ended, and in this open end a flat plate of tungsten propellant was placed. The whole thing was built into a can with a diameter no larger than 6 inches (15 cm) and weighed just over 300 pounds (140 kg) so it could be handled by machinery scaled-up from a soft-drink vending machine (indeed, Coca-Cola was consulted on the design).[18]

At 1 microsecond after ignition, the gamma bomb plasma and neutrons would heat the channel filler, and be somewhat contained by the uranium shell. At 2–3 microseconds, the channel filler would transmit some of the energy to the propellant, which vaporized. The flat plate of propellant formed a cigar-shaped explosion aimed at the pusher plate.

The plasma would cool to 14,000 °C, as it traversed the 25 m distance to the pusher plate, and then reheat to 67,000 °C, as (at about 300 microseconds) it hit the pusher plate and recompressed. This temperature emits ultraviolet, which is poorly transmitted through most plasmas. This helps keep the pusher plate cool. The cigar shaped distribution profile and low density of the plasma reduces the instantaneous shock to the pusher plate.

The pusher plate's thickness would decrease by about a factor of 6 from the center to the edge, so that the net velocity of the inner and outer parts of the plate are the same, even though the momentum transferred by the plasma increases from the center outwards.

At low altitudes where the surrounding air is dense, gamma scattering could potentially harm the crew and a radiation refuge would be necessary anyway on long missions to survive solar flares. Radiation shielding effectiveness increases exponentially with shield thickness (see gamma ray for a discussion of shielding), so on ships with mass greater than a thousand tons, the structural bulk of the ship, its stores, and the mass of the bombs and propellant would provide more than adequate shielding for the crew.

Stability was initially thought to be a problem due to inaccuracies in the placement of the bombs, but it was later shown that the effects would tend to cancel out.[19][20]

Numerous model flight tests (using conventional explosives) were conducted at Point Loma, San Diego in 1959. On November 14, the one-meter model, called "Hot Rod" (or "putt-putt"), first flew using RDX (chemical explosives) in a controlled flight for 23 seconds to a height of 56 meters. Film of the tests has been transcribed to video[21] shown on the BBC TV program "To Mars by A-Bomb" in 2003 with comments by Freeman Dyson and Arthur C. Clarke. The model landed by parachute undamaged and is in the collection of the Smithsonian National Air and Space Museum.

The first proposed shock absorber was merely a ring-shaped airbag. However, it was soon realized that, should an explosion fail, the 500 to 1000 ton pusher plate would tear away the airbag on the rebound. So a two-stage, detuned spring/piston shock absorber design was developed. On the reference design, the first stage mechanical absorber was tuned 4.5 times the pulse frequency whilst the second stage gas piston was tuned to 1/2 times the pulse frequency. This permitted timing tolerances of 10 ms in each explosion.

The final design coped with bomb failure by overshooting and rebounding into a 'center' position. Thus, following a failure (and on initial ground launch) it would be necessary to start (or restart) the sequence with a lower yield device. In the 1950s methods of adjusting bomb yield were in their infancy and considerable thought was given to providing a means of 'swapping out' a standard yield bomb for a smaller yield one in a 2 or 3 second time frame (or to provide an alternative means of firing low yield bombs). Modern variable yield devices would allow a single standardized explosive to be 'tuned down' (configured to a lower yield) automatically.

The bombs had to be launched behind the pusher plate fast enough to explode 20 to 30 m beyond it every 1.1 seconds or so. Numerous proposals were investigated, from multiple guns poking over the edge of the pusher plate to rocket propelled bombs launched from 'roller coaster' tracks, however the final reference design used a simple gas gun to shoot the devices through a hole in the center of the pusher plate.

 Potential problems

Exposure to repeated nuclear blasts raises the problem of ablation (erosion) of the pusher plate. However, calculations and experiments indicate that a steel pusher plate would ablate less than 1 mm if unprotected. If sprayed with an oil, it need not ablate at all (this was discovered by accident; a test plate had oily fingerprints on it, and the fingerprints suffered no ablation). The absorption spectra of carbon and hydrogen minimize heating. The design temperature of the shockwave, 67,000 °C, emits ultraviolet. Most materials and elements are opaque to ultraviolet, especially at the 340 MPa pressures the plate experiences. This prevents the plate from melting or ablating.

One issue that remained unresolved at the conclusion of the project was whether or not the turbulence created by the combination of the propellant and ablated pusher plate would dramatically increase the total ablation of the pusher plate. According to Freeman Dyson, during the 1960s they would have had to actually perform a test with a real nuclear explosive to determine this; with modern simulation technology, this could be determined fairly accurately without such empirical investigation.

Another potential problem with the pusher plate is that of spalling—shards of metal—potentially flying off the top of the plate. The shockwave from the impacting plasma on the bottom of the plate passes through the plate and reaches the top surface. At that point spalling may occur, damaging the pusher plate. For that reason, alternative substances (e.g., plywood and fiberglass) were investigated for the surface layer of the pusher plate, and thought to be acceptable.

If the conventional explosives in the nuclear bomb detonate, but a nuclear explosion does not ignite (a dud), shrapnel could strike and potentially critically damage the pusher plate.

True engineering tests of the vehicle systems were said to be impossible because several thousand nuclear explosions could not be performed in any one place. However, experiments were designed to test pusher plates in nuclear fireballs. Long-term tests of pusher plates could occur in space. Several of these tests almost flew.[citation needed] The shock-absorber designs could be tested at full-scale on Earth using chemical explosives.

But the main unsolved problem for a launch from the surface of the Earth was thought to be nuclear fallout. Any explosions within the magnetosphere would carry fissionables back to earth unless the spaceship were launched from a polar region such as a barge in the higher regions of the Arctic, with the initial launching explosion to be a large mass of conventional high explosive only to significantly reduce fallout; subsequent detonations would be in the air and therefore much cleaner. Antarctica is not viable, as this would require enormous legal changes as the continent is presently an international wildlife preserve.

Freeman Dyson, group leader on the project, estimated back in the 1960s that with conventional nuclear weapons (a large fraction of yield from fission), each launch would cause statistically on average between 0.1 and 1 fatal cancers from the fallout.[22] That estimate is based on no threshold model assumptions, a method often used in estimates of statistical deaths from other major industrial activities, such as how modern-day U.S. regulatory agencies frequently implement regulations on more conventional pollution if one life or more is predicted saved per $6 million to $8 million of economic costs incurred.[23] Each few million dollars of efficiency indirectly gained or lost in the world economy may statistically average lives saved or lost, in terms of opportunity gains versus costs.[24] Indirect effects could matter for whether the overall influence of an Orion-based space program on future human global mortality would be a net increase or a net decrease, including if change in launch costs and capabilities affected space exploration, space colonization, the odds of long-term human species survival, space-based solar power, or other hypotheticals.

Danger to human life was not a reason given for shelving the project – those included lack of mission requirement (no-one in the US Government could think of any reason to put thousands of tons of payload into orbit), the decision to focus on rockets (for the Moon mission) and, ultimately, the signing of the Partial Test Ban Treaty in 1963. The danger to electronic systems on the ground (from electromagnetic pulse) is insignificant from the sub-kiloton blasts proposed.

Orion-style nuclear pulse rockets can be launched from above the magnetosphere so that charged ions of fallout in its exhaust plasma are not trapped by the Earth's magnetic field and are not returned to Earth.

From many smaller detonations combined, the fallout for the entire launch of a 6,000 short ton (5,500 metric ton) Orion is equal to the detonation of a typical 10 megaton (40 petajoule) nuclear weapon, if pessimistically assuming the use of nuclear explosives with a high portion of total yield from fission. Historical above-ground nuclear weapon tests included 189 megatons of fission yield and caused average global radiation exposure per person peaking at 0.11 mSv/a in 1963, with a 0.007 mSv/a residual in modern times (superimposed upon other sources of exposure, primarily natural background radiation which averages 2.4 mSv/a globally but varies greatly, such as 6 mSv/a in some high-altitude cities).[25][26] Any comparison would be influenced by how population dosage is affected by detonation locations, with very remote sites preferred.

With special designs of the nuclear explosive, Ted Taylor estimated that fission product fallout could be reduced tenfold, or even to zero if a pure fusion explosive could be constructed instead. A 100% pure fusion explosive has yet to be successfully developed according to declassified US government documents, although relatively clean PNEs (Peaceful nuclear explosions) were tested for canal excavation by the Soviet Union in the 1970s with 98% fusion yield when 15 kilotons total each (only 0.3 kilotons fission).[22][27]

The vehicle and its test program would violate the Partial Test Ban Treaty of 1963 as currently written, which prohibited all nuclear detonations except those conducted underground, both as an attempt to slow the arms race and to limit the amount of radiation in the atmosphere caused by nuclear detonations. There was an effort by the US government to put an exception into the 1963 treaty to allow for the use of nuclear propulsion for spaceflight, but Soviet fears about military applications kept the exception out of the treaty. This limitation would affect only the US, Russia, and the United Kingdom. It would also violate the Comprehensive Nuclear-Test-Ban Treaty which has been signed by the United States and China, as well as the de-facto moratorium on nuclear testing that the declared nuclear powers have imposed since the 1990s. Project Orion however would not violate the Outer Space Treaty which bans nuclear weapons in space, but not peaceful uses of nuclear explosions.

It has been suggested that the restrictions of the Treaty would not apply to the Project Daedalus fusion microexplosion rocket. Daedalus class systems use pellets of one gram or less ignited by particle or laser beams to produce very small fusion explosions with a maximum explosive yield of only 10–20 tons of TNT equivalent.

The launch of such an Orion nuclear bomb rocket from the ground or from low Earth orbit would generate an electromagnetic pulse that could cause significant damage to computers and satellites, as well as flooding the van Allen belts with high-energy radiation. This problem might be solved by launching from very remote areas, because the EMP footprint would be only a few hundred miles wide. The Earth is well shielded by the Van Allen belts. In addition, a few relatively small space-based electrodynamic tethers could be deployed to quickly eject the energetic particles from the capture angles of the Van Allen belts.

An Orion spacecraft could be boosted by non-nuclear means to a safer distance, only activating its drive well away from Earth and its attendant satellites. The Lofstrom launch loop or a space elevator hypothetically provide excellent solutions, although in the case of the space elevator existing carbon nanotubes composites do not yet have sufficient tensile strength. All chemical rocket designs are extremely inefficient (and expensive) when launching mass into orbit, but could be employed if the result were viewed as worth the cost.

 Operation Plumbbob

Main article: Operation Plumbbob

A test similar to the test of a pusher plate occurred as an accidental side effect of a nuclear containment test called "Pascal B" conducted on 27 August 1957.[28] The test's experimental designer Dr. Brownlee performed a highly approximate calculation that suggested that the low-yield nuclear explosive would accelerate the massive (900 kg) steel capping plate to six times escape velocity.[29] The plate was never found, but Dr. Brownlee believes that the plate never left the atmosphere (for example it could have been vaporized by compression heating of the atmosphere due to its high speed). The calculated velocity was sufficiently interesting that the crew trained a high-speed camera on the plate, which unfortunately only appeared in one frame, but this nevertheless gave a very high lower bound for the speed.

 Appearances in fiction

Main article: List of stories featuring nuclear pulse propulsion
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IKAROS spaceprobe with solar sail in flight (artist's depiction) showing a typical square sail configuration





Solar sails (also called light sails or photon sails) are a form of spacecraft propulsion using the radiation pressure (also called solar pressure) of a combination of light and high speed ejected gasses from a star to push large ultra-thin mirrors to high speeds. Light sails could also be driven by energy beams to extend their range of operations, which is strictly beam sailing rather than solar sailing.

Solar sail craft offer the possibility of low-cost operations combined with long operating lifetimes. Since they have few moving parts and use no propellant, they can potentially be used numerous times for delivery of payloads.

Solar sails use a phenomenon that has a proven, measured effect on spacecraft. Solar pressure affects all spacecraft, whether in interplanetary space or in orbit around a planet or small body. A typical spacecraft going to Mars, for example, will be displaced by more than 1,000 km by solar pressure, so the effects must be accounted for in trajectory planning, which has been done since the time of the earliest interplanetary spacecraft of the 1960s. Solar pressure also affects the attitude of a craft, a factor that must be included in spacecraft design.[1]

The total force exerted on a solar sail may be around 1 newton or less,[2] making it a low-thrust spacecraft, along with spacecraft propelled by electric engines.
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 History of concept

Johannes Kepler observed that comet tails point away from the Sun and suggested that the sun caused the effect. In a letter to Galileo in 1610, he wrote, "Provide ships or sails adapted to the heavenly breezes, and there will be some who will brave even that void." He might have had the comet tail phenomenon in mind when he wrote those words, although his publications on comet tails came several years later.[3]

James Clerk Maxwell, in 1861-64, published his theory of electromagnetic fields and radiation, which shows that light has momentum and thus can exert pressure on objects. Maxwell's equations provide the theoretical foundation for sailing with light pressure. So by 1864, the physics community and beyond knew sunlight carried momentum that would exert a pressure on objects.

Jules Verne, in From the Earth to the Moon, published in 1865, wrote "there will some day appear velocities far greater than these [of the planets and the projectile], of which light or electricity will probably be the mechanical agent...we shall one day travel to the moon, the planets, and the stars." This is possibly the first published recognition that light could move ships through space. Given the date of his publication and the widespread, permanent distribution of his work, it appears that he should be regarded as the originator of the concept of space sailing by light pressure, although he did not develop the concept further. Verne probably got the idea directly and immediately from Maxwell's 1864 theory (although it cannot be ruled out that Maxwell or an intermediary recognized the sailing potential and became the source for Verne).[4]

Pyotr Lebedev was first to successfully demonstrate light pressure, which he did in 1899 with a torsional balance;[5] Ernest Nichols and Gordon Hull conducted a similar independent experiment in 1901 using a Nichols radiometer.[6]

Albert Einstein provided a different formalism by his recognizing the equivalence of mass and energy. We can now write simply p = E/c as the relationship between momentum, energy, and speed of light.

Svante Arrhenius predicted in 1908 the possibility of solar radiation pressure distributing life spores across interstellar distances, the concept of panspermia. He apparently was the first scientist to state that light could move objects between stars.[7]

Friedrich Zander (Tsander) published a technical paper that included technical analysis of solar sailing. Zander wrote of "using tremendous mirrors of very thin sheets" and "using the pressure of sunlight to attain cosmic velocities".[8]

J.D. Bernal wrote in 1929, "A form of space sailing might be developed which used the repulsive effect of the sun's rays instead of wind. A space vessel spreading its large, metallic wings, acres in extent, to the full, might be blown to the limit of Neptune's orbit. Then, to increase its speed, it would tack, close-hauled, down the gravitational field, spreading full sail again as it rushed past the sun."[9]

The first formal technology and design effort for a solar sail began in 1976 at Jet Propulsion Laboratory for a proposed mission to rendezvous with Halley's Comet.[2]

 Physical principles

 Solar radiation pressure

Main article: Radiation pressure

Solar radiation exerts a pressure on the sail due to reflection and a small fraction that is absorbed. The absorbed energy heats the sail, which re-radiates that energy from the front and rear surfaces.

The momentum of a photon or an entire flux is given by p = E/c,[10][11] where E is the photon or flux energy, p is the momentum, and c is the speed of light. At 1 AU the solar power flux density is about 1370 W/m2, resulting in a pressure under:

perfect absorbance: F = 4.57 μN per square metre (4.57 μPa)

perfect reflectance: F = 9.13 μN per square metre (9.13 μPa)

A perfect sail is flat and has 100% specular reflection. An actual sail will have an overall efficiency of about 90%, about 8.22 μN/m2,[12] due to curvature (billow), wrinkles, absorbance, re-radiation from front and back, non-specular effects, and other factors.

The force on a sail and the actual acceleration of the craft vary by the inverse square of distance from the sun (unless close to the sun[13]), and by the square of the cosine of the angle between the sail force vector and the radial from the sun, so


F = F0 cos2 θ / R2 (ideal sail)


where R is distance from the sun in AU. An actual square sail can be modelled as:


F = F0 (0.349 + 0.662 cos 2θ - 0.011 cos 4θ) / R2


Note that the force and acceleration approach zero generally around θ = 60° rather than 90° as one might expect with an ideal sail.[14]

Solar wind, the flux of charged particles blown out from the sun, exerts a nominal dynamic pressure of about 3 to 4 nPa, three orders of magnitude less than solar radiation pressure on a reflective sail.[15]

 Sail parameters

Sail loading (areal density) is an important parameter, which is the total mass divided by the sail area, expressed in g/m2. It is represented by the Greek letter σ.

A sail craft has a characteristic acceleration, ac, which it would experience at 1 AU when facing the sun. It is related to areal density by:


ac = 8.22 / σ, in mm/s2


The lightness number, λ, is the dimensionless ratio of maximum vehicle acceleration divided by the sun's local gravity; using the values at 1 AU:


λ = ac / 5.93


The table presents some example values. Payloads are not included. The first two are from the detailed design effort at JPL in the 1970s. The third, the lattice sailer, might represent about the best possible performance level.[2]



	Type
	  σ  
	 ac 
	  λ  
	Size



	Square sail
	5.27
	1.56
	0.26
	820 m



	Heliogyro
	6.39
	1.29
	0.22
	15 km



	Lattice sailer
	0.07
	117
	20
	1 km




 Sailing techniques

Sailing operations are simplest in interplanetary orbits, where attitude changes are done at low rates. For outward bound trajectories, the sail force vector is oriented forward of the sun line, which increases orbital energy and angular momentum, resulting in the craft moving farther from the sun. For inward trajectories, the sail force vector is oriented behind the sun line, which decreases orbital energy and angular momentum, resulting in the craft moving in toward the sun. To change orbital inclination, the force vector is turned out of the plane of the velocity vector.

In orbits around planets or other bodies, the sail is oriented so that its force vector has a component along the velocity vector, either in the direction of motion for an outward spiral, or against the direction of motion for an inward spiral.

 Attitude control

An active attitude control system (ACS) is essential for a sail craft to achieve and maintain a desired orientation. The required sail orientation changes slowly, often less than 1 degree per day, in interplanetary space, but much more rapidly in a planetary orbit. The ACS must be capable of meeting these orientation requirements.

Control is achieved by a relative shift between the craft's center of pressure and its center of mass. This can be achieved with control vanes, movement of individual sails, movement of a control mass, or altering reflectivity.

Holding a constant attitude requires that the ACS maintain a net torque of zero on the craft. The total force and torque on a sail, or set of sails, is not constant along a trajectory. The force changes with solar distance and sail angle, which changes the billow in the sail and deflects some elements of the supporting structure, resulting in changes in the sail force and torque.

Sail temperature also changes with solar distance and sail angle, which changes sail dimensions. The radiant heat from the sail changes the temperature of the supporting structure. Both factors affect total force and torque.

The ACS must compensate for all of these changes for it to hold the desired attitude.[16]

 Constraints

In Earth orbit, solar pressure and drag pressure are typically equal at an altitude of about 800 km, which means that a sail craft would have to operate above that altitude. Sail craft must operate in orbits where their turn rates are compatible with the orbits, which is generally a concern only for spinning disk configurations.

Sail operating temperatures are a function of solar distance, sail angle, reflectivity, and front and back emissivities. A sail can be used only where its temperature is kept within its material limits. Generally, a sail can be used rather close to the sun, around 0.25 AU, or even closer if carefully designed for those conditions.[2]

 Applications

 Satellites

Robert L. Forward pointed out that a solar sail could be used to modify the orbit of a satellite around the Earth. In the limit, a sail could be used to "hover" a satellite above one pole of the Earth. Spacecraft fitted with solar sails could also be placed in close orbits about the Sun that are stationary with respect to either the Sun or the Earth, a type of satellite named by Forward a statite. This is possible because the propulsion provided by the sail offsets the gravitational potential of the Sun. Such an orbit could be useful for studying the properties of the Sun over long durations.[citation needed]

Such a spacecraft could conceivably be placed directly over a pole of the Sun, and remain at that station for lengthy durations. Likewise a solar sail-equipped spacecraft could also remain on station nearly above the polar terminator of a planet such as the Earth by tilting the sail at the appropriate angle needed to just counteract the planet's gravity.[citation needed]

In his book, The Case for Mars, Robert Zubrin points out that the reflected sunlight from a large statite placed near the polar terminator of the planet Mars could be focussed on one of the Martian polar ice caps to significantly warm the planet's atmosphere. Such a statite could be made from asteroid material.[citation needed]

 Trajectory corrections

The MESSENGER probe orbiting Mercury used light pressure on its solar panels to perform fine trajectory corrections on the way to Mercury.[17] By changing the angle of the solar panels relative to the Sun, the amount of solar radiation pressure was varied to adjust the spacecraft trajectory more delicately than possible with thrusters. Minor errors are greatly amplified by gravity assist maneuvers, so using radiation pressure to make very small corrections saved large amounts of propellant.

 Interstellar flight

In the 1970s, Robert Forward proposed two beam-powered propulsion schemes using either lasers or masers to push giant sails to a significant fraction of the speed of light.[18]

In The Flight of the Dragonfly, Forward described a light sail propelled by superlasers. As the starship neared its destination, the outer portion of the sail would detach. The outer sail would then refocus and reflect the lasers back onto a smaller, inner sail. This would provide braking thrust to stop the ship in the destination star system.

Both methods pose monumental engineering challenges. The lasers would have to operate for years continuously at gigawatt strength. Forward's solution to this requires enormous solar panel arrays to be built at or near the planet Mercury. A planet-sized mirror or fresnel lens would be needed several dozen astronomical units from the Sun to keep the lasers focused on the sail. The giant braking sail would have to act as a precision mirror to focus the braking beam onto the inner "deceleration" sail.

A potentially easier approach would be to use a maser to drive a "solar sail" composed of a mesh of wires with the same spacing as the wavelength of the microwaves, since the manipulation of microwave radiation is somewhat easier than the manipulation of visible light. The hypothetical "Starwisp" interstellar probe design would use a maser to drive it. Masers spread out more rapidly than optical lasers owing to their longer wavelength, and so would not have as long an effective range.

Masers could also be used to power a painted solar sail, a conventional sail coated with a layer of chemicals designed to evaporate when struck by microwave radiation.[19] The momentum generated by this evaporation could significantly increase the thrust generated by solar sails, as a form of lightweight ablative laser propulsion.

To further focus the energy on a distant solar sail, designs have considered the use of a large zone plate. This would be placed at a location between the laser or maser and the spacecraft.[clarification needed] The plate could then be propelled outward using the same energy source, thus maintaining its position so as to focus the energy on the solar sail.[citation needed]

Additionally, it has been theorized by da Vinci Project contributor T. Pesando that solar sail-utilizing spacecraft successful in interstellar travel could be used to carry their own zone plates or perhaps even masers to be deployed during flybys at nearby stars. Such an endeavor could allow future solar-sailed craft to effectively utilize focused energy from other stars rather than from the Earth or Sun, thus propelling them more swiftly through space and perhaps even to more distant stars. However, the potential of such a theory remains uncertain if not dubious due to the high-speed precision involved and possible payloads required.[citation needed]

Another more physically realistic approach would be to use the light from the home star to accelerate. The ship would first orbit continuously away around the home star until the appropriate starting velocity is reached, then the ship would begin its trip away from the system using the light from the star to keep accelerating. Beyond some distance, the ship would no longer receive enough light to accelerate it significantly, but would maintain its course due to inertia. When nearing the target star, the ship could turn its sails toward it and begin to orbit inward to decelerate. Additional forward and reverse thrust could be achieved with more conventional means of propulsion such as rockets.

Similar solar sailing, such launch and capture were suggested for directed panspermia to expand life in other solar systems. Velocities of 0.0005 c could be obtained by solar sails carrying 10 kg payloads, using thin solar sail vehicles with effective areal densities 0.0001 kg/m^2 with thin sails of thickness of 0.1 microns and sizes on the order of one square km. Alternatively, swarms of 1 mm capsules can be launched on solar sails with radii of 42 cm, each carrying 10,000 capsules of a hundred million extremophile microorganism to seed life in diverse target environments.[20][21]

 Sail configurations
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NASA illustration of the unlit side of a half-kilometre solar sail, showing the struts stretching the sail.
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An artist's depiction of a Cosmos 1 type spaceship in orbit





Parachutes have very low mass, but a parachute is not a workable configuration for a solar sail. Analysis shows that a parachute configuration would collapse from the forces exerted by shroud lines, since radiation pressure does not behave like aerodynamic pressure, and would not act to keep the parachute open.[22]

Eric Drexler[23] proposed very high thrust-to-mass solar sails, and made prototypes of the sail material. His sail would use panels of thin aluminium film (30 to 100 nanometres thick) supported by a tensile structure. The sail would rotate and would have to be continually under thrust. He made and handled samples of the film in the laboratory, but the material was too delicate to survive folding, launch, and deployment. The design planned to rely on space-based production of the film panels, joining them to a deployable tension structure. Sails in this class would offer high area per unit mass and hence accelerations up to "fifty times higher" than designs based on deployable plastic films.[23]

The highest thrust-to-mass designs for ground-assembled deployable structures are square sails with the masts and guy lines on the dark side of the sail. Usually there are four masts that spread the corners of the sail, and a mast in the center to hold guy-wires. One of the largest advantages is that there are no hot spots in the rigging from wrinkling or bagging, and the sail protects the structure from the Sun. This form can therefore go close to the Sun for maximum thrust. Most designs steer with small sails on the ends of the spars.[24]


[image: Sail-design-types.gif]



In the 1970s JPL studied many rotating blade and ring sails for a mission to rendezvous with Halley's Comet. The intention was to stiffen the structures using angular momentum, eliminating the need for struts, and saving mass. In all cases, surprisingly large amounts of tensile strength were needed to cope with dynamic loads. Weaker sails would ripple or oscillate when the sail's attitude changed, and the oscillations would add and cause structural failure. The difference in the thrust-to-mass ratio between practical designs was almost nil, and the static designs were easier to control.[24]

JPL's reference design was called the "heliogyro." It had plastic-film blades deployed from rollers and held out by centrifugal forces as it rotated. The spacecraft's attitude and direction were to be completely controlled by changing the angle of the blades in various ways, similar to the cyclic and collective pitch of a helicopter. Although the design had no mass advantage over a square sail, it remained attractive because the method of deploying the sail was simpler than a strut-based design.[24]

JPL also investigated "ring sails" (Spinning Disk Sail in the above diagram), panels attached to the edge of a rotating spacecraft. The panels would have slight gaps, about one to five percent of the total area. Lines would connect the edge of one sail to the other. Masses in the middles of these lines would pull the sails taut against the coning caused by the radiation pressure. JPL researchers said that this might be an attractive sail design for large manned structures. The inner ring, in particular, might be made to have artificial gravity roughly equal to the gravity on the surface of Mars.[24]

A solar sail can serve a dual function as a high-gain antenna.[25] Designs differ, but most modify the metallization pattern to create a holographic monochromatic lens or mirror in the radio frequencies of interest, including visible light.[25]

Pekka Janhunen from FMI has invented a type of solar sail called the electric solar wind sail.[26] Mechanically it has little in common with the traditional solar sail design. The sails are replaced with straightened conducting tethers (wires) placed radially around the host ship. The wires are electrically charged to create an electric field around the wires. The electric field extends a few tens of metres into the plasma of the surrounding solar wind. The solar electrons are reflected by the electric field (like the photons on a traditional solar sail). The radius of the sail is from the electric field rather than the actual wire itself, making the sail lighter. The craft can also be steered by regulating the electric charge of the wires. A practical electric sail would have 50-100 straightened wires with a length of about 20 km each.[citation needed]

A magnetic sail would also employ the solar wind. However, the magnetic field deflects the electrically charged particles in the wind. It uses wire loops, and runs a static current through them instead of applying a static voltage.[27]

All these designs maneuver, though the mechanisms are different. Magnetic sails bend the path of the charged protons that are in the solar wind. By changing the sails' attitudes, and the size of the magnetic fields, they can change the amount and direction of the thrust. Electric solar wind sails can adjust their electrostatic fields and sail attitudes.

 Sail making

 Materials
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NASA engineer Les Johnson views interstellar sail material





The material developed for the Drexler solar sail was a thin aluminum film with a baseline thickness of 0.1 micrometres, to be fabricated by vapor deposition in a space-based system. Drexler used a similar process to prepare films on the ground. As anticipated, these films demonstrated adequate strength and robustness for handling in the laboratory and for use in space, but not for folding, launch, and deployment.

The most common material in current designs is aluminized 2 µm Kapton film. It resists the heat of a pass close to the Sun and still remains reasonably strong. The aluminium reflecting film is on the Sun side. The sails of Cosmos 1 were made of aluminized PET film (Mylar).

Research by Dr. Geoffrey Landis in 1998-9, funded by the NASA Institute for Advanced Concepts, showed that various materials such as alumina for laser lightsails and carbon fiber for microwave pushed lightsails were superior sail materials to the previously standard aluminium or Kapton films.[28]

In 2000, Energy Science Laboratories developed a new carbon fiber material which might be useful for solar sails.[29] The material is over 200 times thicker than conventional solar sail designs, but it is so porous that it has the same mass. The rigidity and durability of this material could make solar sails that are significantly sturdier than plastic films. The material could self-deploy and should withstand higher temperatures.

There has been some theoretical speculation about using molecular manufacturing techniques to create advanced, strong, hyper-light sail material, based on nanotube mesh weaves, where the weave "spaces" are less than half the wavelength of light impinging on the sail. While such materials have so far only been produced in laboratory conditions, and the means for manufacturing such material on an industrial scale are not yet available, such materials could mass less than 0.1 g/m²,[30] making them lighter than any current sail material by a factor of at least 30. For comparison, 5 micrometre thick Mylar sail material mass 7 g/m², aluminized Kapton films have a mass as much as 12 g/m²,[24] and Energy Science Laboratories' new carbon fiber material masses 3 g/m².[29]

 Sail testing in space

 IKAROS
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The model of IKAROS at the 61st International Astronautical Congress in 2010





Japan's JAXA successfully tested IKAROS in 2010. The goal was to deploy and control the sail and for the first time determining the minute orbit perturbations caused by light pressure. Orbit determination was done by the nearby AKATSUKI probe from which IKAROS detached after both had been brought into a transfer orbit to Venus. The total effect over the six month' flight was 100 m/s.[31]

Until 2010, no solar sails had been successfully used in space as primary propulsion systems. On 21 May 2010, the Japan Aerospace Exploration Agency (JAXA) launched the “IKAROS” (Interplanetary Kite-craft Accelerated by Radiation Of the Sun) spacecraft, which deployed a 200 m2 polyimide experimental solar sail on June 10.[32][33][34] In July, the next phase for the demonstration of acceleration by radiation began. On 9 July 2010, it was verified that IKAROS collected radiation from the Sun and began photon acceleration by the orbit determination of IKAROS by range-and-range-rate (RARR) that is newly calculated in addition to the data of the relativization accelerating speed of IKAROS between IKAROS and the Earth that has been taken since before the Doppler effect was utilized.[35] The data showed that IKAROS appears to have been solar-sailing since 3 June when it deployed the sail.

IKAROS has a diagonal spinning square sail 20 m (66 ft) made of a 7.5-micrometre (0.0075 mm) thick sheet of polyimide. A thin-film solar array is embedded in the sail. Eight LCD panels are embedded in the sail, whose reflectance can be adjusted for attitude control.[36][37] IKAROS spent six months traveling to Venus, and then began a three-year journey to the far side of the Sun.[38]

 Attitude (orientation) control

Both the Mariner 10 mission, which flew by the planets Mercury and Venus, and the MESSENGER mission to Mercury demonstrated the use of solar pressure as a method of attitude control in order to conserve attitude-control propellant.

Hayabusa also used solar pressure as a method of attitude control to compensate for broken reaction wheels and chemical thruster.

 Sail deployment tests
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Full-scale (20mx20m) deployment test by DLR/ESA in 1999





NASA has successfully tested deployment technologies on small scale sails in vacuum chambers.[39]

On February 4, 1993, the Znamya 2, a 20-meter wide aluminized-mylar reflector, was successfully deployed from the Russian Mir space station. Although the deployment succeeded, propulsion was not demonstrated. A second test, Znamya 2.5, failed to deploy properly.

In 1999, a full-scale deployment of a solar sail was tested on the ground at DLR/ESA in Cologne.[40]

On August 9, 2004, the Japanese ISAS successfully deployed two prototype solar sails from a sounding rocket. A clover-shaped sail was deployed at 122 km altitude and a fan-shaped sail was deployed at 169 km altitude. Both sails used 7.5-micrometer film. The experiment purely tested the deployment mechanisms, not propulsion.[41]

 Solar sail propulsion attempts
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NanoSail-D of LightSail-1 with sail deployed





A joint private project between Planetary Society, Cosmos Studios and Russian Academy of Science made two sail testing attempts: in 2001 a suborbital prototype test failed because of rocket failure; and in June 21, 2005, Cosmos 1 launched from a submarine in the Barents Sea, but the Volna rocket failed, and the spacecraft failed to reach orbit. They intended to use the sail to gradually raise the spacecraft to a higher Earth orbit over a mission duration of one month. On Carl Sagan's 75th birthday (November 9, 2009) the same group announced plans[42] to make three further attempts, dubbed LightSail-1, -2, and -3.[43] The new design will use a 32-square-meter Mylar sail, deployed in four triangular segments like NanoSail-D.[43] The launch configuration is that of three adjacent CubeSats, and as of 2011 was waiting for a piggyback launch opportunity.[44]

A 15-meter-diameter solar sail (SSP, solar sail sub payload, soraseiru sabupeiro-do) was launched together with ASTRO-F on a M-V rocket on February 21, 2006, and made it to orbit. It deployed from the stage, but opened incompletely.[45]

 NanoSail-D

A team from the NASA Marshall Space Flight Center (Marshall), along with a team from the NASA Ames Research Center, developed a solar sail mission called NanoSail-D which was lost in a launch failure aboard a Falcon 1 rocket on 3 August 2008.[46][47] The second backup version, NanoSail-D2, also sometimes called simply NanoSail-D,[48] was launched with FASTSAT on a Minotaur IV on November 19, 2010, becoming NASA's first solar sail deployed in low earth orbit. The objectives of the mission were to test sail deployment technologies, and to gather data about the use of solar sails as a simple, "passive" means of de-orbiting dead satellites and space debris.[49] The NanoSail-D structure was made of aluminium and plastic, with the spacecraft massing less than 10 pounds (4.5 kg). The sail has about 100 square feet (9.3 m2) of light-catching surface. After some initial problems with deployment, the solar sail was deployed and over the course of its 240 day mission reportedly produced a "wealth of data" concerning the use of solar sails as passive deorbit devices.[50]

 Future solar sail propulsion tests

NASA researchers are developing a technology demonstration Mission known as "In-Space Demonstration of a Mission-Capable Solar Sail" with the intent to prove the viability and value of the technology just a few short years from now. The Solar Sail Demonstration will launch on a Falcon 9 as early as 2014.[51]

 Future approaches

Despite the losses of Cosmos 1 and NanoSail-D (which were due to failure of their launchers), scientists and engineers around the world remain encouraged and continue to work on solar sails. While most direct applications created so far intend to use the sails as inexpensive modes of cargo transport, some scientists are investigating the possibility of using solar sails as a means of transporting humans. This goal is strongly related to the management of very large (i.e. well above 1 km²) surfaces in space and the sail making advancements. Thus, in the near/medium term, solar sail propulsion is aimed chiefly at accomplishing a very high number of non-crewed missions in any part of the solar system and beyond.[citation needed] Manned space flight utilizing solar sails is still in the development state of infancy.

 Solar sail launching projects in 2010 and 2011

On 21 May 2010, Japan Aerospace Exploration Agency (Jaxa) launched the world's first interplanetary solar sail spacecraft "IKAROS" (Interplanetary Kite-craft Accelerated by Radiation Of the Sun) to Venus.[52] NASA launched the second NanoSail-D unit stowed inside the FASTSAT satellite on the Minotaur IV on November 19, 2010. The ejection date from the FASTSAT microsatellite was planned for December 6, 2010 but deployment only occurred on January 20, 2011.[53] The Planetary Society of the United States plans to launch an artificial satellite "LightSail-1" onto the Earth's orbit in 2011.[54]

 Mathematical survey

Solar sail vessels are classified by their lightness number which is the ratio of the acceleration due to the light force on the sail to the force of gravity. (These both vary with the inverse square of distance, so the ratio is constant for any vehicle.) A typical reflective surface needs to provide about 4 square meters of reflective area for every 5 grams of vehicle weight to have a lightness factor of 1.[55]

The light force can be separated into the normal force (away from the light source) and the tangential force as a function of the angle A of the sail face to the light. The Normal Force per area = 8/9 [image: cos^2 A] + 1/9 [image: cos A]. The Tangential Force per area = 4/9 [image: sin 2A].

 Extended heliocentric reference frame
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	In 1991-92 the classical equations of solar sail motion in the solar gravitational field were written using a different mathematical formalism, namely the lightness vector, fully characterizing the sailcraft dynamics. In addition, a solar sail spacecraft has been supposed to be able to reverse its motion (in the solar system) provided that its sail is sufficiently light that sailcraft sail loading (σ) is not higher than 2.1 g/m². This value entails a very high-performance technology, but probably within the capabilities of emerging technologies.

	For describing the concept of fast sailing and some related items, we need to define two frames of reference. The first is an inertial Cartesian coordinate system centred on the Sun or a heliocentric inertial frame (HIF, for short). For instance, the plane of reference, or the XY plane, of HIF can be the mean ecliptic at some standard epoch such as J2000. The second Cartesian reference frame is the so-called heliocentric orbital frame (HOF, for short) with the origin in the sailcraft barycenter. The x-axis of HOF is the direction of the Sun-to-sailcraft vector, or position vector, the z-axis is along the sailcraft orbital angular momentum, whereas the y-axis completes the counterclockwise triad. Such a definition can be extended to sailcraft trajectories, including both counterclockwise and clockwise arcs of motion, in such a way that HOF is always a continuous positively oriented triad. The sail orientation unit vector (defined in sailcraft), say, n can be specified in HOF by a pair of angles, e.g. the azimuth α and the elevation δ. Elevation is the angle that n forms with the xy-plane of HOF (-90° ≤ δ ≤ 90°). Azimuth is the angle that the projection of n onto the HOF xy-plane forms with the HOF x-axis (0 ≤ α < 360 °). In HOF, azimuth and elevation are equivalent to longitude and latitude, respectively.




	The sailcraft lightness vector L = [λr, λt, λn] depends on α and δ (non-linearly) and the thermo-optical parameters of the sail materials (linearly). Neglecting a small contribution coming from the aberration of light, one has the following particular cases (irrespective of the sail material):




	α = 0, δ = 0 ⇔ [λr, 0, 0] ⇔ λ=|L|=λr

	α ≠ 0, δ = 0 ⇔ [λr, λt, 0]

	α = 0, δ ≠ 0 ⇔ [λr, 0, λn].



 Flight example

 Conventional strategy


	Suppose a sailcraft is built with an all-metal sail of aluminium and chromium such that σ = 2 g/m². A launcher delivers the (packed) sailcraft at some million kilometers from the Earth. There, the whole sailcraft is deployed and begins its flight in the solar system (here, for the sake of simplicity, any gravitational perturbation from planets is neglected). A conventional spacecraft would move approximately in a circular orbit at about 1 AU from the Sun. In contrast, a sailcraft like this one is sufficiently light to be able to escape the solar system or to point to some distant object in the heliosphere. If the direction that sail's surface faces, represented by surface normal vector n, is parallel to the local sunlight direction (i.e. the sail faces toward the Sun), then λr = λ = 0.725 (i.e. 1/2 < λ < 1); as a result, this sailcraft moves on a hyperbolic orbit. Its speed at infinity is equal to 20 km/s. Strictly speaking, this potential solar sail mission would be faster than the current record speed for missions beyond the planetary range, that of Voyager 1, which is 17 km/s or about 3.6 AU/yr (1 AU/yr = 4.7404 km/s). However, three kilometers per second are not meaningful in the context of very deep space missions.

	As a consequence, one has to resort to some L having more than one component different from zero. The classical way to gain speed is to tilt the sail at some suitable positive α. If α= +21°, then the sailcraft begins by accelerating; after about two months, it achieves 32 km/s. However, this is a speed peak inasmuch as its subsequent motion is characterized by a monotonic speed decrease towards an asymptotic value, or the cruise speed, of 26 km/s. After 18 years, the sailcraft is 100 AU away from the Sun. This would mean a pretty fast mission. However, considering that a sailcraft with 2 g/m² is technologically advanced, is there any other way to increase its speed significantly? Yes, there is. Let us try to explain this effect of non-linear dynamics.



 Optimal strategy


	The above figures show that spiralling out from a circular orbit is not a convenient mode for a sailcraft to be sent away from the Sun since it would not have a high enough excess speed. On the other hand, it is known from astrodynamics that a conventional Earth satellite has to perform a rocket maneuver at/around its perigee for maximizing its speed at "infinity". Similarly, one can think of delivering a sailcraft close to the Sun to get much more energy from the solar photon pressure that scales as 1/R2. (Inverse-square law) For instance, suppose one starts from a point at 1 AU on the ecliptic and achieves a perihelion distance of 0.2 AU in the same plane by a two-dimensional trajectory. In general, there are three ways to deliver a sailcraft, initially at R0 from the Sun, to some distance R < R0:

	using an additional propulsion system to send the folded-sail sailcraft to the perihelion of an elliptical orbit; there, the sail is deployed with its axis parallel to the sunlight for getting the maximum solar flux at the chosen distance;

	spiralling in by α slightly negative, namely, via a slow deceleration;

	strongly decelerating by a "sufficiently large" sail-axis angle negative in HOF.








	The first way - although usable as a good reference mode - requires another high-performance propulsion system.




	The second way is ruled out in the present case of σ = 2 g/m²; as a matter of fact, a small α < 0 entails a λr too high and a negative λt too low in absolute value: the sailcraft would go far from the Sun with a decreasing speed (as discussed above).




	In the third way, there is a critical negative sail-axis angle in HOF, say, αcr such that for sail orientation angles α < αcr the sailcraft trajectory is characterized as follows:




	the distance (from the Sun) first increases, achieves a local maximum at some point M, then decreases. The orbital angular momentum (per unit mass), say, H of the sailcraft decreases in magnitude. It is suitable to define the scalar H = H•k, where k is the unit vector of the HIF Z-axis;

	after a short time (few weeks or less, in general), the sailcraft speed V = |V| achieves a local minimum at a point P. H continues to decrease;

	past P, the sailcraft speed increases because the total vector acceleration, say, A begins by forming an acute angle with the vector velocity V; in mathematical terms, dV / dt = A • V / V > 0. This is the first key-point to realize: the orbital velocity having been largely neutralized, the sailcraft is falling nearly straight toward the Sun under the influence of its gravity, gaining velocity in that direction;

	eventually, the sailcraft achieves a point Q where H = 0; here, the sailcraft's total energy (per unit mass), say, E (including the contribution of the solar pressure on the sail) shows a (negative) local minimum. This is the second key-point: in the absence of continued light pressure, the craft would fall directly into the Sun;

	past Q, the sailcraft - keeping the negative value of the sail orientation - regains angular momentum by reversing its original motion (that is H is oriented downward in the diagram and H < 0 means the trajectory is now clockwise or retrograde motion, the opposite of normal planetary orbits). R (distance from Sun) decreases rapidly while dV/dt (acceleration) increases. This is the third key-point;

	the sailcraft energy continues to increase and a point S is reached where E=0, namely, the escape condition is satisfied (V is greater than solar escape velocity); the sailcraft continues accelerating. S is located before the perihelion. The (negative) H becomes increasingly negative (retrograde);

	if the sail attitude α has been chosen appropriately (about -25.9 deg in this example), the sailcraft flies-by the Sun at the desired (0.2 AU) perihelion, say, U; however, differently from a Keplerian orbit (for which the perihelion is the point of maximum speed), past the perihelion, V increases further while the sailcraft rapidly accelerates away from the Sun due to the much stronger photon pressure at small distances from the Sun;

	past U, the sailcraft is very fast and passes through a point, say, W of local maximum for the speed, since λ < 1. Thus, speed decreases but, at a few AU from the Sun (about 2.7 AU in this example), both the (positive) E and the (negative) H begin a plateau or cruise phase; V becomes practically constant and, the most important thing, takes on a cruise value considerably higher than the speed of the circular orbit of the departure planet (the Earth, in this case). This example shows a cruise speed of 14.75 AU/yr or 69.9 km/s. At 100 AU, the sailcraft speed is still 69.6 km/s. The net effect is a powered slingshot maneuver utilizing the Oberth effect to achieve a much higher final velocity than would otherwise be possible.



 H-reversal Sun flyby trajectory


	The figure below shows the optimal sailcraft trajectory mentioned above. Only the initial arc around the Sun has been plotted. The remaining part is rectilinear, in practice, and represents the cruise phase of the spacecraft. The sail is represented by a short segment with a central arrow that indicates its direction of thrust. Note that the complicated change of sail direction in HIF is very simply achieved by a constant attitude in HOF. That brings about a net non-Keplerian feature to the whole trajectory.
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	As mentioned in point-3, past P the strong sailcraft speed increase is due to both the solar-light thrust (reducing the residual orbital angular momentum) and gravity (towards the Sun) acceleration vectors. In particular, dV / dt, or the along-track (sunward) component of the total acceleration, is positive and particularly high from the point-Q to the point-U. This suggests that if a quick sail attitude maneuver is performed just before H vanishes, α → -α, the sailcraft motion continues to be a direct motion with a final cruise velocity equal in magnitude to the total velocity reversal (because the above maneuver keeps the perihelion value unchanged). The basic principle may be summarised as follows: a sufficiently light sailcraft, by losing most of its initial energy, subsequently achieves the absolute maximum of energy compliant with its given technology.




	The above 2D class of new trajectories represents an ideal case. The realistic 3D fast sailcraft trajectories are considerably more complicated than the 2D cases. However, the general feature of producing a fast cruise speed can be further enhanced. Some of the enclosed references[clarification needed] contain strict mathematical algorithms for dealing with this topic. Recently (July 2005), in an international symposium an evolution of the above concept of fast solar sailing has been discussed.[clarification needed] A sailcraft with σ = 1 g/m² could achieve over 30 AU/yr (0.000474 c) in cruise (by keeping the perihelion at 0.2 AU), namely, well beyond the cruise speed of any nuclear-electric spacecraft (at least as conceived today). Such paper has been published on the Journal of the British Interplanetary Society (JBIS) in 2006.[clarification needed]



The complete (2D and 3D) theory of the theory of the sailcraft reverse motion has been developed only in the last five years, and can be found in a very recent book from Springer (August 2012) (see Bibliography).

 In science fiction

The earliest reference to solar sailing was in Jules Verne's 1865 novel From the Earth to the Moon, coming only a year after Maxwell's equations were published. The next known publication came more than 20 years later when Georges Le Faure and Henri De Graffigny published a four-volume science fiction novel in 1889, The Extraordinary Adventures of a Russian Scientist, which included a spacecraft propelled by solar pressure. B. Krasnogorskii published On the Waves of the Ether in 1913. In his story backed by technical calculations, a small, bullet-shaped capsule is surrounded by a circular mirror 35 meters in diameter. It travels through space by means of solar pressure on the mirror.

One of the earliest American stories about light sails is "The Lady Who Sailed the Soul" by Cordwainer Smith, which was published in 1960. In it, a tragedy results from the slowness of interstellar travel by this method. Another example is the 1962 story "Gateway to Strangeness" (also known as "Sail 25") by Jack Vance, in which the outward direction of propulsion poses a life-threatening dilemma. Also in early 20th century literature, Pierre Boulle's Planet of the Apes starts with a couple floating in space on a ship propelled and maneuvered by light sails. In Larry Niven and Jerry Pournelle's The Mote in God's Eye, a sail is used as a brake and a weapon. Author and scientist Arthur C. Clarke depicted a "yacht race" between solar sail spacecraft in the 1964 short story "Sunjammer". In "Flight of the Dragonfly", Robert Forward (who also proposed the microwave-pushed Starwisp design) described an interstellar journey using a light driven propulsion system, wherein a part of the sail was broken off and used as a reflector to slow the main spacecraft as it approached its destination. In the 1982 film Tron, a "Solar Sailer" was an inner spacecraft with butterfly like sails moved along focused beam of light. The 1983 episode "Enlightenment" of Doctor Who featured sailing ships in space which used solar wind to fly. In the episode "Explorers" of Star Trek: Deep Space Nine that aired in 1995, a "light ship" was featured. It was designed to use solar wind to fly out of a solar system with no engine.[56] In the film Star Wars Episode II: Attack of the Clones one is used by Count Dooku to propel himself across space. A solar sail was also used in James Cameron's Avatar. In the Disney film Treasure Planet, solar sails are used literally as sails for interstellar travel of a steampunk-styled masted sailing ship capable of traveling through space.

 See also
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A 1990 artist rendering of Space Station Freedom, a project that eventually evolved into the International Space Station





Space architecture, in its simplest definition, is the theory and practice of designing and building inhabited environments in outer space.[1] The architectural approach to spacecraft design addresses the total built environment, drawing from diverse disciplines including physiology, psychology, and sociology as well as technical fields. Like architecture on Earth, the attempt is to go beyond the component elements and systems and gain a broad understanding of the issues that affect design success.[2] Much space architecture work has been in designing concepts for orbital space stations and lunar and Martian exploration ships and surface bases for the world's space agencies, chiefly the National Aeronautics and Space Administration (NASA).

The practice of involving architects in the space program grew out of the Space Race, although its origins can be seen much earlier. The need for their involvement stemmed from the push to extend space mission durations and address the needs of astronauts including but beyond minimum survival needs. Space architecture is currently represented in several institutions. The Sasakawa International Center for Space Architecture (SICSA) is an academic organization with the University of Houston that offers a Master of Science in Space Architecture. SICSA also works design contracts with corporations and space agencies. In Europe, International Space University is deeply involved in space architecture research. The International Conference on Environmental Systems meets annually to present sessions on human spaceflight and space human factors. Within the American Institute of Aeronautics and Astronautics, the Space Architecture Technical Committee has been formed. Despite the historical pattern of large government-led space projects and university-level conceptual design, the advent of space tourism threatens to shift the outlook for space architecture work.
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 Etymology

The word space in space architecture is referring to the outer space definition, which is from English outer and space. Outer can be defined as "situated on or toward the outside; external; exterior" and first originated around 1350-1400 in Middle English.[3] Space is "an area, extent, expanse, lapse of time," the aphetic of Old French espace dating to 1300. Espace is from Latin spatium, "room, area, distance, stretch of time," and is of uncertain origin.[4] In space architecture, speaking of outer space usually means the region of the universe outside Earth's atmosphere, as opposed to outside the atmospheres of all terrestrial bodies. This allows the term to include such domains as the lunar and Martian surfaces.

Architecture, the concatenation of architect and -ure, dates to 1563, coming from Middle French architecte. This term is of Latin origin, formerly architectus, which came from Greek arkhitekton. Arkitekton means "master builder" and is from the combination of arkhi- "chief" and tekton "builder".[5] The human experience is central to architecture - the primary difference between space architecture and spacecraft engineering.

There is some debate over the terminology of space architecture. Some consider the field to be a specialty within architecture that applies architectural principles to space applications. Others such as professor Ted Hall of the University of Michigan see space architects as generalists, with what is traditionally considered architecture (Earth-bound or terrestrial architecture) being a subset of a broader space architecture.[6] Any structures that fly in space will likely remain for some time highly dependent on Earth-based infrastructure and personnel for financing, development, construction, launch, and operation. Therefore it is a matter of discussion how much of these earthly assets are to be considered part of space architecture. The technicalities of the term space architecture are open to some level of interpretation.

 Origins

Ideas of people traveling to space were first published in science fiction stories, like Jules Verne's 1865 From the Earth to the Moon. In this story several details of the mission (crew of three, spacecraft dimensions, Florida launch site) bear striking similarity to the Apollo moon landings that took place more than 100 years later. Verne's aluminum capsule had shelves stocked with equipment needed for the journey such as a collapsing telescope, pickaxes and shovels, firearms, oxygen generators, and even trees to plant. A curved sofa was built into the floor and walls and windows near the tip of the spacecraft were accessible by ladder.[7] The projectile was shaped like a bullet because it was gun-launched from the ground, a method infeasible for transporting man to space due to the high acceleration forces produced. It would take rocketry to get humans to the cosmos.
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An illustration of von Braun's rotating space station concept





The first serious theoretical work published on space travel by means of rocket power was by Konstantin Tsiolkovsky in 1903. Besides being the father of astronautics he conceived such ideas as the space elevator (inspired by the Eiffel Tower), a rotating space station that created artificial gravity along the outer circumference, airlocks, space suits for extra-vehicular activity (EVA), closed ecosystems to provide food and oxygen, and solar power in space.[8] Tsiolkovsky believed human occupation of space was the inevitable path for our species. In 1952 Wernher von Braun published his own inhabited space station concept in a series of magazine articles. His design was an upgrade of earlier concepts but he took the unique step in going directly to the public with it. The spinning space station would have three decks and was to function as a navigational aid, meteorological station, Earth observatory, military platform, and way point for further exploration missions to outer space.[9] It is said that the space station depicted in 2001: A Space Odyssey traces its design heritage to Von Braun's work. Werner von Braun went on to devise mission schemes to the moon and Mars, each time publishing his grand plans in Collier's Weekly.

The flight of Yuri Gagarin on April 12, 1961 was humanity's maiden spaceflight. While the mission was a necessary first step, Gagarin was more or less confined to a chair with a small view port from which to observe the cosmos - a far cry from the possibilities of life in space. Following space missions gradually improved living conditions and quality of life in low earth orbit. Expanding room for movement, physical exercise regimens, sanitation facilities, improved food quality, and recreational activities all accompanied longer mission durations. Architectural involvement in space was realized in 1968 when a group of architects and industrial designers led by Raymond Loewy, over objections from engineers, prevailed in convincing NASA to include an observation window in the Skylab orbital laboratory.[10] This milestone represents the introduction of the human psychological dimension to spacecraft design. Space architecture was born.

 Theory

The subject of architectural theory has much application in space architecture. Some considerations, though, will be unique to the space context.

 Ideology of building
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Louis Sullivan famously coined the phrase 'form ever follows function'





See also: Architectural design values

In the first century BC, the Roman architect Vitruvius said all buildings should have three things: strength, utility, and beauty.[11] Vitruvius's work De Architectura, the only surviving work on the subject from classical antiquity, would have profound influence on architectural theory for thousands of years to come. Even in space architecture these are some of the first things we consider. However, the tremendous challenge of living in space has led to habitat design based largely on functional necessity with little or no applied ornament. In this sense space architecture as we know it shares the form follows function principle with modern architecture.

Some theorists link different elements of the Vitruvian triad. Walter Gropius writes:



	“
	'Beauty' is based on the perfect mastery of all the scientific, technological and formal prerequisites of the task ... The approach of Functionalism means to design the objects organically on the basis of their own contemporary postulates, without any romantic embellishment or jesting.[12]
	”




As space architecture continues to mature as a discipline, dialogue on architectural design values will open up just as it has for Earth.

 Analogs
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The Mars Desert Research Station is located in the Utah desert because of its relative similarity to the Martian surface





A starting point for space architecture theory is the search for extreme environments in terrestrial settings where humans have lived, and the formation of analogs between these environments and space.[13] For example humans have lived in submarines deep in the ocean, in bunkers beneath the Earth's surface, and on Antarctica, and have safely entered burning buildings, radioactively contaminated zones, and the stratosphere with the help of technology. Aerial refueling enables Air Force One to stay airborne virtually indefinitely.[14] Nuclear powered submarines generate oxygen using electrolysis and can stay submerged for months at a time.[15] Many of these analogs can be very useful design references for space systems. In fact space station life support systems and astronaut survival gear for emergency landings bear striking similarity to submarine life support systems and military pilot survival kits, respectively.

Space missions, especially human ones, require extensive preparation. In addition to terrestrial analogs providing design insight, the analogous environments can serve as testbeds to further develop technologies for space applications and train astronaut crews. The Flashline Mars Arctic Research Station is a simulated Mars base, maintained by the Mars Society, on Canada's remote Devon Island. The project aims to create conditions as similar as possible to a real Mars mission and attempts to establish ideal crew size, test equipment "in the field", and determine the best extra-vehicular activity suits and procedures.[16] To train for EVAs in microgravity, space agencies make broad use of underwater and simulator training. The Neutral Buoyancy Laboratory, NASA's underwater training facility, contains full scale mockups of the Space Shuttle cargo bay and International Space Station modules. Technology development and astronaut training in space-analogous environments are essential to making living in space possible.

 In space

Fundamental to space architecture is designing for physical and psychological wellness in space. What often is taken for granted on Earth - air, water, food, trash disposal - must be designed for in fastidious detail. Rigorous exercise regimens are required to alleviate muscular atrophy and other effects of space on the body. That space missions are (optimally) fixed in duration can lead to stress from isolation. This problem is not unlike that faced in remote research stations or military tours of duty, although non-standard gravity conditions can exacerbate feelings of unfamiliarity and homesickness. Furthermore confinement in limited and unchanging physical spaces appears to magnify interpersonal tensions in small crews and contribute to other negative psychological effects.[17] These stresses can be mitigated by establishing regular contact with family and friends on Earth, maintaining health, incorporating recreational activities, and bringing along familiar items such as photographs and green plants.[18] The importance of these psychological measures can be appreciated in the 1968 Soviet 'DLB Lunar Base' design:



	“
	...it was planned that the units on the moon would have a false window, showing scenes of the Earth countryside that would change to correspond with the season back in Moscow. The exercise bicycle was equipped with a synchronized film projector, that allowed the cosmonaut to take a 'ride' out of Moscow with return.[19]
	”
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Mir was a 'modular' space station. This approach allows a habitat to function before assembly is complete and its design can be changed by swapping modules.





The challenge of getting anything at all to space, due to launch constraints, has had a profound effect on the physical shapes of space architecture. All space habitats to date have used modular architecture design. Payload fairing dimensions (typically the width but also the height) of modern launch vehicles limit the size of rigid components launched into space. This approach to building large scale structures in space involves launching multiple modules separately and then manually assembling them afterward. Modular architecture results in a layout similar to a tunnel system where passage through several modules is often required to reach any particular destination. It also tends to standardize the internal diameter or width of pressurized rooms, with machinery and furniture placed along the circumference. These types of space stations and surface bases can generally only grow by adding additional modules in one or more direction. Finding adequate working and living space is often a major challenge with modular architecture. As a solution, flexible furniture (collapsible tables, curtains on rails, deployable beds) can be used to transform interiors for different functions and change the partitioning between private and group space. For more discussion of the factors that influence shape in space architecture, see the Varieties section.

Eugène Viollet-le-Duc advocated different architectural forms for different materials.[20] This is especially important in space architecture. The mass constraints with launching push engineers to find ever lighter materials with adequate material properties. Moreover challenges unique to the orbital space environment, such as rapid thermal expansion due to abrupt changes in solar exposure, and corrosion caused by particle and atomic oxygen bombardment, require unique materials solutions. Just as the industrial age produced new materials and opened up new architectural possibilities, advances in materials technology will change the prospects of space architecture.[21] Carbon-fiber is already being incorporated into space hardware because of its high strength-to-weight ratio. It will be interesting to see whether carbon-fiber or other composite materials will be adopted for major structural components in space. The architectural principle that champions using the most appropriate materials and leaving their nature unadorned is called truth to materials.

A notable difference between the orbital context of space architecture and Earth-based architecture is that structures in orbit do not need to support their own weight. This is possible because of the microgravity condition of objects in free fall. In fact much space hardware, such as the space shuttle's robotic arm, is designed only to function in orbit and wouldn't be able to lift its own weight on the Earth's surface.[22] Microgravity also allows an astronaut to move an object of practically any mass, albeit slowly, provided she is adequately constrained to another object. Therefore structural considerations for the orbital environment are dramatically different from those of terrestrial buildings, and the biggest challenge to holding a space station together is usually launching and assembling the components intact. Construction on extraterrestrial surfaces still needs to be designed to support its own weight, but its weight will depend on the strength of the local gravitational field.

 Ground Infrastructure
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	This section requires expansion. (January 2010)




Human spaceflight currently requires a great deal of supporting infrastructure on Earth. All human orbital missions to date have been government-orchestrated. The organizational body that manages space missions is typically a national space agency, NASA in the case of the United States and Roscosmos for Russia. These agencies are funded at the federal level. At NASA, flight controllers are responsible for real-time mission operations and work onsite at NASA Centers. Most engineering development work involved with space vehicles is contracted-out to private companies, who in turn may employ subcontractors of their own, while fundamental research and conceptual design is often done in academia through research funding.

 Varieties

 Suborbital

Structures that cross the boundary of space but do not reach orbital speeds are considered suborbital architecture. For spaceplanes, the architecture has much in common with airliner architecture, especially those of small business jets.

 Virgin Galactic
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A mockup of the SpaceShipTwo interior





On June 21, 2004, Mike Melvill reached space funded entirely by private means. The vehicle, SpaceShipOne, was developed by Scaled Composites as an experimental precursor to a privately operated fleet of spaceplanes for suborbital space tourism. The operational spaceplane model, SpaceShipTwo (SS2), will be carried to an altitude of about 15 kilometers by a B-29 Superfortress-sized carrier aircraft, WhiteKnightTwo. From there SS2 will detach and fire its rocket motor to bring the craft to its apogee of approximately 110 kilometers. Because SS2 is not designed to go into orbit around the Earth, it is an example of suborbital or aerospace architecture.[23]

The architecture of the SpaceShipTwo vehicle is somewhat different than what is common in previous space vehicles. Unlike the cluttered interiors with protruding machinery and many obscure switches of previous vehicles, this cabin looks more like something out of science fiction than a modern spacecraft. Both SS2 and the carrier aircraft are being built from lightweight composite materials instead of metal.[24] When the time for weightlessness has arrived on a SS2 flight, the noise and turbulent vibration of the rocket motor will give way to silence and calm. Passengers will be able to see the sky turn from blue to black and make out the curvature of the Earth.[25] Numerous double-paned windows that encircle the cabin will offer views in nearly all directions. Cushioned seats will recline flat into the floor to maximize room for floating.[26] An always-pressurized interior will eliminate the need for bulky space suits. The spaceflight experience offered by Virgin Galactic promises to transform access to space and indeed the very idea of an astronaut.

 Orbital

Orbital architecture is the architecture of structures designed to orbit around the Earth or another astronomical object. Examples of currently-operational orbital architecture are the International Space Station and the re-entry vehicles Space Shuttle, Soyuz spacecraft, and Shenzhou spacecraft. Historical craft include the Mir space station, Skylab, and the Apollo spacecraft. Orbital architecture usually addresses the condition of weightlessness, a lack of atmospheric and magnetospheric protection from solar and cosmic radiation, rapid day/night cycles, and possibly risk of orbital debris collision. In addition, re-entry vehicles must also be adapted both to weightlessness and to the high temperatures and accelerations experienced during atmospheric reentry.

 International Space Station


[image: ]

[image: ]

Astronaut (upper center) works on the Integrated Truss Structure of the ISS





The International Space Station (ISS) is the only permanently inhabited structure currently in space. It is the size of an American football field and has a crew of six. With a living volume of 358 m³, it has more interior room than the cargo beds of two American 18-wheeler trucks.[27] However, because of the microgravity environment of the space station, there are not always well-defined walls, floors, and ceilings and all pressurized areas can be utilized as living and working space. The International Space Station is still under construction. Modules are primarily launched using the Space Shuttle and are assembled by its crew with the help of the working crew on board the space station. ISS modules are often designed and built to barely fit inside the shuttle's payload bay, which is cylindrical with a 4.6 meter diameter.[28]
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An interior view of the Columbus module





Life aboard the space station is distinct from terrestrial life in some very interesting ways. Astronauts commonly "float" objects to one another; for example they will give a clipboard an initial nudge and it will coast to its receiver across the room. In fact, an astronaut can become so accustomed to this habit that he forgets it doesn't work anymore when he returns to Earth.[citation needed] The diet of ISS spacefarers is a combination of participating nations' space food. Each astronaut selects a personalized menu before flight. Many food choices reflect the cultural differences of the astronauts, such as bacon and eggs vs. fish products for breakfast (for the US and Russia, respectively).[29] More recently such delicacies as Japanense beef curry, kimchi,[30] and swordfish (Riviera style) have been featured on the orbiting outpost.[31] As much of ISS food is dehydrated or sealed in pouches MRE-style, astronauts are quite excited to get relatively fresh food from shuttle and Progress resupply missions. Food is stored in packages that facilitate eating in microgravity by keeping the food constrained to the table. Spent packaging and trash must be collected to load into an available spacecraft for disposal. Waste management is not nearly as straight forward as it is on Earth. The ISS has many windows for observing Earth and space, one of the astronauts' favorite leisure activities. Since the sun rises every 90 minutes, the windows are covered at "night" to help maintain the 24-hour sleep cycle.

When a shuttle is operating in low earth orbit, the ISS serves as a safety refuge in case of emergency. The inability to fall back on the safety of the ISS during the latest Hubble Space Telescope Servicing Mission (because of different orbital inclinations) was the reason a backup shuttle was summoned to the launch pad. So, ISS astronauts operate with the mindset that they may be called upon to give sanctuary to a shuttle crew should something happen to compromise a mission. The International Space Station is a colossal cooperative project between many nations. The prevailing atmosphere on board is one of diversity and tolerance. This does not mean that it is perfectly harmonious. Astronauts experience the same frustrations and interpersonal quarrels as their Earth-based counterparts.

A typical day on the station might start with wakeup at 6:00am inside a private soundproof booth in the crew quarters.[32] Astronauts would probably find their sleeping bags in an upright position tied to the wall, because orientation does not matter in space. The astronaut's thighs would be lifted about 50 degrees off the vertical.[33] This is the neutral body posture in weightlessness - it would be excessively tiring to "sit" or "stand" as is common on Earth. Crawling out of his booth, an astronaut may chat with other astronauts about the day's science experiments, mission control conferences, interviews with Earthlings, and perhaps even a space walk or space shuttle arrival.

 Bigelow Aerospace

See also: TransHab and BA 330

Bigelow Aerospace took the unique step in securing two patents NASA held from development of the Transhab concept in regard to inflatable space structures. The company now has sole rights to commercial development of the inflatable module technology.[34] On July 12, 2006 the Genesis I experimental space habitat was launched into low earth orbit. Genesis I demonstrated the basic viability of inflatable space structures, even carrying a payload of life science experiments. The second module, Genesis II, was launched into orbit on June 28, 2007 and tested out several improvements over its predecessor. Among these are reaction wheel assemblies, a precision measurement system for guidance, nine additional cameras, improved gas control for module inflation, and an improved on-board sensor suite.[35]

While Bigelow architecture is still modular, the inflatable configuration allows for much more interior volume than rigid modules. The BA 330, Bigelow's full-scale production model, has more than twice the volume of the largest module on the ISS. Inflatable modules can be docked to rigid modules and are especially well suited for crew living and working quarters. NASA is considering attaching a Bigelow module to the ISS, after abandoning the Transhab concept more than a decade ago.[36] The modules will likely have a solid inner core for structural support. Surrounding usable space could be partitioned into different rooms and floors. Bigelow Aerospace may choose to launch many of their modules independently, leasing their use to a wide variety of companies, organizations, and countries that can't afford their own space programs. Possible uses of this space include microgravity research and space manufacturing. Or we may see a private space hotel composed of numerous Bigelow modules for rooms, observatories, or even a recreational padded gymnasium. There is the option of using such modules for habitation quarters on long-term space missions in the solar system. One amazing aspect of spaceflight is that once a craft leaves an atmosphere, aerodynamic shape is a non-issue. For instance it's possible to apply a Trans Lunar Injection to an entire space station and send it to fly by the moon. Bigelow has expressed the possibility of their modules being modified for lunar and Martian surface systems as well.

 Lunar

Lunar architecture exists both in theory and in practice. Today the archeological artifacts of temporary human outposts lay untouched on the surface of the moon. Five Apollo Lunar Module descent stages stand upright in various locations across the equatorial region of the Near Side, hinting at the extraterrestrial endeavors of mankind. From a distant past the moon has beckoned, rich with mystery and enigma. The leading hypothesis on the origin of the moon did not gain its current status until after lunar rock samples were analyzed.[37] The moon is the furthest any humans have ever ventured from their home, and space architecture is what kept them alive and allowed them to function as humans.

 Apollo
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Lunar Module ascent stage blasts off the moon in 1972, leaving the descent stage behind. View from TV camera on Lunar rover.





On the cruise to the moon, Apollo astronauts had two "rooms" to choose from - the Command Module (CM) or the Lunar Module (LM). This can be seen in the film Apollo 13 where the three astronauts were forced to use the LM as an emergency life boat. Passage between the two modules was possible through a pressurized docking tunnel, a major advantage over the Soviet design, which required donning a spacesuit to switch modules. The Command Module featured five windows made of three thick panes of glass. The two inner panes, made of aluminosilicate, ensured no cabin air leaked into space. The outer pane served as a debris shield and part of the heat shield needed for atmospheric reentry. The CM was a sophisticated spacecraft with all the systems required for successful flight but with an interior volume of 6.17 m3 could be considered cramped for three astronauts.[38] It had its design weaknesses such as no toilet (astronauts used much-hated 'relief tubes' and fecal bags). The coming of the space station would bring effective life support systems with waste management and water reclamation technologies.

The Lunar Module had two stages. A pressurized upper stage, termed the Ascent stage, was the first true spaceship as it could only operate in the vacuum of space. The Descent stage carried the engine used for descent, landing gear and radar, fuel and consumables, the famous ladder, and the Lunar Rover during later Apollo missions. The idea behind staging is to reduce mass later in a flight, and is the same strategy used in an Earth-launched multistage rocket. The LM pilot stood up during the descent to the moon. Landing was achieved via automated control with a manual backup mode. There was no airlock on the LM so the entire cabin had to be evacuated (air vented to space) in order to send an astronaut out to walk on the surface. To stay alive, both astronauts in the LM would have to get in their space suits at this point. The Lunar Module worked well for what it was designed to do. However, a big unknown remained throughout the design process - the effects of lunar dust. Every astronaut who walked on the moon tracked in lunar dust, contaminating the LM and later the CM during Lunar Orbit Rendezvous. These dust particles can't be brushed away in a vacuum, and have been described by John Young of Apollo 16 as being like tiny razor blades. It was soon realized that for humans to live on the moon, dust mitigation was one of many issues that had to be taken seriously.

 Project Constellation

The Exploration Systems Architecture Study that followed the Vision for Space Exploration of 2004 recommended the development of a new class of vehicles that have similar capabilities to their Apollo predecessors with several key differences. In part to retain some of the Space Shuttle program workforce and ground infrastructure, the launch vehicles were to use Shuttle-derived technologies. Secondly, rather than launching the crew and cargo on the same rocket, the smaller Ares I was to launch the crew with the larger Ares V to handle the heavier cargo. The two payloads were to rendezvous in low earth orbit and then head to the moon from there. The Apollo Lunar Module could not carry enough fuel to reach the polar regions of the moon but the Altair lunar lander was intended to access any part of the moon. While the Altair and surface systems would have been equally necessary for Project Constellation to reach fruition, the focus was on developing the Orion spacecraft to shorten the gap in US access to orbit following the retirement of the Space Shuttle in 2010.


[image: ]

[image: ]

NASA lunar outpost concepts under development





Even NASA has described Constellation architecture as 'Apollo on steroids'.[39] Nonetheless, a return to the proven capsule design is a move welcomed by many.[40] The Orion Crew Module will have 2.5 times the interior volume of the Apollo CM and will be able to carry up to six crew member to the ISS and four to the moon.[41] For Constellation, all astronauts were to have gone to the surface of the moon. As is standard practice for spacecraft, Orion will be equipped with 'almost state of the art' technology. This strategy to reduce risk by using proven technologies has been successfully demonstrated in numerous robotic missions. Accordingly, the CM will feature a glass cockpit, automated docking, and a private unisex toilet. It will be constructed of a lightweight aluminum lithium alloy and covered in a Nomex felt-like layer for thermal protection. Like its Apollo predecessor Orion will have a launch escape system, an ablative heat shield for reentry, and parachute recovery for water landing.[42]

 Martian

Martian architecture is architecture designed to sustain human life on the surface of Mars, and all the supporting systems necessary to make this possible. The direct sampling of water ice on the surface,[43] and evidence for geyser-like water flows within the last decade[44] have made Mars the most likely extraterrestrial environment for finding liquid water, and therefore alien life, in the solar system. Moreover some geologic evidence suggests that Mars could have been warm and wet on a global scale in its distant past. Intense geologic activity has reshaped the surface of the Earth, erasing evidence of our earliest history. Martian rocks can be even older than Earth rocks, though, so exploring Mars may help us decipher the story of our own geologic evolution including the origin of life on Earth.[45] Mars has an atmosphere, though its surface pressure is less than 1% of Earth's. Its surface gravity is about 38% of Earth's. Although a human expedition to Mars has not yet taken place, there has been significant work on Martian habitat design. Martian architecture usually falls into one of two categories: architecture imported from Earth fully assembled and architecture making use of local resources.

 Von Braun and other early proposals

Wernher von Braun was the first to come up with a technically compreshensive proposal for a manned Mars expedition. Rather than a minimal mission profile like Apollo, von Braun envisioned a crew of 70 astronauts aboard a fleet of ten massive spacecraft. Each vessel would be constructed in low Earth orbit, requiring nearly 100 separate launches before one was fully assembled. Seven of the spacecraft would be for crew while three were designated as cargo ships. There were even designs for small "boats" to shuttle crew and supplies between ships during the cruise to the Red Planet, which was to follow a minimum-energy Hohmann transfer trajectory. This mission plan would involve one-way transit times on the order of eight months and a long stay at Mars, creating the need for long-term living accommodations in space. Upon arrival at the Red Planet, the fleet would brake into Mars orbit and would remain there until the seven human vessels were ready to return to Earth. Only landing gliders, which were stored in the cargo ships, and their associated ascent stages would travel to the surface. Inflatable habitats would be constructed on the surface along with a landing strip to facilitate further glider landings. All necessary propellant and consumables were to be brought from Earth in von Braun's proposal. Some crew remained in the passenger ships during the mission for orbit-based observation of Mars and to maintain the ships.[46] The passenger ships had habitation spheres 20 meters in diameter. Because the average crew member would spend much time in these ships (around 16 months of transit plus rotating shifts in Mars orbit), habitat design for the ships was an integral part of this mission.

Von Braun was aware of the threat posed by extended exposure to weightlessness. He suggested either tethering passenger ships together to spin about a common center of mass or including self-rotating, dumbbell-shaped "gravity cells" to drift alongside the flotilla to provide each crew member with a few hours of artificial gravity each day.[47] At the time of von Braun's proposal, little was known of the dangers of solar radiation beyond Earth and it was cosmic radiation that was thought to present the more formidable challenge.[46] The discovery of the Van Allen belts in 1958 demonstrated that the Earth was shielded from high energy solar particles. For the surface portion of the mission, inflatable habitats suggest the desire to maximize living space. It is clear von Braun considered the members of the expedition part of a community with much traffic and interaction between vessels.

The Soviet Union conducted studies of human exploration of Mars and came up with slightly less epic mission designs (though not short on exotic technologies) in 1960 and 1969.[48] The first of which used electric propulsion for interplanetary transit and nuclear reactors as the power plants. On spacecraft that combine human crew and nuclear reactors, the reactor is usually placed at a maximum distance from the crew quarters, often at the end of a long pole, for radiation safety. An interesting component of the 1960 mission was the surface architecture. A "train" with wheels for rough terrain was to be assembled of landed research modules, one of which was a crew cabin. The train was to traverse the surface of Mars from south pole to north pole, an extremely ambitious goal even by today's standards.[49] Other Soviet plans such as the TMK eschewed the large costs associated with landing on the Martian surface and advocated piloted (manned) flybys of Mars. Flyby missions, like the lunar Apollo 8, extend the human presence to other worlds with less risk than landings. Most early Soviet proposals called for launches using the ill-fated N1 rocket. They also usually involved fewer crew than their American counterparts.[50] Early Martian architecture concepts generally featured assembly in low earth orbit, bringing all needed consumables from Earth, and designated work vs. living areas. The modern outlook on Mars exploration is not the same.

 Recent initiatives

In every serious study of what it would take to land humans on Mars, keep them alive, and then return them to Earth, the total mass required for the mission is simply stunning. The problem lies in that to launch the amount of consumables (oxygen, food and water) even a small crew would go through during a multi-year Mars mission, it would take a very large rocket with the vast majority of its own mass being propellant. This is where multiple launches and assembly in Earth orbit come from. However even if such a ship stocked full of goods could be put together in orbit, it would need an additional (large) supply of propellant to send it to Mars. The delta-v, or change in velocity, required to insert a spacecraft from Earth orbit to a Mars transfer orbit is many kilometers per second. When we think of getting astronauts to the surface of Mars and back home we quickly realize that an enormous amount of propellant is needed if everything is taken from the Earth. This was the conclusion reached in the 1989 '90-Day Study' initiated by NASA in response to the Space Exploration Initiative.
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The NASA Design Reference Mission 3.0 incorporated many concepts from the Mars Direct proposal





Several techniques have changed the outlook on Mars exploration. The most powerful of which is in-situ resource utilization. Using hydrogen imported from Earth and carbon dioxide from the Martian atmosphere, the Sabatier reaction can be used to manufacture methane (for rocket propellant) and water (for drinking and for oxygen production through electrolysis). Another technique to reduce Earth-brought propellant requirements is aerobraking. Aerobraking involves skimming the upper layers of an atmosphere, over many passes, to slow a spacecraft down. It's a time-intensive process that shows most promise in slowing down cargo shipments of food and supplies. NASA's Constellation program does call for landing humans on Mars after a permanent base on the moon is demonstrated, but details of the base architecture are far from established. It is likely that the first permanent settlement will consist of consecutive crews landing prefabricated habitat modules in the same location and linking them together to form a base.[51]

In some of these modern, economy models of the Mars mission, we see the crew size reduced to a minimal 4 or 6. Such a loss in variety of social relationships can lead to challenges in forming balanced social responses and forming a complete sense of identity.[17] It follows that if long-duration missions are to be carried out with very small crews, then intelligent selection of crew is of primary importance. Role assignments is another open issue in Mars mission planning. The primary role of 'pilot' is obsolete when landing takes only a few minutes of a mission lasting hundreds of days, and when that landing will be automated anyway. Assignment of roles will depend heavily on the work to be done on the surface and will require astronauts to assume multiple responsibilities. As for surface architecture inflatable habitats, perhaps even provided by Bigelow Aerospace, remain a possible option for maximizing living space. In later missions, bricks could be made from a Martian regolith mixture for shielding or even primary, airtight structural components.[51] The environment on Mars offers different opportunities for space suit design, even something like the skin-tight Bio-Suit. A human mission to Mars is also an opportunity to include women on a major exploration mission. Space architecture can allow humanity to send a truly diverse and representative crew on its first expedition to another planet.

 Robotic

It is widely accepted that robotic reconnaissance and trail-blazer missions will precede human exploration of other worlds. Making an informed decision on which specific destinations warrant sending human explorers requires more data than what the best Earth-based telescopes can provide. For example landing site selection for the Apollo landings drew on data from three different robotic programs: the Ranger program, the Lunar Orbiter program, and the Surveyor program. Before a human was sent, robotic spacecraft mapped the lunar surface, proved the feasibility of soft landings, filmed the terrain up close with television cameras, and scooped and analysed the soil.[52]

A robotic exploration mission is generally designed to carry a wide variety of scientific instruments, ranging from cameras sensitive to particular wavelengths, telescopes, spectrometers, radar devices, accelerometers, radiometers, and particle detectors to name a few. The function of these instruments is usually to return scientific data but it can also be to give an intuitive "feel" of the state of the spacecraft, allowing a subconscious familiarization with the territory being explored, through telepresence. A good example of this is the inclusion of HDTV cameras on the Japanese lunar orbiter SELENE. While purely scientific instruments could have been brought in their stead, these cameras allow the use of an innate sense to perceive the exploration of the moon.

The modern, balanced approach to exploring an extraterrestrial destination involves several phases of exploration, each of which needs to produce rationale for progressing to the next phase. The phase immediately preceding human exploration can be described as anthropocentric sensing, that is, sensing designed to give humans as realistic a feeling as possible of actually exploring in person. More, the line between a human system and a robotic system in space is not always going to be clear. As a general rule, the more formidable the environment, the more essential robotic technology is. Robotic systems can be broadly considered part of space architecture when their purpose is to facilitate the habitation of space or extend the range of the physiological senses into space.

 Future

The future of space architecture hinges on the colonization of space. Under the historical model of government-orchestrated exploration missions initiated by single political administrations, space structures are likely to be limited to small-scale habitats and orbital modules with design life cycles of only several years or decades. The designs, and thus architecture, will generally be fixed and without real time feedback from the spacefarers themselves. The technology to repair and upgrade existing habitats, a practice widespread on Earth, is not likely to be developed under short term exploration goals. If exploration takes on a multi-administration or international character, the prospects for space architecture development by the inhabitants themselves will be broader. Private space tourism is a way the development of space and a space transportation infrastructure can be accelerated. Virgin Galactic has indicated plans for an orbital craft, SpaceShipThree. The demand for space tourism is one without bound. It is not difficult to imagine lunar parks or cruises by Venus. Another impetus to become a spacefaring species is planetary defense.

The classic space mission is the Earth-colliding asteroid interception mission. Using nuclear detonations to split or deflect the asteroid is risky at best. Such a tactic could actually make the problem worse by increasing the amount of asteroid fragments that do end up hitting the Earth. Robert Zubrin writes:



	“
	If bombs are to be used as asteroid deflectors, they cannot just be launched willy-nilly. No, before any bombs are detonated, the asteroid will have to be thoroughly explored, its geology assessed, and subsurface bomb placements carefully determined and precisely located on the basis of such knowledge. A human crew, consisting of surveyors, geologists, miners, drillers, and demolition experts, will be needed on the scene to do the job right.[53]
	”
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Robotic probes have explored much of the solar system but humans have not yet left the Earth's influence





If such a crew is to be summoned to a distant asteroid, there may be less risky ways to divert the asteroid. Another promising asteroid mitigation strategy is to land a crew on the asteroid well ahead of its impact date and to begin diverting some its mass into space to slowly alter its trajectory. This is a form of rocket propulsion by virtue of Newton's third law with the asteroid's mass as the propellant. Whether exploding nuclear weapons or diversion of mass is used, a sizable human crew may need to be sent into space for many months if not years to accomplish this mission.[54] Questions such as what the astronauts will live in and what the ship will be like are questions for the space architect.

When motivations to go into space are realized, work on mitigating the most serious threats can begin. One of the biggest threats to astronaut safety in space is sudden radiation events from solar flares. The violent solar storm of August 1972, which occurred between the Apollo 16 and Apollo 17 missions, could have produced fatal consequences had astronauts been caught exposed on the lunar surface.[55] The best known protection against radiation in space is shielding; an especially effective shield is water contained in large tanks surrounding the astronauts.[56] Unfortunately water has a mass of 1000 kilograms per cubic meter. A more practical approach would be to construct solar "storm shelters" that spacefarers can retreat to during peak events.[57] For this to work, however, there would need to be a space weather broadcasting system in place to warn astronauts of upcoming storms, much like a tsunami warning system warns coastal inhabitants of impending danger. Perhaps one day a fleet of robotic spacecraft will orbit close to the sun, monitoring solar activity and sending precious minutes of warning before waves of dangerous particles arrive at inhabited regions of space.

Nobody knows what the long-term human future in space will be. Perhaps after gaining experience with routine spaceflight by exploring different worlds in the solar system and deflecting a few asteroids, the possibility of constructing non-modular space habitats and infrastructure will be within capability. Such possibilities include mass drivers on the moon, which launch payloads into space using only electricity, and spinning space colonies with closed ecological systems. A Mars in the early stages of terraformation, where inhabitants only need simple oxygen masks to walk out on the surface, may be seen. In any case, such futures require space architecture.
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The International Space Station in its current configuration
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Many life support technologies have been adapted from the submarine
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Interior view of Lunar Module. Note the downward-aimed windows.







	


[image: ]




Konstantin Tsiolkovsky, considered by some to be the father of human space flight
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A Soyuz spacecraft docked to the Mir Core Module
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Saturn V rocket, a testament to human potential
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A hypothetical spacecraft performing Mars orbit rendezvous
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1989 painting of Mars surface operations
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The Bernal sphere is an example of non-modular space architecture







	


[image: ]




Artificial gravity can be created by spinning a space colony
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Dyson Sphere is the structure for creating space settlements in space and Dyson spheres around different space objects
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Nanotube-like structure is the structure for creating space settlements in space and around different space objects
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Space orbital station – one-storey space hotel with 12 closed residential modules
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Space orbital station – two-storey space hotel with 12 closed residential modules. The first floor is for the residential modules, the second one - for the space shuttle landing
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Space human house – Space Nanoarchitecture. One variant to create a human settlement on the Moon and other planets
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Variant of space orbital station on the base of cable nets - two-storey (or more) space hotel with 12-cross contour and 6 closed horizontal residential modules. The first floor is for the residential modules, the second one - for the space shuttle landing
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Space habitat creation - Space Nanoarchitecture. Scheme of a semi-sphere creation on the base of one pentagonal and five hexagonal cells.
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Criticism of the Space Shuttle program stems from claims that NASA's Shuttle program has failed to achieve its promised cost and utility goals, as well as design, cost, management, and safety issues.[1] More specifically, it has failed in the goal of reducing the cost of space access. Space Shuttle incremental per-pound launch costs ultimately turned out to be considerably higher than those of expendable launchers:[2] by 2011, the incremental cost per flight of the Space Shuttle was estimated at $450 million,[3] or $18,000 per kilogram to low Earth orbit (LEO). By comparison, Russian Proton expendable launchers, still largely based on the design that dates back to 1965, are said to cost as little as $110 million,[4] or around $5,000/kg to LEO. When all design and maintenance costs are taken into account, the final cost of the Space Shuttle program, averaged over all missions and adjusted for inflation, was estimated to come out to $1.5 billion per launch, or $60,000/kg to LEO.[5] This should be contrasted with the originally envisioned costs of $118 per pound of payload in 1972 dollars ($1,400/kg, adjusting for inflation to 2011).[6]

It failed in the goal of achieving reliable access to space, partly due to multi-year interruptions in launches following Shuttle failures.[7] NASA budget pressures caused by the chronically high NASA Space Shuttle program costs have eliminated NASA manned space flight beyond low earth orbit since Apollo, and severely curtailed more productive space science using unmanned probes.[8] NASA's promotion of and reliance on the Shuttle slowed domestic commercial expendable launch vehicle (ELV) programs until after the 1986 Challenger disaster.[9]



	

Contents




	1 Purpose of the system

	2 Costs

	3 Cultural issues and problems

	4 Shuttle operations

	5 Accidents

	6 Retrospect

	7 Future

	8 See also

	9 References

	10 External links








 Purpose of the system

The "Space Transportation System" (NASA's formal name for the overall Shuttle program) was created to transport crewmembers and payloads into low Earth orbits.[10] It would afford the opportunity to conduct science experiments on board the shuttle to be used to study the effects of space flight on humans, animals and plants. Other experiments would study how things can be manufactured in space. The shuttle would also enable astronauts to launch satellites from the shuttle and even repair satellites already out in space.[11] The Shuttle was also intended for research into the human response to zero gravity.[12]

The Shuttle was originally billed as a space vehicle that would be able to launch once a week and give low launch costs through amortization. Development costs were expected to be recouped through frequent access to space. These claims were made in an effort to obtain budgetary funding from the United States Congress.[13] Beginning in 1981, the space shuttle began to be used for space travel. However, by the mid-1980s the concept of flying that many shuttle missions proved unrealistic and scheduled launch expectations were reduced 50%.[14] Following the Challenger accident in 1986, missions were halted pending safety review. This hiatus became lengthy and ultimately lasted almost three years as arguments over funding and the safety of the program continued. Eventually the military resumed the use of expendable launch vehicles instead.[12] Missions were put on hold again after the loss of Columbia in 2003. Overall, 135 missions were launched during the 30 years after the first orbital flight of Columbia, averaging approximately one every 3 months.

 Costs

Some reasons for the higher-than-expected operational costs are:


	The final design differs from the original concept, causing, among other things, the shuttle orbiter to be almost 20% over its specified weight - resulting in it being unable to boost the US Air Force's payloads into polar orbits.[15]

	Maintenance of the thermal protection tiles is a very labor-intensive and costly process, with some 35,000 tiles needing to be inspected individually and with each tile specifically manufactured for one specific slot on the shuttle.[16]

	The Space Shuttle Main Engines (SSMEs) were highly complex and maintenance-intensive, necessitating removal and extensive inspection after each flight. Before the "Block II" engines, the turbopumps (a primary engine component) had to be removed, disassembled, and totally overhauled after each flight.[citation needed]

	The toxic propellants used for the OMS/RCS thrusters required special handling, during which time no other activities could be performed in areas sharing the same ventilation system. This increased turn-around time.[citation needed]

	The launch rate was significantly lower than initially expected. While not reducing absolute operating costs, more launches per year gives a lower cost per launch. Some early hypothetical studies examined 55 launches per year (see above), but the maximum possible launch rate was limited to 24 per year based on manufacturing capacity of the Michoud facility that constructs the external tank. Early in shuttle development, the expected launch rate was about 12 per year.[17] Launch rates reached a peak of 9 per year in 1985 but averaged fewer thereafter.

	When the decision was made on the main shuttle contractors in 1972, work was spread among companies to make the program more attractive to Congress, such as the contract for the Solid Rocket Boosters to Morton Thiokol in Utah. Over the course of the program, this raised operational costs,[citation needed] though the consolidation of the US aerospace industry in the 1990s means the majority of the Shuttle was now with one company: the United Space Alliance, a joint venture of Boeing and Lockheed Martin.



 Cultural issues and problems


For a successful technology, reality must take precedence over public relations, for nature cannot be fooled.

— Richard Feynmann, Rogers Commission Report, on the Challenger disaster.



Some researchers have criticized a pervasive shift in NASA culture away from safety in order to ensure that launches took place in a timely fashion. Allegedly, NASA upper-level management embraced this decreased safety focus in the 1980s while some engineers remained wary. According to Vaughan, the aggressive launch schedules arose in the Reagan years as a way to rehabilitate America's post-Vietnam prestige.[18]

The physicist Richard Feynman, who was appointed to the official inquiry on the Challenger disaster, estimated the risk to be "on the order of a percent" in his report, adding, "Official management, on the other hand, claims to believe the probability of failure is a thousand times less. One reason for this may be an attempt to assure the government of NASA perfection and success in order to ensure the supply of funds. The other may be that they sincerely believed it to be true, demonstrating an almost incredible lack of communication between themselves and their working engineers."[19]

Despite Feynman's warnings, and despite the fact that Vaughan served on safety boards and committees at NASA, the subsequent press coverage has found some evidence that NASA's relative disregard for safety might persist to this day. For example, NASA discounted the risk from small foam chunk breakage at launch and assumed that the lack of damage from prior foam collisions suggested the future risk was low.[citation needed]

 Shuttle operations
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The original, simple, vision of Space Shuttle ground processing
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Actual, vastly more complex and much slower, Space Shuttle ground processing





The Shuttle was originally conceived to operate somewhat like an airliner. After landing, the orbiter would be checked out and start "mating" to the rest of the system (the ET and SRBs), and be ready for launch in as little as two weeks. Instead, this turnaround process usually takes months; Atlantis set the pre-Challenger record by launching twice within 54 days, while Columbia set the post-Challenger record of 88 days. Naturally, the Shuttle program's goal of returning its crew to Earth safely conflicts with the goal of a rapid and inexpensive payload launch. Furthermore, because in many cases there are no survivable abort modes, many pieces of hardware simply must function perfectly and so must be carefully inspected before each flight. The result is high labor cost, with around 25,000 workers in Shuttle operations and labor costs of about $1 billion per year.[6]

Some shuttle features initially presented as important to Space Station support have proved superfluous:


	As the Russians demonstrated, capsules and unmanned supply rockets are sufficient to supply a space station.

	NASA's initial policy of using the Shuttle to launch all unmanned payloads declined in practice, and eventually was discontinued. Expendable Launch Vehicles (ELVs) proved much cheaper and more flexible.

	Following the Challenger disaster, use of the Shuttle to carry the powerful liquid fueled Centaur upper stages planned for interplanetary probes was ruled out for Shuttle safety reasons.[20][21]

	The Shuttle's history of unexpected delays also makes it liable to miss narrow launch windows.

	Advances in technology over the last decade have made probes smaller and lighter.[citation needed] As a result, robotic probes and communications satellites can now use expendable launch vehicles, such as the Delta and Atlas V, which are less expensive and perceived to be more reliable than the Shuttle.



 Accidents
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SRB O-ring "blow by" is what caused the Challenger accident





While the technical details of the Challenger and Columbia accidents are different, the organizational problems show similarities. In both cases events happened that were not planned for nor anticipated. Flight engineers' concerns about possible problems were not properly communicated to or understood by senior NASA managers. The vehicle gave ample warning beforehand of abnormal problems. A heavily layered, procedure-oriented bureaucratic structure inhibited necessary communication and action.

With Challenger, an O-ring that should not have eroded at all did erode on earlier shuttle launches. Yet managers felt that because it had previously eroded by no more than 30%, this was not a hazard as there was "a factor of three safety margin". Morton-Thiokol designed and manufactured the SRBs, and during a pre-launch conference call with NASA, Roger Boisjoly, the Thiokol engineer most experienced with the O-rings, pleaded with management repeatedly to cancel or reschedule the launch. He raised concerns that the unusually low temperatures would stiffen the O-rings, preventing a complete seal, which was exactly what happened on the fatal flight. However, Thiokol's senior managers overruled him, dismissing his safety concerns and allowed the launch to proceed. Challenger's O-rings eroded completely through as predicted, resulting in the complete destruction of the spacecraft and the loss of all seven astronauts on board.

Columbia was destroyed because of damaged thermal protection from foam debris that broke off from the external tank during ascent. The foam had not been designed or expected to break off, but had been observed in the past to do so without incident. The original shuttle operational specification said the orbiter thermal protection tiles were not designed to withstand any debris hits at all. Over time NASA managers gradually accepted more tile damage, similar to how O-ring damage was accepted. The Columbia Accident Investigation Board called this tendency the "normalization of deviance" — a gradual acceptance of events outside the design tolerances of the craft simply because they had not been catastrophic to date.[22]

The subject of missing or damaged thermal tiles on the Shuttle fleet only became an issue following the loss of Columbia in 2003, as it broke up on re-entry. In fact, Shuttles had previously come back missing as many as 20 tiles without any problem. STS-1 and STS-41 had all flown with missing thermal tiles from the orbital maneuvering system pods (visible to the crew). This image from the NASA archives shows many missing tiles on the STS-1 OMS pods. The problem on Columbia was that the damage was sustained from a foam strike to the reinforced carbon-carbon leading edge panel of the wing, not the heat tiles. The first Shuttle mission, STS-1, had a protruding gap filler that diverted hot gas into the right wheel well on re-entry, resulting in a buckling of the right main landing gear door.[23]

 Retrospect

While the system was developed within the original cost and time estimates given to President Richard M. Nixon in 1971, the operational costs, flight rate, payload capacity, and reliability have been much worse than anticipated.[24] A year before STS-1's April 1981 launch, The Washington Monthly accurately forecast many of the Shuttle's issues, including an overambitious launch schedule and the consequent higher-than-expected marginal cost per flight; the risks of depending on the Shuttle for all payloads, civilian and military; the lack of a survivable abort scenario if a Solid Rocket Booster were to fail; and the fragility of the Shuttle's thermal protection system.[25][26]

In order to get the Shuttle approved, NASA over-promised its economies and utility. To justify its very large fixed operational program cost, NASA initially forced all domestic, internal, and Department of Defense payloads to the shuttle. When that proved impossible (after the Challenger disaster), NASA used the International Space Station (ISS) as a justification for the shuttle. Some speculate that, had NASA avoided the Shuttle program and instead continued to use Saturn and commercially available boosters, costs might have been lower, freeing funds for manned exploration and more unmanned space science. In particular, NASA administrator Michael D. Griffin argued in a 2007 paper that the Saturn program, if continued, could have provided six manned launches per year — two of them to the moon — at the same cost as the Shuttle program, with an additional ability to loft infrastructure for further missions:


If we had done all this, we would be on Mars today, not writing about it as a subject for “the next 50 years.” We would have decades of experience operating long-duration space systems in Earth orbit, and similar decades of experience in exploring and learning to utilize the Moon.[27]



Some had argued that the shuttle program was flawed.[28] Achieving a reusable vehicle with early 1970s technology forced design decisions that compromised operational reliability and safety. Reusable main engines were made a priority. This necessitated that they not burn up upon atmospheric reentry, which in turn made mounting them on the orbiter itself (the one part of the shuttle system where reuse was paramount) a seemingly logical decision. However, this had the following consequences:


	a more expensive 'clean sheet' engine design was needed, using more expensive materials, as opposed to existing and proven off-the-shelf alternatives (such as the Saturn V mains);

	increased ongoing maintenance costs related to keeping the reusable SSMEs in flying condition after each launch, costs which in total may have exceeded that of building disposable main engines for each launch;

	less absolute tonnage available to be lifted into space, since the mass of the SSMEs attached to the orbiter necessarily cut into the craft's 'payload budget' (more payload launched at any one time, by definition, reduces launch costs per pound).



A concern expressed by the 1990 Augustine Commission was that, "the civil space program is overly dependent upon the Space Shuttle for access to space." The committee pointed out, "that it was, for example, inappropriate in the case of Challenger to risk the lives of seven astronauts and nearly one-fourth of NASA's launch assets to place in orbit a communications satellite."[29]

 Future

Designers look to more economical and reliable launch systems for the future, with lower maintenance and operational costs. One approach is Single Stage To Orbit (SSTO), which would be 100% reusable and use a single stage. NASA evaluated several concepts in the 1990s, and selected the X-33, which would eventually have been the VentureStar. During design that program increased in complexity and development cost, encountered problems and was finally cancelled.[30][31]

A variant of SSTO is a hypersonic, scramjet-powered, airbreathing vehicle. This would be launched and landed horizontally like an airliner. It would achieve much of orbital velocity while still within the upper atmosphere. It was originally investigated by the U.S. Department of Defense, but passenger-carrying civilian versions were planned.[citation needed] The official name was the Rockwell X-30. Like the X-33, the X-30 development encountered major technical difficulties, primarily due to the system complexity and materials required for hypersonic flight, and was also canceled.

Another approach is lower-cost expendable launch vehicles. NASA currently uses commercial ELVs for unmanned launches, and could use commercial ELVs for future manned launches. This would fit with NASA's mandate to promote commercial access to and use of space. The Commercial Orbital Transportation Services program began in 2006 with the purpose of creating commercially operated unmanned cargo vehicles to service the ISS.[32] The SpaceX Dragon became operational upon launching and docking with the ISS in May 2012.[33][34] The Orbital Sciences' Cygnus is expected to become operational in 2012.[35][36] The Commercial Crew Development (CCDev) program was initiated in 2010 with the purpose of creating commercially operated manned spacecraft capable of delivering at least four crew members to the ISS, to stay docked for 180 days and then return them back to Earth.[37] These spacecraft are expected to become fully operational in the mid-2010s.[38] In August 2012, NASA announced funding agreements with three firms, SpaceX, Boeing and Sierra Nevada Corporation, for development of crew delivery capability.[39]

 See also


	N1 (rocket)
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Saturn V rocket, used for the American manned lunar landing missions





Space exploration is the discovery and exploration of outer space by means of space technology.[1] Physical exploration of space is conducted both by human spaceflights and by robotic spacecraft.

While the observation of objects in space, known as astronomy, predates reliable recorded history, it was the development of large and relatively efficient rockets during the early 20th century that allowed physical space exploration to become a reality. Common rationales for exploring space include advancing scientific research, uniting different nations, ensuring the future survival of humanity and developing military and strategic advantages against other countries. Various criticisms of space exploration are sometimes made.

Space exploration has often been used as a proxy competition for geopolitical rivalries such as the Cold War. The early era of space exploration was driven by a "Space Race" between the Soviet Union and the United States, the launch of the first man-made object to orbit the Earth, the USSR's Sputnik 1, on 4 October 1957, and the first Moon landing by the American Apollo 11 craft on 20 July 1969 are often taken as the boundaries for this initial period. The Soviet space program achieved many of the first milestones, including the first living being in orbit in 1957, the first human spaceflight (Yuri Gagarin aboard Vostok 1) in 1961, the first spacewalk (by Aleksei Leonov) on 18 March 1965, the first automatic landing on another celestial body in 1966, and the launch of the first space station (Salyut 1) in 1971.

After the first 20 years of exploration, focus shifted from one-off flights to renewable hardware, such as the Space Shuttle program, and from competition to cooperation as with the International Space Station (ISS).

With the substantial completion of the ISS[2] following STS-133 in March 2011, plans for space exploration by the USA remain in flux. Constellation, a Bush Administration program for a return to the Moon by 2020[3] was judged inadequately funded and unrealistic by an expert review panel reporting in 2009.[4] The Obama Administration proposed a revision of Constellation in 2010 to focus on the development of the capability for crewed missions beyond low earth orbit (LEO), envisioning extending the operation of the ISS beyond 2020, transferring the development of launch vehicles for human crews from NASA to the private sector, and developing technology to enable missions to beyond LEO, such as Earth/Moon L1, the Moon, Earth/Sun L2, near-earth asteroids, and Phobos or Mars orbit.[5] As of March 2011, the US Senate and House of Representatives are still working towards a compromise NASA funding bill, which will probably terminate Constellation and fund development of a heavy lift launch vehicle (HLLV).[6]

In the 2000s, the People's Republic of China initiated a successful manned spaceflight program, while the European Union, Japan, and India have also planned future manned space missions. China, Russia, Japan, and India have advocated manned missions to the Moon during the 21st century, while the European Union has advocated manned missions to both the Moon and Mars during the 21st century. From the 1990s onwards, private interests began promoting space tourism and then private space exploration of the Moon (see Google Lunar X Prize).
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 History of exploration in the 20th century

See also: Timeline of space exploration, History of astronomy, and Timeline of first orbital launches by country
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Most orbital flight actually takes place in upper layers of the atmosphere, especially in the thermosphere (not to scale)
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In July 1950 the first Bumper rocket is launched from Cape Canaveral, Florida. The Bumper was a two-stage rocket consisting of a Post-War V-2 topped by a WAC Corporal rocket. It could reach then-record altitudes of almost 400 km. Launched by General Electric Company, this Bumper was used primarily for testing rocket systems and for research on the upper atmosphere. They carried small payloads that allowed them to measure attributes including air temperature and cosmic ray impacts.





The first steps of putting a man-made object into space were taken by German scientists during World War II while testing the V-2 rocket, which became the first man-made object in space on 3 October 1942 with the launching of the A-4. After the war, the U.S. used German scientists and their captured rockets in programs for both military and civilian research. The first scientific exploration from space was the cosmic radiation experiment launched by the U.S. on a V-2 rocket on 10 May 1946. The first images of Earth taken from space followed the same year while the first animal experiment saw fruit flies lifted into space in 1947, both also on modified V-2s launched by Americans. Starting in 1947, the Soviets, also with the help of German teams, launched sub-orbital V-2 rockets and their own variant, the R-1, including radiation and animal experiments on some flights. These suborbital experiments only allowed a very short time in space which limited their usefulness.


	First flights
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Sputnik 1, the first artificial satellite orbited earth at 939 km (583 mi) to 215 km (134 mi) in 1957, and was soon followed by Sputnik 2. See First satellite by country (Replica Pictured)
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Apollo CSM in lunar orbit
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Apollo 17 astronaut Harrison Schmitt standing next to a boulder at Taurus-Littrow.





The first successful orbital launch was of the Soviet unmanned Sputnik 1 ("Satellite 1") mission on 4 October 1957. The satellite weighed about 83 kg (184 pounds), and is believed to have orbited Earth at a height of about 250 km (160 mi). It had two radio transmitters (20 and 40 MHz), which emitted "beeps" that could be heard by radios around the globe. Analysis of the radio signals was used to gather information about the electron density of the ionosphere, while temperature and pressure data was encoded in the duration of radio beeps. The results indicated that the satellite was not punctured by a meteoroid. Sputnik 1 was launched by an R-7 rocket. It burned up upon re-entry on 3 January 1958.

This success led to an escalation of the American space program, which unsuccessfully attempted to launch a Vanguard satellite into orbit two months later. On 31 January 1958, the U.S. successfully orbited Explorer 1 on a Juno rocket. In the meantime, the Soviet dog Laika became the first animal in orbit on 3 November 1957.


	First human flights



The first successful human spaceflight was Vostok 1 ("East 1"), carrying 27 year old Russian cosmonaut Yuri Gagarin on 12 April 1961. The spacecraft completed one orbit around the globe, lasting about 1 hour and 48 minutes. Gagarin's flight resonated around the world; it was a demonstration of the advanced Soviet space program and it opened an entirely new era in space exploration: human spaceflight.



The U.S. first launched a person into space within a month of Vostok 1 with Alan Shepard's suborbital flight in Mercury-Redstone 3. Orbital flight was achieved by the United States when John Glenn's Mercury-Atlas 6 orbited the Earth on 20 February 1962.

Valentina Tereshkova, the first woman in space, orbited the Earth 48 times aboard Vostok 6 on 16 June 1963.

China first launched a person into space 42 years after the launch of Vostok 1, on 15 October 2003, with the flight of Yang Liwei aboard the Shenzhou 5 (Spaceboat 5) spacecraft.


	First planetary explorations



The first artificial object to reach another celestial body was Luna 2 in 1959.[7] The first automatic landing on another celestial body was performed by Luna 9[8] in 1966. Luna 10 became the first artificial satellite of the Moon.[9]

The first manned landing on another celestial body was performed by Apollo 11 in its lunar landing on 20 July 1969.

The first successful interplanetary flyby was the 1962 Mariner 2 flyby of Venus (closest approach 34,773 kilometers). Flybys for the other planets were first achieved in 1965 for Mars by Mariner 4, 1973 for Jupiter by Pioneer 10, 1974 for Mercury by Mariner 10, 1979 for Saturn by Pioneer 11, 1986 for Uranus by Voyager 2, and 1989 for Neptune by Voyager 2.

The first interplanetary surface mission to return at least limited surface data from another planet was the 1970 landing of Venera 7 on Venus which returned data to earth for 23 minutes. In 1971 the Mars 3 mission achieved the first soft landing on Mars returning data for almost 20 seconds. Later much longer duration surface missions were achieved, including over 6 years of Mars surface operation by Viking 1 from 1975 to 1982 and over 2 hours of transmission from the surface of Venus by Venera 13 in 1982, the longest ever Soviet planetary surface mission.


	Key people in early space exploration



The dream of stepping into the outer reaches of the Earth's atmosphere was driven by the fiction of Jules Verne[10][11][12] and H.G.Wells,[13] and rocket technology was developed to try to realise this vision. The German V-2 was the first rocket to travel into space, overcoming the problems of thrust and material failure. During the final days of World War II this technology was obtained by both the Americans and Soviets as were its designers. The initial driving force for further development of the technology was a weapons race for intercontinental ballistic missiles (ICBMs) to be used as long-range carriers for fast nuclear weapon delivery, but in 1961 when USSR launched the first man into space, the U.S. declared itself to be in a "Space Race" with the Soviets.


	Konstantin Tsiolkovsky, Robert Goddard, Hermann Oberth, and Reinhold Tiling laid the groundwork of rocketry in the early years of the 20th century.

	Wernher von Braun was the lead rocket engineer for Nazi Germany's World War II V-2 rocket project. In the last days of the war he led a caravan of workers in the German rocket program to the American lines, where they surrendered and were brought to the USA to work on U.S. rocket development ("Operation Paperclip"). He acquired American citizenship and led the team that developed and launched Explorer 1, the first American satellite. Von Braun later led the team at NASA's Marshall Space Flight Center which developed the Saturn V moon rocket.

	Initially the race for space was often led by Sergei Korolyov, whose legacy includes both the R7 and Soyuz—which remain in service to this day. Korolev was the mastermind behind the first satellite, first man (and first woman) in orbit and first spacewalk. Until his death his identity was a closely guarded state secret; not even his mother knew that he was responsible for creating the Russian space program.

	Kerim Kerimov was one of the founders of the Soviet space program and was one of the lead architects behind the first human spaceflight (Vostok 1) alongside Sergey Korolyov. After Korolyov's death in 1966, Kerimov became the lead scientist of the Soviet space program and was responsible for the launch of the first space stations from 1971 to 1991, including the Salyut and Mir series, and their precursors in 1967, the Cosmos 186 and Cosmos 188.[14][15]
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Robert Gilruth





Other key people included:


	Valentin Glushko held the role of Chief Engine Designer for USSR. Glushko designed many of the engines used on the early Soviet rockets, but was constantly at odds with Korolyov.

	Vasily Mishin was Chief Designer working under Sergey Korolyov and one of first Soviets to inspect the captured German V-2 design. Following the death of Sergei Korolev, Mishin was held responsible for the Soviet failure to be first country to place a man on the moon.

	Robert Gilruth was the NASA head of the Space Task Force and director of 25 manned space flights. Gilruth was the person who suggested to John F. Kennedy that the Americans take the bold step of reaching the Moon in an attempt to reclaim space superiority from the Soviets.

	Christopher C. Kraft, Jr. was NASA's first flight director, who oversaw development of Mission Control and associated technologies and procedures.

	Maxime Faget was the designer of the Mercury capsule; he played a key role in designing the Gemini and Apollo spacecraft, and contributed to the design of the Space Shuttle.



 Targets of exploration
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Image of the Sun from 7 June 1992 showing some sunspots





 The Sun

While the Sun will probably not be physically explored in the close future, one of the reasons for going into space is to know more about the Sun. Once above the atmosphere in particular and the Earth's magnetic field, this gives access to the Solar wind and infrared and ultraviolet radiations that cannot reach the surface of the Earth. The Sun generates most space weather, which can affect power generation and transmission systems on Earth and interfere with, and even damage, satellites and space probes.
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MESSENGER image of Mercury





 Mercury

Main article: Exploration of Mercury

Mercury remains the least explored of the inner planets. As of May 2011, the Mariner 10 and MESSENGER missions have been the only missions that have made close observations of Mercury. MESSENGER entered orbit around Mercury in March 2011, to further investigate the observations made by Mariner 10 in 1975 (Munsell, 2006b).
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A MESSENGER image from 18,000 km showing a region about 500 km across





A third mission to Mercury, scheduled to arrive in 2020, BepiColombo is to include two probes. BepiColombo is a joint mission between Japan and the European Space Agency. MESSENGER and BepiColombo are intended to gather complementary data to help scientists understand many of the mysteries discovered by Mariner 10's flybys.

Flights to other planets within the Solar System are accomplished at a cost in energy, which is described by the net change in velocity of the spacecraft, or delta-v. Due to the relatively high delta-v to reach Mercury and its proximity to the Sun, it is difficult to explore and orbits around it are rather unstable.
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Mariner 10 image of Venus





 Venus

Main article: Observations and explorations of Venus

Venus was the first target of interplanetary flyby and lander missions and, despite one of the most hostile surface environments in the solar system, has had more landers sent to it (nearly all from the Soviet Union) than any other planet in the solar system. The first successful Venus flyby was the American Mariner 2 spacecraft, which flew past Venus in 1962. Mariner 2 has been followed by several other flybys by multiple space agencies often as part of missions using a Venus flyby to provide a gravitational assist en route to other celestial bodies. In 1967 Venera 4 became the first probe to enter and directly examine the atmosphere of Venus. In 1970 Venera 7 became the first successful lander to reach the surface of Venus and by 1985 it had been followed by eight additional successful Soviet Venus landers which provided images and other direct surface data. Starting in 1975 with the Soviet orbiter Venera 9 some ten successful orbiter missions have been sent to Venus, including later missions which were able to map the surface of Venus using radar to pierce the obscuring atmosphere.
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The "marble" Earth picture taken by Apollo 17
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First television image of Earth from space





 Earth

Main article: Earth observation satellite

Space exploration has been used as a tool to understand the Earth as a celestial object in its own right. Orbital missions can provide data for the Earth that can be difficult or impossible to obtain from a purely ground-based point of reference.

For example, the existence of the Van Allen belts was unknown until their discovery by the United States' first artificial satellite, Explorer 1. These belts contain radiation trapped by the Earth's magnetic fields, which currently renders construction of habitable space stations above 1000 km impractical. Following this early unexpected discovery, a large number of Earth observation satellites have been deployed specifically to explore the Earth from a space based perspective. These satellites have significantly contributed to the understanding of a variety of earth based phenomena. For instance, the hole in the ozone layer was found by an artificial satellite that was exploring Earth's atmosphere, and satellites have allowed for the discovery of archeological sites or geological formations that were difficult or impossible to otherwise identify.
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The Moon as seen from the Earth
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Apollo 16 astronaut John Young





 Earth's Moon

Main article: Exploration of the Moon

Earth's Moon was the first celestial body to be the object of space exploration. It holds the distinctions of being the first remote celestial object to be flown by, orbited, and landed upon by spacecraft, and the only remote celestial object ever to be visited by humans.

In 1959 the Soviets obtained the first images of the far side of the Moon, never previously visible to humans. The U.S. exploration of the Moon began with the Ranger 4 impactor in 1962. Starting in 1966 the Soviets successfully deployed a number of landers to the Moon which were able to obtain data directly from the Moon's surface; just four months later, Surveyor 1 marked the debut of a successful series of U.S. landers. The Soviet unmanned missions culminated in the Lunokhod program in the early '70s which included the first unmanned rovers and also successfully returned lunar soil samples to the Earth for study. This marked the first (and to date the only) automated return of extraterrestrial soil samples to the Earth. Unmanned exploration of the Moon continues with various nations periodically deploying lunar orbiters, and in 2008 the Indian Moon Impact Probe.

Manned exploration of the Moon began in 1968 with the Apollo 8 mission that successfully orbited the Moon, the first time any extraterrestrial object was orbited by humans. In 1969 the Apollo 11 mission marked the first time humans set foot upon another world. Manned exploration of the Moon did not continue for long, however. The Apollo 17 mission in 1972 marked the most recent human visit to another world, and there is no further planned human exploration of an extraterrestrial body, though robotic missions are still pursued vigorously.
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Mars as seen by the HST






[image: ]

[image: ]

Surface of mars by the Spirit rover in 2004





 Mars

Main article: Exploration of Mars

The exploration of Mars has been an important part of the space exploration programs of the Soviet Union (later Russia), the United States, Europe, and Japan. Dozens of robotic spacecraft, including orbiters, landers, and rovers, have been launched toward Mars since the 1960s. These missions were aimed at gathering data about current conditions and answering questions about the history of Mars. The questions raised by the scientific community are expected to not only give a better appreciation of the red planet but also yield further insight into the past, and possible future, of Earth.

The exploration of Mars has come at a considerable financial cost with roughly two-thirds of all spacecraft destined for Mars failing before completing their missions, with some failing before they even began. Such a high failure rate can be attributed to the complexity and large number of variables involved in an interplanetary journey, and has led researchers to jokingly speak of The Great Galactic Ghoul[16] which subsists on a diet of Mars probes. This phenomenon is also informally known as the Mars Curse.[17]

 Phobos

Main article: Exploration of Phobos

The Russian space mission Fobos-Grunt, which launched on 9 November 2011 experienced a failure leaving it stranded in low Earth orbit.[18] It was to begin exploration of the Phobos and Martian circumterrestrial orbit, and study whether the moons of Mars, or at least Phobos, could be a "trans-shipment point" for spaceships travelling to Mars.[19]

 Asteroids and comets

Main article: Exploration of the asteroids
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Comet 103P/Hartley
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Asteroid 4 Vesta, imaged by the Dawn spacecraft





Until the advent of space travel, objects in the asteroid belt were merely pinpricks of light in even the largest telescopes, their shapes and terrain remaining a mystery. Several asteroids have now been visited by probes, the first of which was Galileo, which flew past two: 951 Gaspra in 1991, followed by 243 Ida in 1993. Both of these lay near enough to Galileo's planned trajectory to Jupiter that they could be visited at acceptable cost. The first landing on an asteroid was performed by the NEAR Shoemaker probe in 2000, following an orbital survey of the object. The dwarf planet Ceres and the asteroid 4 Vesta, two of the three largest asteroids, are targets of NASA's Dawn mission, launched in 2007.

While many comets have been closely studied from Earth sometimes with centuries-worth of observations, only a few comets have been closely visited. In 1985, the International Cometary Explorer conducted the first comet fly-by (21P/Giacobini-Zinner) before joining the Halley Armada studying the famous comet. The Deep Impact probe smashed into 9P/Tempel to learn more about its structure and composition while the Stardust mission returned samples of another comet's tail. The Philae lander will attempt to land on a comet in 2014.

Hayabusa was an unmanned spacecraft developed by the Japan Aerospace Exploration Agency to return a sample of material from a small near-Earth asteroid named 25143 Itokawa to Earth for further analysis. Hayabusa was launched on 9 May 2003 and rendezvoused with Itokawa in mid-September 2005. After arriving at Itokawa, Hayabusa studied the asteroid's shape, spin, topography, colour, composition, density, and history. In November 2005, it landed on the asteroid to collect samples. The spacecraft returned to Earth on 13 June 2010.

 Jupiter

Main article: Exploration of Jupiter
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Voyager 1 image of Jupiter
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Image of Io taken by the Galileo spacecraft





The exploration of Jupiter has consisted solely of a number of automated NASA spacecraft visiting the planet since 1973. A large majority of the missions have been "flybys", in which detailed observations are taken without the probe landing or entering orbit; the Galileo spacecraft is the only one to have orbited the planet. As Jupiter is believed to have only a relatively small rocky core and no real solid surface, a landing mission is nearly impossible.

Reaching Jupiter from Earth requires a delta-v of 9.2 km/s,[20] which is comparable to the 9.7 km/s delta-v needed to reach low Earth orbit.[21] Fortunately, gravity assists through planetary flybys can be used to reduce the energy required at launch to reach Jupiter, albeit at the cost of a significantly longer flight duration.[20]

Jupiter has over 60 known moons, many of which have relatively little known information about them.
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A picture of Saturn taken by Voyager 2.
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Huygens image from the surface of Titan





 Saturn

Main article: Exploration of Saturn

Saturn has been explored only through unmanned spacecraft launched by NASA, including one mission (Cassini–Huygens) planned and executed in cooperation with other space agencies. These missions consist of flybys in 1979 by Pioneer 11, in 1980 by Voyager 1, in 1982 by Voyager 2 and an orbital mission by the Cassini spacecraft which entered orbit in 2004 and is expected to continue its mission well into 2012.

Saturn has at least 62 satellites, although the exact number is debatable since Saturn's rings are made up of vast numbers of independently orbiting objects of varying sizes. The largest of the moons is Titan. Titan holds the distinction of being the only moon in the solar system with an atmosphere denser and thicker than that of the Earth. As a result of the deployment from the Cassini spacecraft of the Huygens probe and its successful landing on Titan, Titan also holds the distinction of being the only moon (apart from Earth's own Moon) to be successfully explored with a lander.


[image: ]

[image: ]

Uranus from Voyager 2
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Voyager 2 image showing the tortured surface of Miranda





 Uranus

Main article: Exploration of Uranus

The exploration of Uranus has been entirely through the Voyager 2 spacecraft, with no other visits currently planned. Given its axial tilt of 97.77°, with its polar regions exposed to sunlight or darkness for long periods, scientists were not sure what to expect at Uranus. The closest approach to Uranus occurred on 24 January 1986. Voyager 2 studied the planet's unique atmosphere and magnetosphere. Voyager 2 also examined its ring system and the moons of Uranus including all five of the previously known moons, while discovering an additional ten previously unknown moons.

Images of Uranus proved to have a very uniform appearance, with no evidence of the dramatic storms or atmospheric banding evident on Jupiter and Saturn. Great effort was required to even identify a few clouds in the images of the planet. The magnetosphere of Uranus, however, proved to be completely unique and proved to be profoundly affected by the planet's unusual axial tilt. In contrast to the bland appearance of Uranus itself, striking images were obtained of the moons of Uranus, including evidence that Miranda had been unusually geologically active.
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Picture of Neptune taken by Voyager 2
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Triton as imaged by Voyager 2





 Neptune

Main article: Exploration of Neptune

The exploration of Neptune began with the 25 August 1989 Voyager 2 flyby, the sole visit to the system as of 2012. The possibility of a Neptune Orbiter has been discussed, but no other missions have been given serious thought.

Although the extremely uniform appearance of Uranus during Voyager 2's visit in 1986 had led to expectations that Neptune would also have few visible atmospheric phenomena, Voyager 2 found that Neptune had obvious banding, visible clouds, auroras, and even a conspicuous anticyclone storm system rivaled in size only by Jupiter's small Spot. Neptune also proved to have the fastest winds of any planet in the solar system, measured as high as 2,100 km/h.[22] Voyager 2 also examined Neptune's ring and moon system. It discovered 900 complete rings and additional partial ring "arcs" around Neptune. In addition to examining Neptune's three previously known moons, Voyager 2 also discovered five previously unknown moons, one of which, Proteus, proved to be the last largest moon in the system. Data from Voyager further reinforced the view that Neptune's largest moon, Triton, is a captured Kuiper belt object.[23]

 Pluto

Main article: Exploration of Pluto
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Pluto and Charon (1994)





The dwarf planet Pluto (considered a planet until the IAU redefined "planet" in October 2006[24]) presents significant challenges for spacecraft because of its great distance from Earth (requiring high velocity for reasonable trip times) and small mass (making capture into orbit very difficult at present). Voyager 1 could have visited Pluto, but controllers opted instead for a close flyby of Saturn's moon Titan, resulting in a trajectory incompatible with a Pluto flyby. Voyager 2 never had a plausible trajectory for reaching Pluto.[25]

Pluto continues to be of great interest, despite its reclassification as the lead and nearest member of a new and growing class of distant icy bodies of intermediate size, in mass between the remaining eight planets and the small rocky objects historically termed asteroids (and also the first member of the important subclass, defined by orbit and known as "Plutinos"). After an intense political battle, a mission to Pluto dubbed New Horizons was granted funding from the US government in 2003.[26] New Horizons was launched successfully on 19 January 2006. In early 2007 the craft made use of a gravity assist from Jupiter. Its closest approach to Pluto will be on 14 July 2015; scientific observations of Pluto will begin five months prior to closest approach and will continue for at least a month after the encounter.

 Deep space exploration

Main article: Deep space exploration
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Chandra, Hubble, and Spitzer image NGC 1952
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Star cluster Pismis 24 and NGC 6357
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Whirlpool Galaxy (Messier 51)






	




 Future of space exploration
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Concept art for a NASA Vision mission
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In the 2000s, several plans for space exploration were announced; both government entities and the private sector have space exploration objectives. China has announced plans to have a 60-ton multi-module space station in orbit by 2020.

The NASA Authorization Act of 2010 provides objectives for American space exploration. NASA proposes to move forward with the development of the Space Launch System (SLS), which will be designed to carry the Orion Multi-Purpose Crew Vehicle, as well as important cargo, equipment, and science experiments to Earth's orbit and destinations beyond. Additionally, the SLS will serve as a back up for commercial and international partner transportation services to the International Space Station. The SLS rocket will incorporate technological investments from the Space Shuttle program and the Constellation program in order to take advantage of proven hardware and reduce development and operations costs. The first developmental flight is targeted for the end of 2017.[27]

 AI in Space Exploration

The idea of using high level automated systems for space missions has becoming a desirable goal to space agencies all around the world. Such systems are believed to yield benefits such as lower cost, less human oversight, and ability to explore deeper in space which is usually restricted by long communications with human controllers. [28]



Autonomous System

Autonomy is defined by 3 requirements:[29]



	1. Being able to sense the world and their state, make decisions, and carry them out on their own.

	2. Can interpret the given goal as a list of actions to take.

	3. Fail flexibly





Benefits

Autonomy technologies would be able to perform beyond predetermined actions. It would analyze all possible states and events happening around them and come up with a safe response. In addition, such technologies can reduce launch cost and ground involvement. Performance would increase as well. Autonomy would be able to quickly response upon encountering an event, especially in a deep space exploration where communications back to Earth would take too long. [30]



NASA’s Autonomous Science Experiment

NASA began its autonomous science experiment (ASE) on the Earth Observing 1 (EO-1) which is NASA’s first satellite in the new millennium program Earth observing series launched on November 21, 2000. The autonomy of ASE is capable of on-board science analysis, replanning, robust execution, and later the addition of model-based diagnostic. Images obtained by the EO-1 are analyzed on-board and downlinked when a change or an interesting event occur. The ASE software has successfully provided over 10,000 science images. [31]



	




 Rationales

Main article: Space advocacy
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Astronaut Buzz Aldrin, had a personal Communion service when he first arrived on the surface of the Moon.





The research that is conducted by national space exploration agencies, such as NASA and Roscosmos, is one of the reasons supporters cite to justify government expenses. Economic analyses of the NASA programs often showed ongoing economic benefits (such as NASA spin-offs), generating many times the revenue of the cost of the program.[32]

Another claim is that space exploration is a necessity to mankind and that staying on Earth will lead to extinction. Some of the reasons are lack of natural resources, comets, nuclear war, and worldwide epidemic. Stephen Hawking, renowned British theoretical physicist, said that "I don't think the human race will survive the next thousand years, unless we spread into space. There are too many accidents that can befall life on a single planet. But I'm an optimist. We will reach out to the stars."[33]

NASA has produced a series of public service announcement videos supporting the concept of space exploration.[34]

Overall, the public remains largely supportive of both manned and unmanned space exploration. According to an Associated Press Poll conducted in July 2003, 71% of U.S. citizens agreed with the statement that the space program is "a good investment", compared to 21% who did not.[35]

Arthur C. Clarke (1950) presented a summary of motivations for the human exploration of space in his non-fiction semi-technical monograph Interplanetary Flight.[36] He argued that humanity's choice is essentially between expansion off the Earth into space, versus cultural (and eventually biological) stagnation and death.

 Topics
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Delta-v's in km/s for various orbital maneuvers





 Spaceflight

Main article: Spaceflight

Spaceflight is the use of space technology to achieve the flight of spacecraft into and through outer space.

Spaceflight is used in space exploration, and also in commercial activities like space tourism and satellite telecommunications. Additional non-commercial uses of spaceflight include space observatories, reconnaissance satellites and other earth observation satellites.

A spaceflight typically begins with a rocket launch, which provides the initial thrust to overcome the force of gravity and propels the spacecraft from the surface of the Earth. Once in space, the motion of a spacecraft—both when unpropelled and when under propulsion—is covered by the area of study called astrodynamics. Some spacecraft remain in space indefinitely, some disintegrate during atmospheric reentry, and others reach a planetary or lunar surface for landing or impact.

 Satellites

Main article: Satellite

Satellites are used for a large number of purposes. Common types include military (spy) and civilian Earth observation satellites, communication satellites, navigation satellites, weather satellites, and research satellites. Space stations and human spacecraft in orbit are also satellites.

 Commercialization of space

Main article: Commercialization of space

Current examples of the commercial use of space include satellite navigation systems, satellite television and satellite radio. Space tourism is the recent phenomenon of space travel by individuals for the purpose of personal pleasure.

 Alien life

Main articles: Astrobiology and Extraterrestrial life

Astrobiology is the interdisciplinary study of life in the universe, combining aspects of astronomy, biology and geology.[37] It is focused primarily on the study of the origin, distribution and evolution of life. It is also known as exobiology (from Greek: έξω, exo, "outside").[38][39][40] The term "Xenobiology" has been used as well, but this is technically incorrect because its terminology means "biology of the foreigners".[41] Astrobiologists must also consider the possibility of life that is chemically entirely distinct from any life found on earth.[42] In the Solar System some of the prime locations for current or past astrobiology are on Enceladus, Europa, Mars, and Titan.[43]

 Living in space

Main articles: Space colonization, Space habitat, and Space Station
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The European Space Agency's Columbus Module at the International Space Station, launched into space on the U.S. Space Shuttle mission STS-122 in 2008





Space colonization, also called space settlement and space humanization, would be the permanent autonomous (self-sufficient) human habitation of locations outside Earth, especially of natural satellites or planets such as the Moon or Mars, using significant amounts of in-situ resource utilization.

To date, the longest human occupation of space is the International Space Station which has been in continuous use for 700112000000000000012 years, 7002181000000000000181 days. Valeri Polyakov's record single spaceflight of almost 438 days aboard the Mir space station has not been surpassed. Long-term stays in space reveal issues with bone and muscle loss in low gravity, immune system suppression, and radiation exposure.

Many past and current concepts for the continued exploration and colonization of space focus on a return to the Moon as a "stepping stone" to the other planets, especially Mars. At the end of 2006 NASA announced they were planning to build a permanent Moon base with continual presence by 2024.[44]

Beyond the technical factors that could make living in space more widespread, it has been suggested that the lack of private property, the inability or difficulty in establishing property rights in space, has been an impediment to the development of space for human habitation. Since the advent of space technology in the latter half of the twentieth century, the ownership of property in space has been murky, with strong arguments both for and against. In particular, the making of national territorial claims in outer space and on celestial bodies has been specifically proscribed by the Outer Space Treaty, which had been, as of 2012[update], ratified by all spacefaring nations.[45]

 See also
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Main article: Outline of space exploration
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Tupan Patera on Io
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Ganymede
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Not to be confused with Superstructure, Supertall, or Skyscraper.

For other uses, see Megastructure (disambiguation).
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The Great Wall of China is a megastructure. This picture was taken near Beijing in winter.





A megastructure is a very large manmade object, though the limits of precisely how large this is vary considerably. Some apply the term to any especially large or tall building.[1][2]

Some sources define a megastructure as an enormous self-supporting artificial construct. Other criteria such as rigidity or contiguousness are sometimes also applied,[citation needed] so large clusters of associated smaller structures may or may not qualify. The products of megascale engineering or astroengineering are megastructures.

Most megastructure designs could not be constructed with today's level of industrial technology. This makes their design examples of speculative (or exploratory) engineering. Those that could be constructed easily qualify as megaprojects.

Megastructures are also an architectural concept popularized in the 1960s where a city could be encased in a single building, or a relatively small number of buildings interconnected. Such arcology concepts are popular in science fiction.

Megastructures often play a part in the plot or setting of science fiction movies and books, such as Rendezvous with Rama by Arthur C. Clarke.

In 1968, Ralph Wilcoxon defined a megastructure as any structural framework into which rooms, houses, or other small buildings can later be installed, uninstalled, and replaced; and which is capable of "unlimited" extension. Many architects have designed such megastructures. Some of the more notable such architects and architectural groups include the Metabolist Movement, Archigram, Cedric Price, Frei Otto, Constant Nieuwenhuys, Yona Friedman, and Buckminster Fuller.[3] This type of framework allows the structure to adapt to the individual wishes of its residents, even as those wishes change with time.[4]

Other sources define a megastructure as "any development in which residential densities are able to support services and facilities essential for the development to become a self-contained community".[5]



	

Contents




	1 Existing

	2 Proposed

	3 Theoretical

	3.1 Stellar scale

	3.2 Planetary scale

	3.3 Orbital structures

	3.4 Trans-orbital structures





	4 Fictional

	4.1 Stellar scale

	4.2 Planetary scale





	5 Megascale structures

	5.1 Stellar scale





	6 See also

	7 References

	8 External links








 Existing

There are structures that may be considered megastructures, such as


	The Great Wall of China is a human-built megastructure, a few meters wide and 3,947 miles (6,352 km) in length, about 4,975,318 square yards (4,160,000 m2).[6]




	The Rice Terraces of the Philippine Cordilleras, a 10,360-square-kilometer (4,000 sq mi) sprawling agricultural landscape carved in the mountains by free tribesmen of Ifugao some 6,000 to 2,000 years ago.[7]




	Skyscrapers represent our current state-of-the-art in large structure engineering. (See the list of largest buildings in the world.)




	The Large Hadron Collider consist of among other structures a ring 27 kilometers in circumference.




	The Expressways of China are the longest highway system in the world.



Networks of roads or railways, and collections of buildings (cities and associated suburbs), are usually not considered megastructures, despite frequently qualifying based on size. However, an ecumenopolis might qualify.

 Proposed


	Atlantropa, a hydroelectric dam to be built across the Strait of Gibraltar, and the lowering of the surface of the Mediterranean Sea by as much as 200 metres.

	Trans-Global Highway, highway systems that would link all six of the inhabited continents on Earth. The highway would network new and existing bridges and tunnels, improving not only ground transportation but also potentially offering a conduit for utility pipelines.



 Theoretical
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 Stellar scale
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A cut-away diagram of an idealized Dyson shell—a variant on Dyson's original concept—1 AU in radius.





Most stellar scale Megastructure proposals are designs to make use of the energy from a sun-like star while possibly still providing gravity or other attributes that would make it attractive for an advanced civilization.


	The Alderson disk is a theoretical structure in the shape of a disk, where the outer radius is equivalent to the orbit of Mars or Jupiter and the thickness is several thousand miles. A civilization could live on either side, held by the gravity of the disk and still receive sunlight from a star bobbing up and down in the middle of the disk.

	A Dyson sphere (also known as a Dyson Shell) refers to a structure or mass of orbiting objects that completely surrounds a star to make full use of its solar energy.

	A Matrioshka brain is a collection of multiple Concentric Dyson Spheres which make use of different wavelengths of light.

	A Stellar engine either uses the temperature difference between a star and interstellar space to extract energy or serves as a Shkadov thruster.

	A Shkadov thruster accelerates an entire star through space by selectively reflecting or absorbing light on one side of it.

	Topopolis (also known as Cosmic Spaghetti) is a large tube that rotates to provide artificial gravity.



 Planetary scale


	An Orbital is a space habitat similar to but much smaller than a Niven Ring. Instead of being centered around a star, it is orbiting a star, thus its diameter is typically on the order of magnitude of a planet. By giving a tilt to its orbit, there's a convenient day and night experience on its surface.

	Globus Cassus is a hypothetical proposed project for the transformation of Planet Earth into a much bigger, hollow, artificial world with the ecosphere on its inner surface. This model serves as a tool to understand the World's real functioning processes.

	Cloud nine is Buckminster Fuller's proposal for a Tensegrity Sphere of size a mile in radius which would be large enough so that it would float in the sky if heated by only one degree above ambient temperature, creating habitats for mini cities of thousands of people in each "Cloud Nine".



 Orbital structures


	Orbital ring is an enclosed loop slightly larger than the circumference of the Earth so that it can maintain low earth orbit.

	The Bernal sphere is a proposal for a space colony with a maximum diameter of 1.6 kilometers.

	The Stanford torus is a different design with a diameter just under 1.7 kilometers.

	The O'Neill cylinder is yet another space colony proposal.



 Trans-orbital structures
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One concept for the space elevator has it tethered to a mobile seagoing platform.





Main article: Non-rocket spacelaunch


	A Skyhook is a very tall structure that hangs down from orbit.

	A Space elevator is a skyhook that is fixed to the ground

	A Space fountain is held up by the momentum of masses which are shot up to the top at high speeds from the ground.

	A Lofstrom loop ("Launch loop") is a 2000 km long iron loop that projects up in an arc to 80 km that is ridden by maglev cars while achieving orbital velocity.

	StarTram Generation 2 is a maglev launch track extending from the ground to above 96% of the atmosphere's mass, supported by magnetic levitation.

	Rotovator proposals call for a large tether to transfer momentum between spacecraft in transit.



 Fictional
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 Stellar scale


	The Dyson shell (including its variation, the ringworld) has appeared in many works of fiction, including the Star Trek universe.

	Larry Niven's series of novels beginning with Ringworld centered around, and originated the concept of a ringworld, or Niven ring. A ringworld is an artificial ring with a radius roughly equal to the radius of the Earth's orbit (1 AU). A star is present in the center and the ring spins to create g-forces, with inner walls to hold in the atmosphere. The structure is unstable, and required the author to include workarounds in subsequent novels set on it.

	In the manga Blame! the Megastructure is a vast and chaotic complex of metal, concrete, stone, etc., that covers the Earth and assimilates the Moon, and eventually expands to encompass a volume greater than the orbit of Jupiter.

	In White Light by William Barton and Michael Capobianco, a Topopolis is presented as taking over the entire universe.

	In the Heechee books by Frederik Pohl the race of pure energy beings called The Foe have constructed the Kugelblitz, a black hole made of energy and not matter.

	In the Xeelee series of books by Stephen Baxter, the eponymous alien race constructed the Ring, a megastructure made of cosmic strings, spanning over 10 million light years.

	In Freelancer, The Dom'Kavosh's Dyson shell that is inhabited by a drone race created by the Dom'Kavosh, Nomads. This is reached via a hyper gate, created by the same creators as the Dyson sphere.

	The Saga of Cuckoo series novel Wall Around a Star mentions a proposal to build a super dyson sphere, completely enclosing the Galactic Center.

	The title of the novel Helix by Eric Brown directly references a stellar-scale helical megastructure. Different types of environments and habitats are interspersed along the structure, while their varying distance from the central star has an impact on the climate.



 Planetary scale
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Delta Halo, one of the seven remaining Halos from the fictional Halo universe






	Several structures from the fictional Halo universe:

	The original twelve Halos, seen in Halo: Cryptum, were 30,000 kilometers in diameter; a separate array of six Halos are 10,000 kilometers in diameter, with one of the original twelve later being reduced to this size in Halo: Primordium.

	The Ark is a 127,530km diameter structure from which the Halo Array can be activated and capable of building 10,000km Halos. The "greater" Ark, seen in Cryptum and Primordium, is capable of producing 30,000km Halos.

	Onyx is an artificial planet made entirely out of Forerunner Sentinels. At its core is a "shield world", contained within slipstream space, that is approximately one astronomical unit in diameter. The much smaller Shield World 0459, (approximately 1,400 km in diameter), is the setting for the latter half of Halo Wars. A third shield world, Requiem, is the primary setting for Halo 4. Requiem is a normal planet but is encased in an artificial shell.

	High Charity, the Covenant's mobile planetoid station





	Death Star from Star Wars

	Buster Machine III from Gunbuster.

	Culture Orbital

	Trantor, the capital of an interstellar empire in Isaac Asimov's Foundation series, is a planet entirely covered in one huge metal clad building, with only one small green space: the Emperor's palace grounds.

	Coruscant, capital city in the Star Wars universe, entirely covers its host planet. It serves as capital of first the Republic and then later the First Galactic Empire.

	The Galaxy Gun from the Star Wars universe, a large space station designed to destroy entire planets from across the galaxy could be considered a megastructure because its size is more than seven kilometers long.

	The Ori Supergate seen in a number of episodes of Stargate SG1 could be classed as a megastructure

	In The Hitchhiker's Guide to the Galaxy series, Earth, as well as other planets, were artificial megastructures. Earth was intended to function as a gigantic computer, and was built by a race of beings who made their living by manufacturing other planets.

	The Star Forge from Star Wars: Knights of the Old Republic

	Mata-Nui in the BIONICLE franchise is classifiable as a megastructre. In the story he is a massive robot as tall as a planet, and inside his body, every inhabitant of the BIONICLE Universe (Matoran, Toa, etc.) all live, unaware that they live inside a massive, space-traveling entity.

	In the Robotech Sentinels novels, Haydon IV is an artificially constructed cyber-planet with android citizens.

	In the Invader Zim episode "Planet Jackers", two aliens surround the Earth with a fake sky in order to throw it into their sun.

	Nightmare's fortress from Kirby: Right Back at Ya! can be classified as a megastructure because it's the size of a small planet.

	In several works, Arthur C. Clarke writes about a colossal hollow tube, first described in "Rendezvous with Rama" (1973), and inhabited by different races.

	The Citadel in the Mass Effect universe is an enormous space station constructed by an ancient race of machines called the Reapers millions of years before the games in the series. At the time of Mass Effect 2, its population is 13.2 million.

	In the game Airforce Delta Strike a large Space Elevator called the Chiron Lift is used to send supplies out into outer space.

	In the Warhammer 40,000 series, the Imperial Palace (site of the Golden Throne wherein the Emperor of Mankind is kept alive indefinitely) could be considered a megastructure. The palace is a complex of continent-wide structures with the Golden Throne being located in an area stretching across the whole of the Himalayan mountains.



 Megascale structures

Structures that might not be classified as "Megastructures" because they do not meet the requirements, but are indeed "Mega" sized structures/constructions.

 Stellar scale


	Dyson Bubble - Collection of separate constructions.

	Dyson Swarm - Collection of separate constructions.



 See also


	Supertall

	Arcology

	Cost overrun
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A schematic illustration of an Alderson disk





An Alderson disk (named after Dan Alderson, its originator) is an hypothetical artificial astronomical megastructure, like Niven's Ringworld, or a Dyson sphere. The disk is a giant platter with a thickness of several thousand miles. The sun rests in the hole at the center of the disk. The outer radius of an Alderson disk would be roughly equivalent to the orbit of Mars or Jupiter. According to the proposal, a sufficiently massive disk would have a larger mass than its sun.

Close to its surface, the gravity of the disk would closely approximate that of an infinite flat plate, for which gravity is perpendicular to the surface. Near the inner and outer edges of the plate, edge effects would become significant.

The mechanical stresses within the disc would be far beyond what any known material can stand, thus relegating such a structure to the realm of exploratory engineering until materials and construction science become sufficiently advanced. Building a megastructure of this magnitude would require an amount of material that far surpasses the amount of material found in our solar system. Another option in the way of heliocentric habitats is the Dyson Sphere proposed by Freeman Dyson, it could be scaled up to use roughly the same amount of usable material in the solar system if the sphere were 8–20 cm thick and had a radius of 1 AU to keep the edge of the habitat in the habitable zone.

Life could exist on either side of the disk, though close to the sun the heat would make life impossible without protection. Conversely, further away from the sun living beings would freeze. Therefore, for the entirety of such a structure to be made habitable, it would have to include a vast number of life support systems.

Because the sun remains stationary, there is no day/night cycle, only a perpetual twilight. This could be solved by forcing the sun to bob up and down within the disk, lighting first one side then the other.

 In popular culture

An Alderson disk (the Godwheel) was a prominent feature of Malibu Comics' Ultraverse. The Godwheel was split between two societies, one which used technology and one which used magic (each occupied separate sides of the disk). Author Larry Niven designed the Godwheel and wrote stories surrounding certain events on it.

A disk-shaped planet similar to an Alderson disk (though far smaller) served as the home world of the fantasy "Aysle" setting (or "cosm") of West End Games' Torg roleplaying game. In contrast with the Alderson disk, the Aysle "diskworld" works according to fantasy physics, including a "gravity plane" that bisects the disk laterally, so that opposite sides "fall" towards the plane. The diskworld of Aysle had a bobbing sun and multiple inner layers. Both sides of the disk were inhabited, as were the internal layers.

The Alderson disk is discussed in Larry Niven's "Bigger than Worlds" essay, 1974, which can be found in his Playgrounds of the Mind anthology.

In Charles Stross's Missile Gap, a copy of the whole Earth is placed on an Alderson disk built around a black hole by ASBs.

 See also


	Dyson sphere

	Ringworld






				Retrieved from "http://en.wikipedia.org/w/index.php?title=Alderson_disk&oldid=551067430"				







This article was downloaded by calibre from http://en.wikipedia.org/wiki/Alderson_disk



 | 章节菜单 | 主菜单 | 
| 下一项 | 章节菜单 | 主菜单 | 前一项 | 


Dyson sphere

From Wikipedia, the free encyclopedia




					Jump to:					navigation, 					search


Not to be confused with Dyson, the vacuum cleaner company.

A Dyson sphere is a hypothetical megastructure originally described by Freeman Dyson. Such a "sphere" would be a system of orbiting solar-power satellites meant to completely encompass a star and capture most or all of its energy output. Dyson speculated that such structures would be the logical consequence of the long-term survival and escalating energy needs of a technological civilization, and proposed that searching for evidence of the existence of such structures might lead to the detection of advanced intelligent extraterrestrial life.

Since then, other variant designs involving building an artificial structure or series of structures to encompass a star have been proposed in exploratory engineering or described in science fiction under the name "Dyson sphere". These later proposals have not been limited to solar-power stations. Many involve habitation or industrial elements. Most fictional depictions describe a solid shell of matter enclosing a star, which is considered the least plausible variant of the idea (see below).
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 Origin of concept

See also: Future energy development

The concept of the Dyson sphere was the result of a thought experiment by physicist and mathematician Freeman Dyson, when he theorized that all technological civilizations constantly increased their demand for energy. He reasoned that if our civilization expanded energy demands long enough, there would come a time when it demanded the total energy output of the Sun. He proposed a system of orbiting structures (which he referred to initially as a shell) designed to intercept and collect all energy produced by the Sun. Dyson's proposal did not detail how such a system would be constructed, but focused only on issues of energy collection. Dyson is credited with being the first to formalize the concept of the Dyson sphere in his 1960 paper "Search for Artificial Stellar Sources of Infra-Red Radiation", published in the journal Science.[1] However, Dyson was not the first to advance this idea. He was inspired by the mention of the concept in the 1937 science fiction novel Star Maker,[2] by Olaf Stapledon, and possibly by the works of J. D. Bernal and Raymond Z. Gallun who seem to have explored similar concepts in their work.[3]

 Feasibility

Some ideas to build a fixed-in-place 'Dyson sphere' are currently beyond engineering capacity. However, ideas to use orbiting satellites or solar sails employ technology largely already developed. Deployment of spacecraft and satellites using photovoltaics might be seen as the first small steps towards building a Dyson swarm (see below for differences between these sub-types).[4] However, the number of craft required to obtain, transmit, and maintain a complete Dyson sphere far exceeds our present-day industrial capabilities.

 Variants

In fictional accounts, the Dyson-sphere concept is often interpreted as an artificial hollow sphere of matter around a star. This perception is based on a literal interpretation of Dyson's original short paper introducing the concept. In response to letters prompted by this paper, Dyson replied, "A solid shell or ring surrounding a star is mechanically impossible. The form of 'biosphere' which I envisaged consists of a loose collection or swarm of objects traveling on independent orbits around the star."[5]

 Dyson swarm
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A Dyson ring — the simplest form of the Dyson swarm — to scale. Orbit is 1 AU in radius, collectors are 1.0×107 km in diameter (~25× the Earth–Moon distance), spaced 3 degrees from center to center around the orbital circle.
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A relatively simple arrangement of multiple Dyson rings of the type pictured above, to form a more complex Dyson swarm. Rings' orbital radii are spaced 1.5×107 km with regard to one another, but average orbital radius is still 1 AU. Rings are rotated 15 degrees relative to one another, around a common axis of rotation.





The variant closest to Dyson's original conception is the "Dyson swarm". It consists of a large number of independent constructs (usually solar power satellites and space habitats) orbiting in a dense formation around the star. This construction approach has advantages: components could be sized appropriately, and it can be constructed incrementally.[4] Various forms of wireless energy transfer could be used to transfer energy between components and earth.

Disadvantages: the nature of orbital mechanics would make the arrangement of the orbits of the swarm extremely complex. The simplest such arrangement is the Dyson ring in which all such structures share the same orbit. More complex patterns with more rings would intercept more of the star's output, but would result in some constructs eclipsing others periodically when their orbits overlap.[6] Another potential problem is the increasing loss of orbital stability when adding more elements increases the probability of orbital perturbations.

As noted below, such a cloud of collectors would alter the light emitted by the star system. However, the disruption compared to a star's overall natural emitted spectrum would most likely be too small to be noticed on Earth.[1]

 Dyson bubble
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A Dyson bubble: an arrangement of statites around a star, in a non-orbital pattern. As long as a statite has an unobstructed line-of-sight to its star, it can hover at any point in space near its star. This relatively simple arrangement is only one of an infinite number of possible statite configurations, and is meant as a contrast for a Dyson swarm only. Statites are pictured as the same size as the collectors pictured above, and arranged at a uniform 1 AU distance from the star.





A second type of Dyson sphere is the "Dyson bubble". It would be similar to a Dyson swarm, composed of many independent constructs (usually solar power satellites and space habitats) and likewise could be constructed incrementally.

Unlike the Dyson swarm, the constructs making it up are not in orbit around the star, but would be statites—satellites suspended by use of enormous light sails using radiation pressure to counteract the star's pull of gravity. Such constructs would not be in danger of collision or of eclipsing one another; they would be totally stationary with regard to the star, and independent of one another. As the ratio of radiation pressure and the force of gravity from a star is constant regardless of the distance (provided the statite has an unobstructed line-of-sight to the surface of its star[7]), such statites could also vary their distance from their central star.

The practicality of this approach is questionable with modern material science, but cannot yet be ruled out. A statite deployed around our own sun would have to have an overall density of 0.78 grams per square meter of sail.[8] To illustrate the low mass of the required materials, consider that the total mass of a bubble of such material 1 AU in radius would be about 2.17×1020 kg, which is about the same mass as the asteroid Pallas.[9]

Such a material is currently beyond humanity's ability to produce. The lightest carbon-fiber light sail material currently produced has a density – without payload – of 3 g/m², or about four times as heavy as would be needed to construct a solar statite.[10] A single sheet of graphene, the two-dimensional form of carbon, has a density of only 0.77 mg per square meter,[11] but has not been fabricated in large sheets and has transparency of 97.7%, making such a single sheet of graphene not very effective as a solar sail.

However, this could change thanks to the recent creation of ultra light carbon nanotubes meshed through molecular manufacturing techniques whose densities range from 1.3g/m² to 1.4g/m². By the time a civilization is ready to use this technology, the carbon nanotube's manufacturing might be optimised enough for them to have a density lower than the 0.7g/m² mark, and the average sail density with rigging might be kept to 0.3 g/m² (a "spin stabilized" light sail requires minimal additional mass in rigging). If such a sail could be constructed at this areal density, a space habitat the size of the L5 Society's proposed O'Neill cylinder – 500 km², with room for over 1 million inhabitants, massing 3×106 tons – could be supported by a circular light sail 3,000 km in diameter, with a combined sail/habitat mass of 5.4×109 kg.[12] For comparison, this is just slightly smaller than the diameter of Jupiter's moon Europa (although the sail is a flat disc, not a sphere), or the distance between San Francisco and Kansas City. Such a structure would, however, have a mass quite a lot less than many asteroids. While the construction of such a massive inhabitable statite would be a gigantic undertaking, and the required material science behind it is as yet uncertain, its technical challenges are negligible compared to other engineering feats and required materials proposed in other Dyson sphere variants.

In theory, if enough statites were created and deployed around their star, they would compose a non-rigid version of the Dyson shell mentioned below. Such a shell would not suffer from the drawbacks of massive compressive pressure, nor are the mass requirements of such a shell as high as the rigid form. Such a shell would, however, have the same optical and thermal properties as the rigid form, and would be detected by searchers in a similar fashion (see below).

 Dyson shell
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A cut-away diagram of an idealized Dyson shell, a variant on Dyson's original concept, with a radius of 1 AU.





The variant of the Dyson sphere most often depicted in fiction is the "Dyson shell": a uniform solid shell of matter around the star.[13] Such a structure would completely alter the emissions of the central star, and would intercept 100% of the star's energy output. Such a structure would also provide an immense surface which many envision being used for habitation, if the surface could be made habitable.

A spherical shell Dyson sphere in the Solar System with a radius of one astronomical unit, so that the interior surface would receive the same amount of sunlight as Earth does per unit solid angle, would have a surface area of approximately 28.1 Eha (Exa Hectare), or about 550 million times the surface area of Earth. This would intercept the full 384.6 yottawatts (3.846 × 1026 watts)[14] of the Sun's output; other variant designs would intercept less, but the shell variant represents the maximum possible energy captured for the Solar System at this point of the Sun's evolution.[13] This is approximately 33 trillion times the power consumption of humanity in 1998, which was 12 terawatts.[15]

There are several serious theoretical difficulties with the solid shell variant of the Dyson sphere:

Such a shell would have no net gravitational interaction with its englobed star (see shell theorem), and could drift in relation to the central star. If such movements went uncorrected, they could eventually result in a collision between the sphere and the star—most likely with disastrous results. Such structures would need either some form of propulsion to counteract any drift, or some way to repel the surface of the sphere away from the star.[8]

For the same reason, such a shell would have no net gravitational interaction with anything else inside it. The contents of any biosphere placed on the inner surface of a Dyson shell would not be attracted to the sphere's surface and would simply fall into the star. It has been proposed that a biosphere could be contained between two concentric spheres, placed on the interior of a rotating sphere (in which case, the force of artificial "gravity" is perpendicular to the axis of rotation, causing all matter placed on the interior of the sphere to pool around the equator, effectively rendering the sphere a Niven ring for purposes of habitation, but still fully effective as a radiant-energy collector) or placed on the outside of the sphere where it would be held in place by the star's gravity.[16][17] In such cases, some form of illumination would have to be devised, or the sphere made at least partly transparent, as the star's light would otherwise be completely hidden.[18]

If assuming a radius of one AU, then the compressive strength of the material forming the sphere would have to be immense to prevent implosion due to the star's gravity. Any arbitrarily selected point on the surface of the sphere can be viewed as being under the pressure of the base of a dome 1 AU in height under the Sun's gravity at that distance. Indeed it can be viewed as being at the base of an infinite number of arbitrarily selected domes, but as much of the force from any one arbitrary dome is counteracted by those of another, the net force on that point is immense, but finite. No known or theorized material is strong enough to withstand this pressure, and form a rigid, static sphere around a star.[19] It has been proposed by Paul Birch (in relation to smaller "Supra-Jupiter" constructions around a large planet rather than a star) that it may be possible to support a Dyson shell by dynamic means similar to those used in a space fountain.[20] Masses travelling in circular tracks on the inside of the sphere, at velocities significantly greater than orbital velocity, would press outwards due to centrifugal force. For a Dyson shell of 1-AU radius around a star with the same mass as the Sun, a mass travelling ten times the orbital velocity (297.9 km/s) would support 99 (a=v2/r) times its own mass in additional shell structure.

Also if assuming a radius of one AU, then there may not be sufficient building material in the Solar System to construct a Dyson shell. Anders Sandberg estimates that there is 1.82×1026 kg of easily usable building material in the Solar System, enough for a 1-AU shell with a mass of 600 kg/m²—about 8–20 cm thick, depending on the density of the material. This includes the hard-to-access cores of the gas giants; the inner planets alone provide only 11.79×1024 kg, enough for a 1-AU shell with a mass of just 42 kg/m².[9]

The shell would be vulnerable to impacts from interstellar bodies, such as comets, meteoroids, and material in interstellar space that is currently being deflected by the Sun's bow shock. The heliosphere, and any protection it theoretically provides, would cease to exist.

 Other types

Another possibility is the "Dyson net", a web of cables strung about the star which could have power or heat collection units strung between the cables. The Dyson net reduces to a special case of Dyson shell or bubble, however, depending on how the cables are supported against the sun's gravity.

A bubbleworld is an artificial construct that consists of a shell of living space around a sphere of hydrogen gas. The shell contains air, people, houses, furniture, etc. It was invented to answer the question, "What is the largest space colony that can be built?"[21] However, most of the volume is not habitable and there is no power source.

Theoretically, any gas giant could be enclosed in a solid shell; at a certain radius the surface gravity would be terrestrial, and energy could be provided by tapping the thermal energy of the planet.[21] This concept is explored peripherally in the novel Accelerando (and the short story Curator which is incorporated into the novel as a chapter) by Charles Stross, in which Saturn is converted into a human-habitable world.

Stellar engines are a class of hypothetical megastructures, whose purpose is to extract useful energy from a star, sometimes for specific purposes. For example, Matrioshka brains extract energy for purposes of computation; Shkadov thrusters extract energy for purposes of propulsion. Some of the proposed stellar engine designs are based on the Dyson sphere.[22]

A black hole could be the power source instead of a star in order to increase energy-to-matter conversion efficiency. A black hole would also be smaller than a star. This would decrease communication distances which would be important for computer-based societies as those described above.[21]

 Search for extra-terrestrial intelligence

In Dyson's original paper, he speculated that sufficiently advanced extraterrestrial civilizations would likely follow a similar power consumption pattern as humans, and would eventually build their own sphere of collectors. Constructing such a system would make such a civilization a Type II Kardashev civilization.[23]

The existence of such a system of collectors would alter the light emitted from the star system. Collectors would absorb and reradiate energy from the star.[1] The wavelength(s) of radiation emitted by the collectors would be determined by the emission spectra of the substances making them up, and the temperature of the collectors. Since it seems most likely that these collectors would be made up of heavy elements not normally found in the emission spectra of their central star–or at least not radiating light at such relatively "low" energies as compared to that which they would be emitting as energetic free nuclei in the stellar atmosphere–there would be atypical wavelengths of light for the star's spectral type in the light spectrum emitted by the star system. If the percentage of the star's output thus filtered or transformed by this absorption and reradiation was significant, it could be detected at interstellar distances.[1]

Given the amount of energy available per square meter at a distance of 1 AU from the Sun, it is possible to calculate that most known substances would be reradiating energy in the infrared part of the electromagnetic spectrum. Thus, a Dyson Sphere, constructed by life forms not dissimilar to humans, who dwelled in proximity to a Sun-like star, made with materials similar to those available to humans, would most likely cause an increase in the amount of infrared radiation in the star system's emitted spectrum. Hence, Dyson selected the title "Search for Artificial Stellar Sources of Infrared Radiation" for his published paper.[1]

SETI has adopted these assumptions in their search, looking for such "infrared heavy" spectra from solar analogs. As of 2005[update] Fermilab has an ongoing survey for such spectra by analyzing data from the Infrared Astronomical Satellite (IRAS).[24][25] Identifying one of the many infra-red sources as a Dyson Sphere would require improved techniques for discriminating between a Dyson Sphere and natural sources.[26] Fermilab discovered 17 potential "ambiguous" candidates of which four have been named "amusing but still questionable".[27] Other searches also resulted in several candidates, which are however unconfirmed.[28]

 Fiction

Main article: Dyson spheres in popular culture

As noted above, the Dyson sphere originated in fiction,[29][30] and it is a concept that has appeared often in science fiction since then. In fictional accounts, Dyson spheres are most often depicted as a Dyson shell with the gravitational and engineering difficulties of this variant noted above largely ignored.[13]

 See also
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A matrioshka brain is a hypothetical megastructure proposed by Robert Bradbury, based on the Dyson sphere, of immense computational capacity. It is an example of a Class B stellar engine, employing the entire energy output of a star to drive computer systems.[1] This concept derives its name from Russian Matrioshka dolls.[2]
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 Concept

The term "matrioshka brain" was invented by Robert Bradbury as an alternative to the "Jupiter brain"—a concept similar to the matrioshka brain, but on a smaller planetary scale and optimized for minimum signal propagation delay. A matrioshka brain design is concentrated on sheer capacity and the maximum amount of energy extracted from its source star, while a Jupiter brain is more optimized for computational speed.[3]

Such a structure would be composed of at least two but typically more Dyson spheres built around a star, and nested one inside another. A significant percentage of the shells would be composed of nanoscale computers (see molecular-scale computronium). These computers would be at least partly powered by the energy exchange between the star and interstellar space. A shell (or component, should a Dyson swarm be the design model used) would absorb energy radiated onto its inner surface, utilize that energy to power its computer systems, and re-radiate the energy outwards. The nanoscale computers of each shell would be designed to run at different temperatures; shells or components at the core could be nearly as hot as the central star, while the outer layer of the matrioshka brain could be almost as cool as interstellar space.[citation needed]

The ideal mechanism for extracting usable energy as it passes "through" a shell or component, the number of shells (or orbital levels) that could be supported in such a manner, the ideal size of the shells to be constructed, and other details, are all issues of speculation.[citation needed]

The idea of the matrioshka brain violates none of the currently known laws of physics, although the engineering details of building such a structure would be staggering, as such a project would require the "disassembly" of significant portions (if not all) of the planetary system of the star for construction materials.[citation needed]

 Possible uses

See also: Simulated reality

The possible uses of such an immense computational resource are nearly infinite. One idea suggested by Charles Stross, in his novel Accelerando, would be to use it to run perfect simulations or uploads of human minds into virtual reality spaces supported by the Matrioshka brain. Stross even went so far as to suggest that a sufficiently powerful species utilizing enough raw processing power could launch attacks upon, and manipulate, the structure of the universe itself.[4][5] In Godplayers (2005), Damien Broderick surmises that a matrioshka brain would allow simulating entire alternate universes.[6] The futurist and transhumanist author Anders Sandberg wrote an essay speculating on implications of computing on the massive scale of machines such as the Matrioshka brain, published by the Institute for Ethics and Emerging Technologies.[7]

A whole class of transcomputational problems would require (at least) planet-sized computers and aeons of time for solution.

 Commentary

The concept was deployed by its inventor, Robert Bradbury, in the anthology Year Million: Science at the Far Edge of Knowledge, and attracted interest from reviewers in the Los Angeles Times[8] and the Wall Street Journal.[9]

The idea of immensely powerful computing devices was discussed in an essay by Nick Bostrom in The Philosophical Quarterly. Bostrom speculates that if humans deliberately evolved to a post-human stage the species would run massive computer simulations before each stage using machines such as the Matrioshka brain. Going further, Bostrom speculates that humans may in fact be actors in a massive computer simulation.[10] Raymond Kurzweil mentions the concept several times in his book The Singularity Is Near (2005), following a similar train of thought. He makes the point that existence within a computer simulation could be as "real" as within the conventional biosphere - if indeed the distinction can be made.[11] An article in the April 2003 journal of the British Interplanetary Society also discussed the concept.[12]
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Diagram of a Class C Stellar Engine—to scale—built around a sun like star. It consists of a partial Dyson swarm composed of 5 Dyson Rings of solar collectors (the Class B component), and a large statite Shkadov thruster (the Class A component). Perspective is from below the system's ecliptic at a distance of ~2.8 AU. The system's direction of acceleration is on a vector which passes from the center of the star through the center of the Shkadov thruster, which is hovering over the star's north pole (with regards to the ecliptic), at a distance of 1 AU.





Stellar engines are a class of hypothetical megastructures which use a star's radiation to create usable energy. Some variants use this energy to produce thrust, and thus accelerate a star, and anything orbiting it, in a given direction. The creation of such a system would make its builders a Type-II civilization on the Kardashev scale.

There are three variant classes of this idea.
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 Class A (Shkadov thruster)

One of the simplest examples of stellar engine is the Shkadov thruster (named after Dr. Leonid Mikhailovich Shkadov who first proposed it), or a Class A stellar engine.[1] Such an engine is a stellar propulsion system, consisting of an enormous mirror/light sail—actually a massive type of solar statite large enough to classify as a megastructure, probably by an order of magnitude—which would balance gravitational attraction towards and radiation pressure away from the star. Since the radiation pressure of the star would now be asymmetrical, i.e. more radiation is being emitted in one direction as compared to another, the 'excess' radiation pressure acts as net thrust, accelerating the star in the direction of the hovering statite. Such thrust and acceleration would be very slight, but such a system could be stable for millennia. Any planetary system attached to the star would be 'dragged' along by its parent star. For a star such as the Sun, with luminosity 3.85 × 1026 W and mass 1.99 × 1030 kg, the total thrust produced by reflecting half of the solar output would be 1.28 × 1018 N. After a period of one million years this would yield an imparted speed of 20 m/s, with a displacement from the original position of 0.03 light-years. After one billion years, the speed would be 20 km/s and the displacement 34,000 light-years, a little over a third of the estimated width of the Milky Way galaxy.

 Class B

A Class B stellar engine is a Dyson sphere—of whichever variant—built around the star, which uses the difference in temperature between the star and the interstellar medium to extract usable energy from the system, possibly using the phenomenon of thermoelectricity (heat engines, or thermal diodes). Unlike the Shkadov thruster, such a system is not propulsive. The Matrioshka brain concept is based on this stellar engine concept, extracting energy for a specific purpose: data processing.

 Class C

A 'Class C' stellar engine combines the two other classes, employing both the propulsive aspects of the Shkadov thruster, and the energy generating aspects of a Class B engine.

A Dyson shell with an inner surface partly covered by a mirror would be one incarnation of such a system (although it still suffers from the stabilization problems as a non-propulsive shell does), as would be a Dyson swarm with a large statite mirror (see image above). A Dyson bubble variant is already a Shkadov thruster (provided that the arrangement of statite components is asymmetrical); adding energy extraction capability to the components seems an almost trivial extension.

 Stellar engines in fiction

In Olaf Stapledon's 1937 science fiction novel Star Maker, some advanced galactic civilizations attempted to use stellar engines to propel their planetary systems across the galaxy in order to physically contact other advanced galactic civilizations. However, it turned out that the stars were life forms with a consciousness of their own, and their consciousnesses were extremely upset by this happening to them, because it violated the canon of the galactic ballet dance the stars felt they were a part of and which the stars felt was the primary focus of and most sacred ritual of their lives. So, those stars whose surrounding civilizations attempted to force them to move in a different direction took revenge by committing suicide by exploding as supernovae, thus destroying their attendant worlds. This initiated the War of Stars and Worlds, lasting millions of years, which was a pivotal event in the history of the galaxy. The war only ended when the galactic civilizations figured out how to telepathically communicate with the stars and arrange a truce.[2]

 See also
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Interior view of an O'Neill cylinder space habitat, similar to a short Topopolis





A topopolis is a tube-like space habitat, rotating to produce artificial gravity via centrifugal force on the inner surface, which is extended into a loop around the local star. Topopoles can be looped several times around the local star, in a geometric figure known as a torus knot. The concept was invented by Pat Gunkel and mentioned by Larry Niven in "Bigger than Worlds" (1974). Topopoles are also called cosmic spaghetti.

A topopolis has been compared to an O'Neill cylinder extended in length so that it encircles a star.

A normal topopolis would be hundreds of millions of miles/kilometers long and at least several miles (kilometers) in diameter.

There is a somewhat well described example of a topopolis in the book Matter by Iain Banks. This particular topopolis looped its system star many times in various braidings, housing trillions of sentient residents. The topopolis was so massive that stray gases from the system collected within the major spacing within the braids by gravitation alone, producing a slight atmosphere between the strands, described by the author as a "haze".

 External links


	Cableville, a fictional topopolis at Orion's Arm

	http://lib.luksian.com/textsfnf/engl/129/
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Orbital illustration, with no apparent Hub





In Iain M. Banks' fictional Culture universe, an Orbital (sometimes also simply called an O or a small ring) is a purpose-built space habitat forming a ring typically around 3 million km (1.9 million miles) in diameter. The rotation of the ring simulates both gravity and a day-night cycle comparable to a planetary body orbiting a star.

Its inhabitants, often numbering many billions,[1][2] live on the inside of the ring, where continent-sized "plates" have been shaped to provide all sorts of natural environments and climates, often with the aim of producing especially spectacular results.
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 Construction

 Structure

Banks has described Orbitals as looking like "a god's bracelet"[2] hanging in outer space. Orbitals are ribbon-like hoops of a super-strong material (see also unobtainium) reinforced and joined with force fields. Each Orbital possesses a "hub", a station suspended at its rotational centre which houses the Orbital's governing Mind.

An Orbital is similar to a ringworld but is much smaller and does not enclose its primary star within itself, instead orbiting the star in a more conventional manner, making it much more intrinsically stable than a ringworld.[1] Many different civilizations are known to use Orbitals sized according to the preferences of the builders; the Culture's Orbitals are approximately ten million kilometres in circumference, which, together with their rotational speed, creates gravity and day-night cycles to normal Culture standard.[3]:275 To put this another way, with a diameter of 3 million kilometres the orbital completes a full rotation once per standard Culture day to simulate normal Culture gravity via centrifugal force, and as the orbital is itself orbiting a star this in turn gives the day-night cycle.[4] They have widths varying between one thousand and six thousand kilometres, giving them a surface area of between 20 and 120 times that of the Earth (but comprising significantly less mass).[4]

Orbitals are regarded as highly matter-efficient, providing vastly more usable living space for their constituent mass than primitive arrangements like planets.[5] The Culture therefore prefers to leave planets unterraformed, treating them like wilderness areas.[4]

 Interior
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View of the interior of the ring, showing side walls retaining the atmosphere.





The inside of the hoop can be formed to any type of planetary environment, from desert to ocean to jungle to glacier. The structure is usually divided into individual 'plates', similar to continents. Though there need be no directly visible indication for the transition from one plate to another, on some Orbitals the border between neighboring plates is marked by an artificially high string of mountains known as a 'bulkhead range'. These also serve to contain the atmosphere in those areas where the Orbital may not yet be complete, with those gaps in the plate ring being bridged only by forcefields.[3]:331

Some plates mimic natural environments very closely, others are wild exaggerations possible only by advanced matter forming and intricate (but usually hidden) machinery -- such as a gigantic river circumnavigating the whole Orbital, which in some regions travels on immense, kilometre-high bridge- or mountain-range-like constructions, and in other regions might act as an immense 'waterslide' for a floating event stadium.

Orbitals spin to mimic the effects of gravity and are sized so that the rate of rotation necessary to produce a comfortable gravity level is approximately equal to one day. In the case of the standard Culture day and gravity, this diameter is around three million kilometres. For such an orbital to reproduce the equivalent to the Earth's gravity (9.8 m/s2 at sea level), whilst maintaining Earth's 24 hour period of rotation, it would need to have a diameter of approximately 3.71 million kilometres. By tilting the axis of the Orbital relative to its orbit around a star a convenient day-night cycle can be experienced by the inhabitants. Since the edges of the Orbital are built as high walls, the rotation prevents the atmosphere from escaping, thus protecting the inhabitants from radiation. The walls are typically hundreds or thousands of kilometres high, made of a 'monocrystal' material.[6]

 Governance

Responsibility for day-to-day administration of one of the Culture's Orbitals and the management of its complex systems mainly rests with a Mind,[7] which is situated in a structure in space at the centre of the Orbital, known as the Hub. The Mind is generally referred to simply as "Hub" by the inhabitants of the Orbitals, who never tend to be more than a millisecond away from the personalized contact and care it provides (via a contact terminal, usually worn as a piece of jewelry).

As the Hub Mind is extremely advanced, it could simultaneously hold conversations with every one of the billions of citizens a fully settled Orbital has, and constantly controls millions of avatars, (usually) humanoid representatives of itself, throughout the world, though it can also interact in myriad other ways.[3] It will also provide near-instant aid or material comforts, usually via service drones or matter displacement - being a near-omnipresent, omniscient as well as generally all-benevolent presence in the life of an Orbital citizen. As an insurance policy against unscrupulous Hub Minds, and to represent the community to visitors from more traditionally hierarchical societies, each Orbital also elects a body called a General Board from among its human and drone population. As a further check on the power of the Hub Mind, matters of public concern are decided by referendum.

Other civilizations also build Orbitals, although it is not known if all of them are similarly managed.

 Culture

The culture within the Orbitals is typical for the philosophic-hedonistic slant of all the Culture. They are also prime examples of the Culture's post-scarcity society, for within some physical limits, all material wishes can be fulfilled (or will be fulfilled by the Hub on request).

Orbital culture is thus heavy on enjoyment, arts and crafting, creative endeavours of all kinds, learning, as well as sports and games. The mere building of an Orbital is an adventure itself, in which the Hub mind involves its inhabitants; beginning with two plates orbiting its future Hub, with more plates added to them at regular intervals. The final joining plates may not be fully formed and 'landscaped' until after a very long time - at least as measured from the viewpoint of a biological member of the Culture.

While the number of people living on an Orbital tends to be in the many billions,[1][2] the sheer size of the habitat, as well as the casual lifestyle of the Culture, ensure that it almost never feels crowded. Citizens can choose to withdraw into large areas of primal (if ultimately manufactured) nature or into their own spacious homesteads, and tend not to live in cities unless they prefer the increased activity and the proximity of friends.

Orbitals also serve as residences for 'Ambassadors' of other societies to the Culture - though as shown in some of the books, the Culture understands this term differently: the alien is fully intended to eventually consider the Culture superior to his own society and become an ambassador for the Culture.

To some extent, living on an Orbital is regarded in the Culture as a staid, provincial sort of existence compared to residing on a spacefaring Ship.[8]

 Appearance in novels


	Two books describe attempts to destroy Orbitals:

	Vavatch Orbital (an Orbital being strategically abandoned by the Culture due to the Idiran war[9]) is the setting for a large part of Consider Phlebas. Vavatch's circumference of fourteen million kilometres and width of thirty-five thousand kilometres - significantly larger than most Orbitals built by the Culture - also produce greater simulated gravity. Vavatch also does not provide the Culture's typical omnipresent hub mind assistance.

	Masaq' Orbital is the main setting for Look to Windward. The hub mind of Masaq' was previously the ship Lasting Damage, and is both tormented by its actions during the Idiran-Culture War as well as the main target of another faction seeking revenge on the Culture.





	Jernau Morat Gurgeh sets off from Chiark Orbital in The Player of Games on his quest to play Azad.

	Prebeign-Frultesa Yime Leutze Nsokyi dam Volsh sets off from Dinyol-hei Orbital in Surface Detail on her mission for the Quietudinal Service.



 Cultural influence

In the video game trilogy Halo, players visit structures from which the series takes its name, and which are similar to an Orbital.[10] Halo's developer Bungie Studios has mentioned Banks' Culture as an inspiration for Halo.[11]

 See also
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	^ Newitz, Annalee (2011-02-11). "Welcome to the Culture, the Galactic Civilization That Iain M. Banks Built". io9.com. "The attraction of Orbitals is their matter efficiency. For one planet the size of Earth (population 6 billion at the moment; mass 6x1024 kg), it would be possible, using the same amount of matter, to build 1,500 full orbitals, each one boasting a surface area twenty times that of Earth and eventually holding a maximum population of perhaps 50 billion people (the Culture would regard Earth at present as over-crowded by a factor of about two, though it would consider the land-to-water ratio about right). Not, of course, that the Culture would do anything as delinquent as actually deconstructing a planet to make Orbitals; simply removing the sort of wandering debris (for example comets and asteroids) which the average solar system comes equipped with and which would threaten such an artificial world's integrity through collision almost always in itself provides sufficient material for the construction of at least one full Orbital (a trade-off whose conservatory elegance is almost blissfully appealing to the average Mind), while interstellar matter in the form of dust clouds, brown dwarfs and the like provides more distant mining sites from which the amount of mass required for several complete Orbitals may be removed with negligible effect." 

	^ Banks, Iain M.. The Player of Games. 

	^ Broderick, Damien (2012). "Terrible Angels: The Singularity and Science Fiction". Journal of Consciousness Studies 19 (1-2). "[...] postscarcity anarcho-communist polity is mostly located on starships and Orbitals run by AI Minds [...]" 

	^ McCracken-Flesher, Caroline (2011-10-27). Scotland as Science Fiction. Bucknell University Press. ISBN 161148426X. "[...] yet he remains tethered to his home in the Culture. He carries with him a bracelet that is a replica of the orbital space structure on which he lives. Most members of the Culture live on traveling starships and look down on those living on orbitals as provincial. The bracelet thus calls attention to Gurgeh's rootedness [...]" 

	^ Palmer, Christopher (March 1999). "Galactic Empires and the Contemporary Extravaganza: Dan Simmons and Iain M. Banks". Science Fiction Studies 26 (1). "The Clear Air Turbulence was docked within the Ends of Invention while the Culture organized the evacuation of an entire artificial planet, Vavatch Orbital, before destroying it." 

	^ Cuddy, Luke (2011-06-07). Halo and Philosophy: Intellect Evolved. Open Court. ISBN 0812697189. "[...] Banks put out the Culture series of books, which envisions a slightly smaller structure called an "orbital" -- probably closer to the Halo structures [...]" 

	^ Sones, Benjamin E. (2000-07-14). "Bungie dreams of rings and things, part 2". Computer Games Online. Archived from the original on 2005-04-08. Retrieved 13 April 2013. 
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Globus Cassus is an art project and book[1] by Swiss architect and artist Christian Waldvogel presenting a conceptual transformation of Planet Earth into a much bigger, hollow, artificial world with an ecosphere on its inner surface. It was the Swiss contribution to the 2004 Venice Architecture Biennale[2] and was awarded the Gold Medal in the category "Most beautiful books of the World" at the Leipzig Book Fair in 2005.[3] It consists of a meticulous description of the transformation process, a narrative of its construction, and suggestions on the organizational workings on Globus Cassus.

Waldvogel described it as an "open source" art project and stated that anyone could contribute designs and narratives to it on the project wiki.[4] As of August 2012, the Globus Cassus wiki is no longer operational.
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 Properties

The proposed megastructure would incorporate all of Earth's matter. Sunlight would enter through two large windows, and gravity would be simulated by the centrifugal effect. Humans would live on two vast regions that face each other and that are connected through the empty center. The hydrosphere and atmosphere would be retained on its inside. The ecosphere would be restricted to the equatorial zones, while at the low-gravity tropic zones a thin atmosphere would allow only for plantations. The polar regions would have neither gravity nor atmosphere and would therefore be used for storage of raw materials and microgravity production processes.

 Geometric structure

Globus Cassus has the form of a compressed geodesic icosahedron with two diagonal openings. Along the edges of the icosahedron run the skeleton beams, the gaps between the beams contain a shell and, where there are windows, inward-curving domes.

 Building material

Earth's crust, mantle and core are gradually excavated, transported outwards and then transformed to larger strength and reduced density. While the crust is mined from open pits in the continent's centers, magma and the liquid mantle are pumped across transfer hoses. The core is dismantled from the surface.

 Planetary scale

Since the stationary cables would stay clear inside the moon's trajectory, the construction of Globus Cassus would not alter the Earth-Moon system. However, on a planetary scale the proportions would be altered, with Globus Cassus being only slightly smaller than Saturn, the Solar System's second-largest planet.

 Construction process

Starting at four precisely defined points in the geostationary orbit, four space elevators are built. Eventually they become massive towers, each measuring several hundred kilometers in diameter and extending to a length of about 165,000 km. The towers contain elevators which are used to transport silicate building material to the construction sites at geostationary orbit.

 Skeleton and shell

The building material is converted into vacuum-porous aggregate and used to form the skeleton. It is built retaining constant symmetry and balance at every moment and will ultimately span around all sides of the earth. Then magma is pumped towards the skeleton, where it is used to form thin shells in the skeletal openings. Eight of these openings are fitted with large, inward-curving window domes made out of silicon glass.

 The Great Rains

Having been used up to a large degree, the Earth has shrunk, the polar ice caps have melted and the Earth's mass and therefore gravity has declined. This leads to the sudden loss of the atmosphere and hydrosphere, which wander outwards towards the new World. Globus Cassus' equator zones are equipped with a system of trenches and moulds that will become rivers, lakes and seas as soon as the water has settled. The transfer process of atmosphere and hydrosphere is called "The Great Rains".

 Colonization

The moment the Great Rains start, the Earth becomes uninhabitable. Along with massive amounts of seed for all existing plants, the regions of high cultural value, that need to be conserved and reapplied on Globus Cassus have been stored in the skeleton nodes which touch the towers. Humans and animals rise in the towers to await the end of the rains and start settling on the two equator regions.

 Plant growth

The remaining Earth core is dismantled to build the shells that lie in the pole regions. During this process, the massive heat radiation of the core accelerates plant growth and therefore aids the process of establishing a functioning biosphere.

 See also


	Bernal sphere

	Dyson sphere

	Planetary engineering

	Planetary habitability

	Terraforming

	Rendezvous with Rama
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Book cover





Globus Cassus, Lars Müller Publishers, with contributions by Boris Groys, Claude Lichtenstein, Michael Stauffer and Christian Waldvogel. Awarded the Gold Medal in international competition "Best designed books from all over the World 2004", (ISBN 3-03778-045-2)
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	Globus Cassus addon for Celestia

	9th international architecture exhibition in venice, italy, 2004 / swiss pavilion: ‘larger earth’, by Christian Waldvogel

	Damn Interesting review of Globus Cassus
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Cloud nine is the name Buckminster Fuller gave to his proposed airborne habitats created from giant geodesic spheres, which might be made to levitate by slightly heating the air inside above the ambient temperature.[1]

Geodesic spheres (structures of triangular components arranged to make a sphere) become stronger as they become bigger, due to how they distribute stress over their surfaces. As a sphere gets bigger, the volume it encloses grows much faster than the mass of the enclosing structure itself. Fuller suggested that the mass of a mile-wide geodesic sphere would be negligible compared to the mass of the air trapped within it. He suggested that if the air inside such a sphere were heated even by one degree higher than the ambient temperature of its surroundings, the sphere could become airborne. He calculated that such a balloon could lift a considerable mass, and hence that 'mini-cities' or airborne towns of thousands of people could be built in this way.

The 'cloud nines' could be tethered, or free-floating, or maneuverable so that they could 'migrate' in response to climatic and environmental conditions, such as providing emergency shelters.[2]

 See also


	Tensegrity

	Arcology
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The effects of microgravity on fluid distribution around the body (greatly exaggerated)





Space medicine is the practice of medicine on astronauts in outer space whereas astronautical hygiene is the application of science and technology to the prevention or control of exposure to the hazards that may cause astronaut ill health. Both these sciences work together to ensure that astronauts work in a safe environment. The main objective is to discover how well and for how long people can survive the extreme conditions in space, and how fast they can adapt to the Earth's environment after returning from their voyage. Medical consequences such as possible blindness and bone loss have been associated with human spaceflight.[1]
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 History

Hubertus Strughold (1898–1987), a former Nazi physician and physiologist, was brought to the United States after World War II as part of Operation Paperclip.[2] He first coined the term "space medicine" in 1948 and was the first and only Professor of Space Medicine at the School of Aviation Medicine (SAM) at Randolph Air Force Base, Texas. In 1949 Strughold was made director of the Department of Space Medicine at the SAM (which is now the U.S. Air Force School of Aerospace Medicine [USAFSAM] at Brooks Air Force Base, Texas). He played an important role in developing the pressure suit worn by early American astronauts. He was a co-founder of the Space Medicine Branch of the Aerospace Medical Association in 1950. The aeromedical library at Brooks AFB was named after him in 1977, but later renamed because documents from the Nuremberg War Crimes Tribunal linked Strughold to medical experiments in which inmates of the Dachau concentration camp were tortured and killed.[3]
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Astronauts are not the only ones who benefit from space medicine research. Several medical products have been developed that are space spinoffs, that is practical applications for the field of medicine arising out of the space program. Because of joint research efforts between NASA, the National Institutes on Aging (a part of the National Institutes of Health), and other aging-related organizations, space exploration has benefited a particular segment of society, seniors. Evidence of aging related medical research conducted in space was most publicly noticeable during STS-95 (See below).

 Medical space spinoffs (pre-Mercury through Apollo)


	Radiation therapy for the treatment of cancer: In conjunction with the Cleveland Clinic, the cyclotron at Glenn Research Center in Cleveland, Ohio was used in the first clinical trials for the treatment and evaluation of neutron therapy for cancer patients.

	Foldable walkers: Made from a lightweight metal material developed by NASA for aircraft and spacecraft, foldable walkers are portable and easy to manage.

	Personal alert systems: These are emergency alert devices that can be worn by individuals who may require emergency medical or safety assistance. When a button is pushed, the device sends a signal to a remote location for help. To send the signal, the device relies on telemetry technology developed at NASA.

	CAT and MRI scans: These devices are used by hospitals to see inside the human body. Their development would not have been possible without the technology provided by NASA after it found a way to take better pictures of the Earth’s moon.

	Muscle stimulator device: This device is used for ½ hour per day to prevent muscle atrophy in paralyzed individuals. It provides electrical stimulation to muscles which is equal to jogging three miles per week. Christopher Reeve used these in his therapy.

	Orthopedic evaluation tools: Equipment to evaluate posture, gait and balance disturbances was developed at NASA, along with a radiation-free way to measure bone flexibility using vibration.

	Diabetic foot mapping: This technique was developed at NASA’s center in Cleveland, Ohio to help monitor the effects of diabetes in feet.

	Foam cushioning: Special foam used for cushioning astronauts during liftoff is used in pillows and mattresses at many nursing homes and hospitals to help prevent ulcers, relieve pressure, and provide a better night’s sleep.

	Kidney dialysis machines: These machines rely on technology developed by NASA in order to process and remove toxic waste from used dialysis fluid.

	Talking wheelchairs: Paralyzed individuals who have difficulty speaking may use a talking feature on their wheelchairs which was developed by NASA to create synthesized speech for aircraft.

	Collapsible, lightweight wheelchairs: These wheelchairs are designed for portability and can be folded and put into trunks of cars. They rely on synthetic materials that NASA developed for its air and space craft

	Surgically implantable heart pacemaker: These devices depend on technologies developed by NASA for use with satellites. They communicate information about the activity of the pacemaker, such as how much time remains before the batteries need to be replaced.

	Implantable heart defibrillator: This tool continuously monitors heart activity and can deliver an electric shock to restore heartbeat regularity.

	EMS communications: Technology used to communicate telemetry between Earth and space was developed by NASA to monitor the health of astronauts in space from the ground. Ambulances use this same technology to send information—like EKG readings—from patients in transport to hospitals. This allows faster and better treatment.

	Weightlessness therapy: The weightlessness of space can allow some individuals with limited mobility on Earth—even those normally confined to wheelchairs—the freedom to move about with ease. Physicist Stephen Hawking took advantage of weightlessness in NASA's Vomit Comet aircraft in 2007. This idea also led to the development of the Anti-Gravity Treadmill from NASA technology.



 Medical investigations in space during the Space Shuttle era

John Glenn, the first American astronaut to orbit the Earth, returned with much fanfare to space once again on STS-95 at 77 years of age to confront the physiological challenges preventing long-term space travel for astronauts—loss of bone density, loss of muscle mass, balance disorders, sleep disturbances, cardiovascular changes, and immune system depression—all of which are problems confronting aging people as well as astronauts. Once again Glenn stepped forward to play a historic role in the future of space exploration, but this time he would provide new medical research in the field of gerontology as well.

 What are the effects of space on the body?
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Main article: Effect of spaceflight on the human body

 Decompression sickness

 Decompression illness in spaceflight

In space, astronauts use a space suit, essentially a self-contained individual spacecraft, to do spacewalks, or extra-vehicular activities (EVAs). Spacesuits are generally inflated with 100% oxygen at a total pressure that is less than a third of normal atmospheric pressure. Eliminating inert atmospheric components such as nitrogen allows the astronaut to breathe comfortably, but also have the mobility to use their hands, arms, and legs to complete required work, which would be more difficult in a higher pressure suit.

After the astronaut dons the spacesuit, air is replaced by 100% oxygen in a process called a "nitrogen purge". In order to reduce the risk of decompression sickness, the astronaut must spend several hours "pre-breathing" at an intermediate nitrogen partial pressure, in order to let their body tissues outgas nitrogen slowly enough that bubbles are not formed. When the astronaut returns to the "shirt sleeve" environment of the spacecraft after an EVA, pressure is restored to whatever the operating pressure of that spacecraft may be, generally normal atmospheric pressure. Decompression illness in spaceflight consists of decompression sickness (DCS) and other injuries due to uncompensated changes in pressure, or barotrauma.

 Decompression sickness

Decompression sickness is the injury to the tissues of the body resulting from the presence of nitrogen bubbles in the tissues and blood. This occurs due to a rapid reduction in ambient pressure causing the dissolved nitrogen to come out of solution as gas bubbles. In space the risk of DCS is significantly reduced by using a technique to wash out the nitrogen in the body’s tissues. This is achieved by breathing 100% oxygen for a specified period of time before donning the spacesuit, and is continued after a nitrogen purge. DCS may result from inadequate or interrupted pre-oxygenation time, or other factors including the astronaut’s level of hydration, physical conditioning, prior injuries and age. Other risks of DCS include inadequate nitrogen purge in the EMU, a strenuous or excessively prolonged EVA, or a loss of suit pressure. Non-EVA crewmembers may also be at risk for DCS if there is a loss of spacecraft cabin pressure.

Symptoms of DCS in space may include chest pain, shortness of breath, cough or pain with a deep breath, unusual fatigue, lightheadedness, dizziness, headache, unexplained musculoskeletal pain, tingling or numbness, extremities weakness, or visual abnormalities.

Primary treatment principles consist of in-suit repressurization to re-dissolve nitrogen bubbles, 100% oxygen to re-oxygenate tissues, and hydration to improve the circulation to injured tissues.

To date there have been no reported cases of DCS in the NASA space program.

 Barotrauma

Barotrauma is the injury to the tissues of air filled spaces in the body as a result of differences in pressure between the body spaces and the ambient atmospheric pressure. Air filled spaces include the middle ears, paranasal sinuses, lungs and gastrointestinal tract. One would be predisposed by a pre-existing upper respiratory infection, nasal allergies, recurrent changing pressures, dehydration, or a poor equalizing technique.

Positive pressure in the air filled spaces results from reduced barometric pressure during the depressurization phase of an EVA. It can cause abdominal distension, ear or sinus pain, decreased hearing, and dental or jaw pain. Abdominal distension can be treated with extending the abdomen, gentle massage and encourage passing flatus. Ear and sinus pressure can be relieved with passive release of positive pressure. Pretreatment for susceptible individuals can include oral and nasal decongestants, or oral and nasal steroids.

Negative pressure in air fill spaces results from increased barometric pressure during repressurization after an EVA or following a planned restoration of a reduced cabin pressure. Common symptoms include ear or sinus pain, decreased hearing, and tooth or jaw pain.

Treatment may include active positive pressure equalization of ears and sinuses, oral and nasal decongestants, or oral and nasal steroids, and appropriate pain medication if needed.

 Ultrasound and space

 Medicine in space

Further information: Treating An Ill or Injured Crew Member In Space

The Advanced Diagnostic Ultrasound in Microgravity Study is funded by the National Space and Biomedical Research Institute and involves the use of ultrasound among Astronauts including former ISS Commanders Leroy Chiao and Gennady Padalka who are guided by remote experts to diagnose and potentially treat hundreds of medical conditions in space. This study has a widespread impact and has been extended to cover professional and Olympic sports injuries as well as medical students. It is anticipated that remote guided ultrasound will have application on Earth in emergency and rural care situations. Findings from this study were submitted for publication to the journal Radiology aboard the International Space Station; the first article submitted in space.[4][5][6]

 Decreased immune system functioning

Astronauts in space have weakened immune systems, which means that in addition to increased vulnerability to new exposures, viruses already present in the body—which would normally be suppressed—become active. In space, T-cells (a part of white blood cells) do not reproduce properly. T-cells that do exist are less able to fight off infection. NASA research is measuring the change in the immune systems of its astronauts as well as performing experiments with T-cells in space.

 Effects of fatigue

Further information: Performance Errors due to Fatigue and Sleep Loss

 Human performance

 Loss of balance

Leaving and returning to Earth’s gravity causes “space sickness,” dizziness, and loss of balance in astronauts. By studying how changes can affect balance in the human body—involving the senses, the brain, the inner ear, and blood pressure—NASA hopes to develop treatments that can be used on Earth and in space to correct balance disorders. Until then, NASA’s astronauts must rely on a medication called Midodrine (an “anti-dizzy” pill that temporarily increases blood pressure) to help carry out the tasks they need to do to return home safely.[citation needed]

 Loss of bone density

Bone loss is associated with human spaceflight.[1] After a 3-4 month trip into space, it takes about 2–3 years to regain lost bone density.[citation needed] New techniques are being developed to help astronauts recover faster. Research in the following areas holds the potential to aid the process of growing new bone:


	Diet and Exercise changes may reduce osteoporosis.

	Vibration Therapy may stimulate bone growth.

	Medication could trigger the body to produce more of the protein responsible for bone growth and formation.



 Loss of muscle mass

In space, muscles in the legs, back, spine, and heart weaken and waste away because they no longer are needed to overcome gravity, just as people lose muscle when they age due to reduced physical activity.[1] Astronauts rely on research in the following areas to build muscle and maintain body mass:


	Exercise may build muscle if at least two hours a day is spent doing resistance training routines.

	Hormone supplements (hGH) may be a way to tap into the body’s natural growth signals.

	Medication may trigger the body into producing muscle growth proteins.



 Loss of eyesight

See also: Visual Impairment and Intracranial Pressure (VIIP)

After long space flight missions, astronauts may experience severe eyesight problems.[1][7][8][9][10][11] Such eyesight problems may be a major concern for future deep space flight missions, including a manned mission to the planet Mars.[7][8][9][10]

 Loss of mental abilities and risk of Alzheimer's Disease

See also: Alzheimer's disease, Effect of spaceflight on the human body, and Health threat from cosmic rays

On December 31, 2012, a NASA-supported study reported that manned spaceflight may harm the brain of astronauts and accelerate the onset of Alzheimer's disease.[12][13][14]

 Human-machine interface

 Orthostatic intolerance

In space, astronauts lose fluid volume—including up to 22% of their blood volume. Because it has less blood to pump, the heart will atrophy. A weakened heart results in low blood pressure and can produce a problem with “orthostatic tolerance,” or the body’s ability to send enough oxygen to the brain without fainting or becoming dizzy. "Under the effects of the earth's gravity, blood and other body fluids are pulled towards the lower body. When gravity is taken away or reduced during space exploration, the blood tends to collect in the upper body instead, resulting in facial edema and other unwelcome side effects. Upon return to earth, the blood begins to pool in the lower extremities again, resulting in orthostatic hypotension."[15]

 Psychological factors

 Radiation effects

See also: Spaceflight radiation carcinogenesis

Soviet cosmonaut Valentin Lebedev, who spent 211 days in the orbit in 1982 (an absolute record for stay in Earth’s orbit), lost his eyesight to progressive cataract. Lebedev stated: “I suffered from a lot of radiation in space. It was all concealed back then, during the Soviet years, but now I can say that I caused damage to my health because of that flight.”[1][16]

 Safety/habitability

 Sleep disorders
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Further information: Performance Errors due to Fatigue and Sleep Loss

Fifty percent of space shuttle astronauts take sleeping pills and still get two hours or less of sleep. NASA is researching two areas which may provide the keys to a better night’s sleep, as improved sleep decreases fatigue and increases daytime productivity. A variety of methods for combating this phenomenon are constantly under discussion. A partial list of remedies would include:


	Go to sleep at the same time each night. With practice, you will (almost) always be tired and ready for sleep.

	Melatonin, once thought to be an anti-aging wonder drug (this was due to the well-documented observation that as people age they gradually produce less and less of the hormone naturally). The amount of melatonin the body produces decreases linearly over a lifetime. Although the melatonin anti-aging fad was thoroughly debunked following a large number of randomized trials, it was soon in the spotlight once more due to the observation that a healthy person's normal melatonin levels varies widely throughout each day: usually, levels rise in the evening and fall in the morning. Ever since the discovery that melatonin levels are highest at bedtime, melatonin has been purported by some to be an effective sleep-aid - it is especially popular for jet-lag. Melatonin's efficacy in treating insomnia is hotly debated and therefore in the US it is sold as a dietary supplement. "These statements have not been evaluated by the FDA" is printed on the packaging even though melatonin has been studied very extensively.

	Ramelteon, a melatonin receptor agonist, is a relatively new drug designed by using the melatonin molecule and the shapes of melatonin receptors as starting points. Ramelteon binds to the same M1 and M2 receptors in the suprachiasmatic nucleus (the "biological clock" in the brain) as melatonin (M1 and M2 get their names from melatonin). It also may derive some of its properties from its three-times greater elimination half-life. Ramelteon is not without detractors who claim that it is no more effective than melatonin, and melatonin is less expensive by orders of magnitude. It is unclear whether Ramelteon causes its receptors to behave differently than they do when bound to melatonin, and Ramelteon may have a significantly greater affinity for these receptors. Better information on Ramelteon's effectiveness should be available soon, and despite questions of its efficacy, the general lack of side effects makes Ramelteon one of the very few sleep medications that could potentially be safely used by astronauts.

	Barbiturates and Benzodiazepines are both very strong sedatives. While they certainly would work (at least short term) in helping astronauts sleep, they have side effects that could affect the astronaut's ability to perform his/her job, especially in the "morning." This side effect renders barbiturates and benzodiazepines likely unfit as treatments for space insomnia. Narcotics and most tranquilizers also fall into this category.

	Zolpidem and Zopiclone are sedative-hypnotics, better known by their trade names "Ambien" and "Lunesta". These are extremely popular sleep-aids, due in large part to their effectiveness and significantly reduced side-effect profiles vis-a-vis benzodiazepines and barbiturates. Although other drugs may be more effective in inducing sleep Zolpidem and Zopiclone essentially lack the sorts of side effects that disqualify other insomnia drugs for astronauts, for whom being able to wake up easily and quickly can be of paramount importance; astronauts who are not thinking clearly, are groggy, and are disoriented when a sudden emergency wakes them could end up trading their grogginess for the indifference of death in seconds. Zolpidem, Zopiclone, and the like - in most people - are significantly less likely to cause drug-related daytime sleepiness, nor excessive drowsiness if woken abruptly.

	Practice good sleep hygiene. In other words, the bed is for sleeping only; get out of bed within a few moments of waking up. Do not sit in bed watching TV or using a laptop. When one is acclimated to spending many hours awake in bed, it can disrupt the body's natural set of daily cycles, called the circadian rhythm. While this is less of an issue for astronauts who have very limited entertainment options in their sleeping areas, another aspect of sleep hygiene is adhering to a specific pre-sleep routine (shower, brush teeth, fold up clothing, spend 20 minutes with a trashy novel, for example); observing this sort of routine regularly can significantly improve one's sleep quality. Of course, sleep hygiene studies have all been conducted at 1G, but it seems possible (if not likely) that observing sleep hygiene would retain at least some efficacy in micro-gravity.

	Modafinil is a drug that is prescribed for narcolepsy and other disorders that involve excessive daytime exhaustion. It has been approved in various military situations and for astronauts thanks to its ability to stave off fatigue. It is unclear whether astronauts sometimes use the drug because they are sleep-deprived - it might only be used on spacewalks and in other high-risk situations.

	Dexedrine used to be the gold-standard for fighter pilots flying long and multiple sorties in a row, and therefore may have at some point been available if astronauts were in need of a wakefulness-promoting agent stronger than coffee. Dexedrine is an amphetamine and amphetamines can have a whole host of undesirable side effects and is addictive. Today, Modafinil has largely - if not entirely - replaced Dexedrine; reaction time and reasoning among pilots who are sleep-deprived and on Dexedrine suffer, and get worse the longer the pilot stays awake. In one study, helicopter pilots that were given six-hundred milligrams of Modafinil every three hours were able to perform with the same accuracy as they did at pre-deprivation levels for 40 hours without sleep; significant impairment would have been evident had the pilots been given Dexedrine instead.[17]



 Spatial disorientation

 Spaceflight Analogues

Biomedical research in space is expensive and logistically and technically complicated, and thus limited. Conducting medical research in space alone will not provide humans with the depth of knowledge needed to ensure the safety of inter-planetary travellers. Complimentary to research in space is the use of spaceflight analogues. Analogues are particularly useful for the study of immunity, sleep, psychological factors, human performance, habitability, and telemedicine. Examples of spaceflight analogues include confinement chambers (Mars-500), sub-aqua habitats (NEEMO), and Antarctic (Concordia Station) and Arctic (Haughton–Mars Project) stations.

 Medical interventions
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	Exercise to maintain muscle strength and function

	Sleep cap

	Medication, including hormone replacement therapy



 Space medicine careers
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 Related degrees, areas of specialization, and certifications


	Aeromedical certification

	Aerospace medicine

	Aerospace studies

	Anesthesiology

	Emergency medicine

	Internal medicine

	Occupational and preventive medicine

	Ophthalmology

	Otolaryngology



 See also


	Artificial gravity

	Effect of spaceflight on the human body

	Microgravity University

	Space nursing

	Space Nursing Society

	Spaceflight osteopenia

	Vomit Comet

	Human Health and Performance in Space Portal

	Fatigue and sleep loss during spaceflight

	Medical treatment during spaceflight

	Spaceflight radiation carcinogenesis

	Visual impairment due to intracranial pressure

	Renal stone formation in space

	Team composition and cohesion in spaceflight missions

	Intervertebral disc damage and spaceflight

	Food systems on space exploration missions

	Radiation carcinogenesis in past space missions



 Notes



	^ a b c d e Mann, Adam (July 23, 2012). "Blindness, Bone Loss, and Space Farts: Astronaut Medical Oddities". Wired. Retrieved July 23, 2012. 

	^ Andrew Walker (21 November 2005). "Project Paperclip: Dark side of the Moon". BBC News. Retrieved 2012-04-25. 

	^ "Former Nazi removed from Space Hall of Fame". MSNBC. Associated Press. 2006-05-19. Retrieved 2006-05-19. 

	^ "Advanced Diagnostic Ultrasound in Microgravity (ADUM)". Nasa.gov. 2011-11-08. Retrieved 2012-02-10. 

	^ Sishir Rao, BA, Lodewijk van Holsbeeck, BA, Joseph L. Musial, PhD, Alton Parker, MD, J. Antonio Bouffard, MD, Patrick Bridge, PhD, Matt Jackson, PhD and Scott A. Dulchavsky, MD, PhD (May 1, 2008). "A Pilot Study of Comprehensive Ultrasound Education at the Wayne State University School of Medicine". Journal of Ultrasound in Medicine 27 (5): 745–749. PMID 18424650. Retrieved 2012-04-25. 

	^ E. Michael Fincke, MS, Gennady Padalka, MS, Doohi Lee, MD, Marnix van Holsbeeck, MD, Ashot E. Sargsyan, MD, Douglas R. Hamilton, MD, PhD, David Martin, RDMS, Shannon L. Melton, BS, Kellie McFarlin, MD and Scott A. Dulchavsky, MD, PhD (February 2005). "Evaluation of Shoulder Integrity in Space: First Report of Musculoskeletal US on the International Space Station". Radiology 234 (2): 319–322. doi:10.1148/radiol.2342041680. PMID 15533948. Retrieved 2012-04-25. 

	^ a b Mader, T. H. et al. (2011). Oph "Optic Disc Edema, Globe Flattening, Choroidal Folds, and Hyperopic Shifts Observed in Astronauts after Long-duration Space Flight". Ophthalmology (journal) 118 (10): 2058–2069. doi:10.1016/j.ophtha.2011.06.021. PMID 21849212. 

	^ a b Puiu, Tibi (November 9, 2011). "Astronauts’ vision severely affected during long space missions". zmescience.com. Retrieved February 9, 2012. 

	^ a b "Male Astronauts Return With Eye Problems (video)". CNN News. 9 Feb 2012. Retrieved 2012-04-25. 

	^ a b Space Staff (13 March 2012). "Spaceflight Bad for Astronauts' Vision, Study Suggests". Space.com. Retrieved 14 March 2012. 

	^ Kramer, Larry A. et al. (13 March 2012). "Orbital and Intracranial Effects of Microgravity: Findings at 3-T MR Imaging". Radiology (journal). doi:10.1148/radiol.12111986. Retrieved 14 March 2012. 

	^ Cherry, Jonathan D.; Frost, Jeffrey L.; Lemere, Cynthia A.; Williams, Jacqueline P.; Olschowka, John A.; O'Banion, M. Kerry. "Galactic Cosmic Radiation Leads to Cognitive Impairment and Increased Aβ Plaque Accumulation in a Mouse Model of Alzheimer’s Disease". PLOS ONE 7 (12): e53275. doi:10.1371/journal.pone.0053275. Retrieved January 7, 2013. 

	^ Staff (January 1, 2013). "Study Shows that Space Travel is Harmful to the Brain and Could Accelerate Onset of Alzheimer's". SpaceRef. Retrieved January 7, 2013. 

	^ Cowing, Keith (January 3, 2013). "Important Research Results NASA Is Not Talking About (Update)". NASA Watch. Retrieved January 7, 2013. 

	^ "When Space Makes You Dizzy". NASA. 2002. Retrieved 2012-04-25. 

	^ "Soviet cosmonauts burnt their eyes in space for USSR’s glory". Pravda.Ru. 17 Dec 2008. Retrieved 2012-04-25. 

	^ John A. Caldwell, Jr., Nicholas K. Smythe, III, J. Lynn Caldwell, Kecia K. Hall, David N. Norman, Brian F. Prazinko, Arthur Estrada, Philip A. Johnson, John S. Crowley, Mary E. Brock (June 1999). "The Effects of Modafinil on Aviator Performance During 40 Hours of Continuous Wakefulness". U.S. Army Aeromedical Research Laboratory. Retrieved 2012-04-25. 





 References


	Altitude Decompression Sickness Susceptibility, MacPherson, G; Aviation, Space, and Environmental Medicine, Volume 78, Number 6, June 2007, pp. 630–631(2)

	Decision Analysis in Aerospace Medicine: Costs and Benefits of a Hyperbaric Facility in Space, John-Baptiste, A; Cook, T; Straus, S; Naglie, G; et al. Aviation, Space, and Environmental Medicine, Volume 77, Number 4, April 2006, pp. 434–443(10)

	Incidence of Adverse Reactions from 23,000 Exposures to Simulated Terrestrial Altitudes up to 8900 m, DeGroot, D; Devine JA; Fulco CS; Aviation, Space, and Environmental Medicine, Volume 74, Number 9, September 2003, pp. 994–997(4)



 External links


	Description of space medicine

	NASA History Series Publications (many of which are online)

	Sleep in Space, Digital Sleep Recorder used by NASA in STS-90 and STS-95 missions

	A Solution for Medical Needs and Cramped Quarters in Space - NASA






				Retrieved from "http://en.wikipedia.org/w/index.php?title=Space_medicine&oldid=551549782"				







This article was downloaded by calibre from http://en.wikipedia.org/wiki/Space_medicine



 | 章节菜单 | 主菜单 | 
| 下一项 | 章节菜单 | 主菜单 | 前一项 | 


Apollo program

From Wikipedia, the free encyclopedia




					Jump to:					navigation, 					search



[image: Apollo program insignia]

[image: ]








[image: Astronaut Buzz Aldrin stands on the Moon]

[image: ]

Apollo 11 crew member Buzz Aldrin, second person to walk on the Moon, July 1969





The Apollo program was the third human spaceflight program carried out by the National Aeronautics and Space Administration (NASA), the United States' civilian space agency. First conceived during the Presidency of Dwight D. Eisenhower as a three-man spacecraft to follow the one-man Project Mercury which put the first Americans in space, Apollo was later dedicated to President John F. Kennedy's national goal of "landing a man on the Moon and returning him safely to the Earth" by the end of the 1960s, which he proposed in a May 25, 1961 address to Congress. Project Mercury was followed by the two-man Project Gemini (1962–66). The first manned flight of Apollo was in 1968 and it succeeded in landing the first humans on Earth's Moon from 1969 through 1972.

Kennedy's goal was accomplished on the Apollo 11 mission when astronauts Neil Armstrong and Buzz Aldrin landed their Lunar Module (LM) on the Moon on July 20, 1969 and walked on its surface while Michael Collins remained in lunar orbit in the command spacecraft, and all three landed safely on Earth on July 24. Five subsequent Apollo missions also landed astronauts on the Moon, the last in December 1972. In these six spaceflights, 12 men walked on the Moon.

Apollo ran from 1961 to 1972, and was supported by the two-man Gemini program which ran concurrently with it from 1962 to 1966. Gemini missions developed some of the space travel techniques that were necessary for the success of the Apollo missions. Apollo used Saturn family rockets as launch vehicles. Apollo / Saturn vehicles were also used for an Apollo Applications program which consisted of three Skylab space station missions in 1973–74.

Apollo succeeded despite the major setback of a 1967 Apollo 1 cabin fire that killed the entire crew during a pre-launch test. Six manned landings on the Moon were achieved. A seventh landing mission, the 1970 Apollo 13 flight, failed in transit to the Moon when an oxygen tank explosion disabled the command spacecraft's propulsion and life support, forcing the crew to use the Lunar Module as a "lifeboat" for these functions to return to Earth safely.

Apollo set several major human spaceflight milestones. It stands alone in sending manned missions beyond low Earth orbit; Apollo 8 was the first manned spacecraft to orbit another celestial body, while the final Apollo 17 mission marked the sixth Moon landing and the ninth manned mission beyond low Earth orbit. The program returned 842 pounds (382 kg) of lunar rocks and soil to Earth, greatly contributing to the understanding of lunar geology. The program laid the foundation for NASA's current human spaceflight capability, and funded construction of its Johnson Space Center and Kennedy Space Center. Apollo also spurred advances in many areas of technology incidental to rocketry and manned spaceflight, including avionics, telecommunications, and computers.
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 Background

See also: Space Race

The Apollo program was conceived early in 1960, during the Eisenhower administration, as a follow-up to America's Mercury program. While the Mercury capsule could only support one astronaut on a limited Earth orbital mission, the Apollo spacecraft was to be able to carry three astronauts on a circumlunar flight and eventually to a lunar landing. The program was named after the Greek god of light, music, and the sun by NASA manager Abe Silverstein, who later said that "I was naming the spacecraft like I'd name my baby."[1] Silverstein chose the name at home one evening, early in 1960, because he felt "Apollo riding his chariot across the Sun was appropriate to the grand scale of the proposed program."[2] While NASA went ahead with planning for Apollo, funding for the program was far from certain given Eisenhower's ambivalent attitude to manned spaceflight.[3]


[image: President John F. Kennedy addresses a joint session of Congress, with Vice President Lyndon B. Johnson and House Speaker Sam Rayburn seated behind him]
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President Kennedy delivers his proposal to put a man on the Moon before a joint session of Congress, May 25, 1961





In November 1960, John F. Kennedy was elected president after a campaign that promised American superiority over the Soviet Union in the fields of space exploration and missile defense. Using space exploration as a symbol of national prestige, he warned of a "missile gap" between the two nations, pledging to make the U.S. not "first but, first and, first if, but first period."[4] Despite Kennedy's rhetoric, he did not immediately come to a decision on the status of the Apollo program once he became president. He knew little about the technical details of the space program, and was put off by the massive financial commitment required by a manned Moon landing.[5] When Kennedy's newly appointed NASA Administrator James E. Webb requested a 30 percent budget increase for his agency, Kennedy supported an acceleration of NASA's large booster program but deferred a decision on the broader issue.[6]

On April 12, 1961, Soviet cosmonaut Yuri Gagarin became the first person to fly in space, reinforcing American fears about being left behind in a technological competition with the Soviet Union. At a meeting of the U.S. House Committee on Science and Astronautics one day after Gagarin's flight, many congressmen pledged their support for a crash program aimed at ensuring that America would catch up.[7] Kennedy, however, was circumspect in his response to the news, refusing to make a commitment on America's response to the Soviets.[8]

On April 20, Kennedy sent a memo to Vice President Lyndon B. Johnson, asking Johnson to look into the status of America's space program, and into programs that could offer NASA the opportunity to catch up.[9] Johnson responded approximately one week later, concluding that "we are neither making maximum effort nor achieving results necessary if this country is to reach a position of leadership."[10] His memo concluded that a manned Moon landing was far enough in the future that it was likely the United States would achieve it first.[10]

On May 25, 1961, twenty days after the first US manned spaceflight Freedom 7, Kennedy proposed the Apollo program to Congress in a special address to a joint session:


I believe that this nation should commit itself to achieving the goal, before this decade is out, of landing a man on the Moon and returning him safely to the Earth. No single space project in this period will be more impressive to mankind, or more important in the long-range exploration of space; and none will be so difficult or expensive to accomplish.[11]



 NASA expansion

At the time of Kennedy's proposal, only one American had flown in space—less than a month earlier—and NASA had not yet sent an astronaut into orbit. Even some NASA employees doubted whether Kennedy's ambitious goal could be met.[12] Kennedy even came close to agreeing to a joint US-USSR Moon mission, to eliminate duplication of effort.[13]

Landing men on the Moon by the end of 1969 required the most sudden burst of technological creativity, and the largest commitment of resources ($24 billion), ever made by any nation in peacetime. At its peak, the Apollo program employed 400,000 people and required the support of over 20,000 industrial firms and universities.[14]

 Manned Spacecraft Center

Main article: Lyndon B. Johnson Space Center

It became clear that managing the Apollo program would exceed the capabilities of Robert Gilruth's Space Task Group, which had been directing the nation's manned space program from NASA's Langley Research Center. So Gilruth was given authority to grow his organization into a new NASA center, the Manned Spacecraft Center (MSC). A site was chosen in Houston, Texas on land donated by Rice University, and Administrator Webb announced the conversion on September 19, 1961.[15] It was also clear NASA would soon outgrow its practice of controlling missions from its Cape Canaveral Air Force Station launch facilities in Florida, so a new Mission Control Center would be included in the MSC.
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President Kennedy speaks at Rice University (17 min, 47 sec)





In September 1962, by which time two Project Mercury astronauts had orbited the Earth, Gilruth had moved his organization to rented space in Houston, and construction of the MSC facility was under way, Kennedy visited Rice to reiterate his challenge in a famous speech:


"But why, some say, the Moon? Why choose this as our goal? And they may well ask, why climb the highest mountain? Why, 35 years ago, fly the Atlantic? ...

We choose to go to the Moon. We choose to go to the Moon in this decade and do the other things, not because they are easy, but because they are hard; because that goal will serve to organize and measure the best of our energies and skills; because that challenge is one that we are willing to accept, one we are unwilling to postpone, and one we intend to win ... ."

—[16]



The MSC was completed in September 1963. It was renamed in honor of Lyndon Johnson by federal law, soon after his death in 1973.[17]



 Launch Operations Center

Main article: Kennedy Space Center

It also became clear that Apollo would outgrow the Canaveral launch facilities in Florida. The two newest launch complexes were already being built for the Saturn I and IB rockets at the northernmost end: LC-34 and LC-37. But an even bigger facility would be needed for the mammoth rocket required for the manned lunar mission, so land acquisition was started in July 1961 for a Launch Operations Center (LOC) immediately north of Canaveral at Merritt Island. The design, development and construction of the center was conducted by Kurt H. Debus, a member of Dr. Wernher von Braun's original V-2 rocket engineering team. Debus was named the LOC's first Director.[18] Construction began in November 1962. Upon Kennedy's death, President Johnson issued an executive order on November 29, 1963 to rename the LOC and Cape Canaveral in honor of Kennedy.[19]

The LOC included Launch Complex 39, a Launch Control Center, and a 130 million cubic foot (3.7 million cubic meter) Vehicle Assembly Building in which the space vehicle (launch vehicle and spacecraft) would be assembled on a Mobile Launcher Platform and then moved by a transporter to one of several launch pads. Although at least three pads were planned, only two, designated A and B, were completed in October 1965. The LOC also included an Operations and Checkout Building (OCB), to which Gemini and Apollo spacecraft were initially received prior to being mated to their launch vehicles. The Apollo spacecraft could be tested in two vacuum chambers capable of simulating atmospheric pressure at altitudes up to 250,000 feet (76 km), which is nearly a vacuum.[20][21]

 Organization

Administrator Webb realized that in order to keep Apollo costs under control, he had to develop greater project management skills in his organization, so he recruited Dr. George E. Mueller for a high management job. Mueller accepted, on the condition that he have a say in NASA reorganization necessary to effectively administer Apollo. Webb then worked with Associate Administrator (later Deputy Administrator) Robert Seamans to reorganize the Office of Manned Space Flight (OMSF).[22] On July 23, 1963, Webb announced Mueller's appointment as Deputy Associate Administrator for Manned Space Flight, to replace then Associate Administrator D. Brainard Holmes on his retirement effective September 1. Under Webb's reorganization, the directors of the Manned Spacecraft Center (Gilruth), Marshall Space Flight Center (von Braun), and the Launch Operations Center (Debus) effectively reported to Mueller.[23]

Based on his industry experience on Air Force missile projects, Mueller realized some skilled managers could be found among high-ranking officers in the US Air Force, so he got Webb's permission to recruit General Samuel C. Phillips, who gained a reputation for his effective management of the Minuteman program, as OMSF program controller. Phillips' superior officer Bernard Schriever agreed to loan Phillips to NASA, along with a staff of officers under him, on the condition that Phillips be made Apollo Program Director. Mueller agreed, and Phillips managed Apollo from January 1964, until it achieved the first manned landing in July 1969, after which he returned to Air Force duty.[24]

 Choosing a mission mode
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John Houbolt explaining the LOR concept





Once Kennedy had defined a goal, the Apollo mission planners were faced with the challenge of designing a set of flights that could meet it while minimizing risk to human life, cost, and demands on technology and astronaut skill. Four possible mission modes were considered:


	Direct Ascent: A spacecraft would travel directly to the Moon as a unit, land, and return leaving its landing stage on the Moon. This plan would have required a more powerful launch vehicle, the planned Nova rocket.

	Earth Orbit Rendezvous (EOR): Multiple rockets (up to 15 in some plans) would be launched, carrying various parts of a Direct Ascent spacecraft and propulsion units for translunar injection. These would be assembled into a single spacecraft in Earth orbit.

	Lunar Orbit Rendezvous (LOR): One Saturn V would launch a spacecraft that was composed of modular parts. A command module would remain in orbit around the Moon, while a lunar excursion module would descend to the Moon, return to dock with the command ship, and then be discarded. In contrast with the other plans, LOR required only a small part of the spacecraft to land on the Moon, thereby minimizing the mass to be launched from the Moon's surface for the return trip.

	Lunar Surface Rendezvous: Two spacecraft would be launched in succession. The first, an automated vehicle carrying propellant for the return to Earth, would land on the Moon, to be followed some time later by the manned vehicle. Propellant would have to be transferred from the automated vehicle to the manned vehicle.



See also: Moon landing
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Early Apollo configuration for Direct Ascent and Earth Orbit Rendezvous, 1961





In early 1961, direct ascent was generally the mission mode in favor at NASA. Many engineers feared that a rendezvous —let alone a docking— neither of which had been attempted even in Earth orbit, would be extremely difficult in lunar orbit. However, dissenters including John Houbolt at Langley Research Center emphasized the important weight reductions that were offered by the LOR approach. Throughout 1960 and 1961, Houbolt campaigned for the recognition of LOR as a viable and practical option. Bypassing the NASA hierarchy, he sent a series of memos and reports on the issue to Associate Administrator Robert Seamans; while acknowledging that he spoke "somewhat as a voice in the wilderness," Houbolt pleaded that LOR should not be discounted in studies of the question.[25]

Seamans' establishment of the Golovin committee in July 1961 represented a turning point in NASA's mission mode decision.[26] While the ad-hoc committee was intended to provide a recommendation on the boosters to be used in the Apollo program, it recognized that the mode decision was an important part of this question. The committee recommended in favor of a hybrid EOR-LOR mode, but its consideration of LOR —as well as Houbolt's ceaseless work— played an important role in publicizing the workability of the approach. In late 1961 and early 1962, members of the Manned Spacecraft Center began to come around to support LOR.[27] The engineers at Marshall Space Flight Center took longer to become convinced of its merits, but their conversion was announced by Wernher von Braun at a briefing in June 1962. NASA's formal decision in favor of LOR was announced on July 11, 1962. Space historian James Hansen concludes that:


	"Without NASA's adoption of this stubbornly held minority opinion in 1962, the United States may still have reached the Moon, but almost certainly it would not have been accomplished by the end of the 1960s, President Kennedy's target date."[28]



The LOR method had the advantage of allowing the lander spacecraft to be used as a "life boat" in the event of a failure of the command ship. This happened on Apollo 13 when an oxygen tank failure left the command ship without electrical power. The Lunar Module provided propulsion, electrical power and life support to get the crew home safely.[29]

 Spacecraft

Main article: Apollo spacecraft

Preliminary design studies of Apollo spacecraft began in 1960 as a three-man command module supported by one of several service modules providing propulsion and electrical power, sized for use in various possible missions, such as: shuttle service to a space station, circumlunar flight, or return to Earth from a lunar landing. Once the Moon landing goal became official, detailed design began of the Command/Service Module (CSM), in which the crew would spend the entire direct-ascent mission and lift off from the lunar surface for the return trip. The final choice of lunar orbit rendezvous changed the CSM's role to a translunar ferry used to transport the crew and a new spacecraft, the Lunar Excursion Module (LEM, later shortened to Lunar Module, LM), which would take two men to the lunar surface and return them to the CSM.[30]

 Command/Service Module

Main article: Apollo Command/Service Module


[image: The cone-shaped Command Module, attached to the cylindrical Service Module, orbits the Moon with a panel removed, exposing the Scientific Instrument Module]
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Apollo 15 CSM in lunar orbit





The Command Module (CM) was the conical crew cabin, designed to carry three astronauts from launch to lunar orbit and back to an Earth ocean landing. It was the only component of the Apollo spacecraft to survive without major configuration changes as the program evolved from the early Apollo study designs. Its exterior was covered with an ablative heat shield, and had its own reaction control system (RCS) engines to control its attitude and steer its atmospheric entry path. Parachutes were carried to slow its descent to splashdown. The module was 11.42 feet (3.48 m) tall, 12.83 feet (3.91 m) in diameter, and weighed approximately 12,250 pounds (5,560 kg).[31]

A cylindrical Service Module (SM) supported the Command Module, with a service propulsion engine and an RCS with propellants, and a fuel cell power generation system with liquid hydrogen and liquid oxygen reactants. A high-gain S-band antenna was used for long-distance communications on the lunar flights. On the extended lunar missions, an orbital scientific instrument package was carried. The Service Module was discarded just before re-entry. The module was 24.6 feet (7.5 m) long and 12.83 feet (3.91 m) in diameter. The initial lunar flight version weighed approximately 51,300 pounds (23,300 kg) fully fueled, while a later version designed to carry a lunar orbit scientific instrument package weighed just over 54,000 pounds (24,000 kg).[31]

North American Aviation won the contract to build the CSM, and also the second stage of the Saturn V launch vehicle for NASA. Because the CSM design was started early before the selection of lunar orbit rendezvous, the service propulsion engine was sized to lift the CSM off of the Moon, and thus was oversized to about twice the thrust required for translunar flight.[32] Also, there was no provision for docking with the Lunar Module. A 1964 program definition study concluded that the initial design should be continued as Block I which would be used for early testing, while Block II, the actual lunar spacecraft, would incorporate the docking equipment and take advantage of the lessons learned in Block I development.[30]

 Lunar Module

Main article: Apollo Lunar Module
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Apollo 16 LM on the Moon





The Lunar Module (LM) was designed to descend from lunar orbit to land two astronauts on the Moon and take them back to orbit to rendezvous with the Command Module. Not designed to fly through the Earth's atmosphere or return to Earth, its fuselage was designed totally without aerodynamic considerations, and was of an extremely lightweight construction. It consisted of separate descent and ascent stages, each with its own engine. The descent stage contained storage for the descent propellant, surface stay consumables, and surface exploration equipment. The ascent stage contained the crew cabin, ascent propellant, and a reaction control system. The initial LM model weighed approximately 33,300 pounds (15,100 kg), and allowed surface stays up to around 34 hours. An Extended Lunar Module weighed over 36,200 pounds (16,400 kg), and allowed surface stays of over 3 days.[31]

The contract for design and construction of the Lunar Module was awarded to Grumman Aircraft Engineering Corporation, and the project was overseen by Tom Kelly.[33]

 Launch vehicles
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Four Apollo rocket assemblies, drawn to scale: Little Joe II, Saturn I, Saturn IB, and Saturn V.





Before the Apollo program began, Wernher von Braun and his team of rocket engineers had started work on plans for very large launch vehicles, the Saturn series, and the even larger Nova series. In the midst of these plans, von Braun was transferred from the Army to NASA, and made Director of the Marshall Space Flight Center (MSFC). The initial direct ascent plan to send the three-man Apollo Command/Service Module directly to the lunar surface, on top of a large descent rocket stage, would require a Nova-class launcher, with a lunar payload capability of over 180,000 pounds (82,000 kg).[34] However, the June 11, 1962 decision to use lunar orbit rendezvous enabled the Saturn V to replace the Nova, and the MSFC proceeded to develop the Saturn rocket family for Apollo.[35]

 Little Joe II

Main article: Little Joe II

Since Apollo, like Mercury, would require a launch escape system (LES) in case of a launch failure, a relatively small rocket was required for qualification flight testing of this system. However, a size bigger than the NAA Little Joe would be required, so the Little Joe II was built by General Dynamics/Convair. After an August, 1963 qualification test flight,[36] four LES test flights (A-001 through 004) were made at the White Sands Missile Range between May 1964 and January 1966.[37]

 Saturn I

Main article: Saturn I

Saturn I, the first US heavy lift launch vehicle, was initially planned to launch partially equipped CSM's in low Earth orbit tests. The S-I first stage burned RP-1 with liquid oxygen (LOX) oxidizer, to produce 1,500,000 pounds-force (6,670 kN) of thrust. The S-IV second stage used six liquid hydrogen-fueled RL-10 engines with 90,000 pounds-force (400 kN) of thrust. A planned Centaur (S-V) third stage with two RL-10 engines, never flew on Saturn I.[38]

The first four Saturn I test flights were launched from LC-34, with only live first stages, carrying dummy upper stages filled with water. The first flight with a live S-IV was launched from LC-37. This was followed by five launches of boilerplate CSMs into orbit in 1964 and 1965. The last three of these further supported the Apollo program by also carrying Pegasus satellites, which verified the safety of the translunar environment by measuring the frequency and severity of micrometeorite impacts.[39]
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A Saturn IB rocket launches Apollo 7, 1968.





In September 1962, NASA planned to launch four manned CSM flights on the Saturn I from the fall of 1965 through 1966, concurrent with Project Gemini. However, the 22,500-pound (10,200 kg) payload capacity[40] would have severely limited the systems which could be included, so the decision was made in October 1963 to use the uprated Saturn IB for all manned Earth orbital flights.[41]

 Saturn IB

Main article: Saturn IB

The Saturn IB was an upgraded version of the Saturn I. The S-IB first stage increased the thrust to 1,600,000 pounds-force (7,120 kN), and the second stage replaced the S-IV with the S-IVB-200, powered by a single J-2 engine burning liquid hydrogen fuel with LOX, to produce 200,000 lbf (890 kN) of thrust. A restartable version of the S-IVB was used as the third stage of the Saturn V. The Saturn IB could send over 40,000 pounds (18,100 kg) into low Earth orbit, sufficient for a partially fueled CSM or the LM.[42] Saturn IB launch vehicles and flights were designated with an AS-200 series number, "AS" indicating "Apollo Saturn" and the "2" indicating the second member of the Saturn rocket family.

 Saturn V
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A Saturn V rocket launches Apollo 11 in 1969





Main article: Saturn V

The three-stage Saturn V was designed to send a fully fueled CSM and LM to the Moon. It was 33 feet (10.1 m) in diameter and stood 363 feet (110.6 m) tall with its 96,800-pound (43,900 kg) lunar payload. Its capability grew to 103,600 pounds (47,000 kg) for the later advanced lunar landings. The S-IC first stage burned RP-1/LOX for a rated thrust of 7,500,000 pounds-force (33,400 kN), which was upgraded to 7,610,000 pounds-force (33,900 kN). The second and third stages burned liquid hydrogen, and the third stage was a modified version of the S-IVB, with thrust increased to 230,000 lbf (1,020 kN) and capability to restart the engine for translunar injection after reaching a parking orbit.[43]

Saturn V launch vehicles and flights were designated with an AS-500 series number, "AS" indicating "Apollo Saturn" and the "5" indicating Saturn V. Since Apollo, like Project Mercury, used more than one launch vehicle for space missions, NASA similarly used the spacecraft-launch vehicle combination series numbers AS-10x for Saturn I, AS-20x for Saturn IB, and AS-50x for Saturn V (c/w Mercury-Redstone 3, Mercury-Atlas 6), to designate and plan all missions, rather than numbering them sequentially as in Project Gemini. However, this would be changed by the time manned flights began.[44]



 Astronauts

Main article: List of Apollo astronauts
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Apollo 1 crew: Edward H. White, command pilot Gus Grissom, and Roger Chaffee





NASA's Director of Flight Crew Operations during the Apollo program was Donald K. "Deke" Slayton, one of the original Mercury Seven astronauts who was medically grounded in September 1962 due to a heart murmur. Slayton was responsible for making all Gemini and Apollo crew assignments.[45]
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Apollo 11 crew, who made the first manned landing: commander Neil Armstrong, CM pilot Michael Collins, and LM pilot Buzz Aldrin





Thirty-two astronauts were assigned to fly missions in the Apollo program. Twenty-four of these left Earth’s orbit and flew around the Moon between December 1968 and December 1972 (three of them twice). Half of the 24 walked on its surface, though none of them returned to the Moon after landing once. One of the Moon-walkers was a trained geologist. Of the 32, Gus Grissom, Edward H. White, and Roger Chaffee were killed during a ground test in preparation for their Apollo 1 mission.[46]

The Apollo astronauts were chosen from the Project Mercury and Gemini veterans, plus from two later astronaut groups. All missions were commanded by Gemini or Mercury veterans. Crews on all development flights (except the Earth orbit CSM development flights), through the first two landings on Apollo 11 and Apollo 12, included at least two (sometimes three) Gemini veterans. Dr. Harrison Schmitt, a geologist, was the first NASA scientist astronaut to fly in space, and landed on the Moon on the last mission, Apollo 17. Schmitt participated in the lunar geology training of all of the Apollo landing crews.[47]

See also: Astronauts who flew on Apollo, listed by group

 Lunar mission profile

The nominal planned lunar landing mission proceeded as follows:
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Launch The 3 Saturn V stages burn for about 11 minutes to achieve a 100-nautical-mile (190 km) circular parking orbit. The third stage burns a small portion of its fuel to achieve orbit.







	


[image: ]




Translunar injection After one to two orbits to verify readiness of spacecraft systems, the S-IVB third stage reignites for about 6 minutes to send the spacecraft to the Moon.
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Transposition and docking (1) The SLA panels separate to free the CSM and expose the LM. The CMP moves the CSM out a safe distance, and turns 180°.
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Transposition and docking (2), The CMP docks with the LM, and pulls the combined spacecraft away from the S-IVB, which then is sent into solar orbit. The lunar voyage takes between 2 and 3 days. Midcourse corrections are made as necessary using the SM engine.
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Lunar orbit insertion The spacecraft passes about 60 nautical miles (110 km) behind the Moon, and the SM engine is fired to slow the spacecraft and put it into a 60-by-170-nautical-mile (110 by 310 km) orbit, which is soon circularized at 60 nautical miles by a second burn.
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After a rest period, the CDR and LMP move to the LM, power up its systems, and deploy the landing gear. The CSM and LM separate; the CMP visually inspects the LM, then the LM crew move a safe distance away and fire the descent engine for Descent orbit insertion, which takes it to a perilune of about 50,000 feet (15 km).
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Powered descent At perilune, the descent engine fires again to start the descent. The CDR takes over manual control after pitchover for a vertical landing.
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The CDR and LMP perform one or more EVAs exploring the lunar surface and collecting samples, alternating with rest periods.
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The ascent stage lifts off, using the descent stage as a launching pad.
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The LM rendezvouses and docks with the CSM.
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The CDR and LMP transfer back to the CM with their material samples, then the LM ascent stage is jettisoned, to eventually fall out of orbit and crash on the surface.
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Trans-Earth injection The SM engine fires to send the CSM back to Earth.
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The SM is jettisoned just before reentry, and the CM turns 180° to face its blunt end forward for reentry.
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Atmospheric drag slows the CM, surrounding it with an envelope of ionized air which causes a communications blackout for several minutes.
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Parachutes are deployed, slowing the CM for a splashdown in the Pacific Ocean. The astronauts are recovered and brought to an aircraft carrier.
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Lunar flight profile (distances not to scale).









 Profile variations


	After Apollo 12 placed the second of several seismometers on the Moon, the S-IVBs on subsequent missions were deliberately crashed on the Moon instead of being sent to solar orbit, as an active seismic experiment to induce vibrations in the Moon.

	The first three lunar missions (Apollo 8, Apollo 10, and Apollo 11) used a free return trajectory, keeping a flight path coplanar with the lunar orbit, which would allow a return to Earth in case the SM engine failed to make lunar orbit insertion. Landing site lighting conditions on later missions dictated a lunar orbital plane change, which required a course change maneuver soon after TLI, and eliminated the free-return option.

	On later landing flights, the SM engine was used instead of the LM engine to begin powered descent, in order to allow a greater fuel reserve for landing.

	On Apollo 12 and later missions, the jettisoned LM ascent stages were deliberately crashed on the Moon at known locations, as another active seismic experiment. The only exceptions to this were the Apollo 13 LM which burned up in the Earth's atmosphere, and Apollo 16, where a loss of attitude control after jettison prevented making a targeted impact.[48]



 Development history

 Unmanned flight tests









[image: Composite image of unmanned development Apollo mission launches in chronological sequence.]
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Apollo unmanned development mission launches. Click on a launch image to read the main article about each mission.





See also: List of Apollo missions

Two Block I CSMs were launched from pad 34 on suborbital flights in 1966 with the Saturn IB. The first, AS-201 launched on February 26, reached an altitude of 265.7 nautical miles (492.1 km) and splashed down 4,577 nautical miles (8,477 km) downrange in the Atlantic ocean.[49] The second, AS-202 on August 25, reached 617.1 nautical miles (1,142.9 km) altitude and was recovered 13,900 nautical miles (25,700 km) downrange in the Pacific ocean. These flights validated the Service Module engine and the Command Module heat shield.[50]

A third Saturn IB test, AS-203 launched from pad 37, went into orbit to support design of the S-IVB upper stage restart capability needed for the Saturn V. It carried a nosecone instead of the Apollo spacecraft, and its payload was the unburned liquid hydrogen fuel, the behavior of which engineers measured with temperature and pressure sensors, and a TV camera. This flight occurred on July 5, before AS-202, which was delayed because of problems getting the Apollo spacecraft ready for flight.[51]

 Preparation for manned flight

Two manned orbital Block I CSM missions were planned: AS-204 and AS-205. The Block I crew positions were titled Command Pilot, Senior Pilot, and Pilot. The Senior Pilot would assume navigation duties, while the Pilot would function as a systems engineer. The astronauts would wear a modified version of the Gemini spacesuit.

After an unmanned LM test flight AS-206, a crew would fly the first Block II CSM and LM in a dual mission known as AS-207/208, or AS-278 (each spacecraft would be launched on a separate Saturn IB.) The Block II crew positions were titled Commander (CDR), Command Module Pilot (CMP), and Lunar Module Pilot (LMP). The astronauts would begin wearing a new Apollo spacesuit, designed to accommodate lunar extravehicular activity. The traditional visor helmet was replaced with a clear "fishbowl" type for greater visibility, and the lunar surface EVA suit would include a water-cooled undergarment.

Grissom, White and Chaffee were named for the AS-204 crew on March 21, 1966, with a backup crew consisting of Gemini veterans James McDivitt and David Scott, with rookie Russell L. "Rusty" Schweickart. Mercury/Gemini veteran Wally Schirra and rookies Donn Eisele and Walter Cunningham were named as the prime crew for AS-205.

In December 1966, the AS-205 mission was canceled, since the validation of the CSM would be accomplished on the 14-day first flight, and AS-205 would have been devoted to space experiments and contribute no new engineering knowledge about the spacecraft. Its Saturn IB was allocated to the dual mission, now redesignated AS-205/208 or AS-258, planned for August 1967. McDivitt, Scott and Schweickart were promoted to the prime AS-258 crew, and Schirra, Eisele and Cunningham were reassigned as the Apollo 1 backup crew.[52]

 Program delays

The spacecraft for the AS-202 and AS-204 missions were delivered by North American Aviation to KSC with long lists of equipment problems which had to be corrected before flight; these delays caused the launch of AS-202 to slip behind AS-203, and eliminated hopes the first manned mission might be ready to launch as soon as November 1966, concurrently with the last Gemini mission. Eventually the planned AS-204 flight date was pushed to February 21, 1967.[53]

North American Aviation was prime contractor not only for the Apollo CSM, but for the Saturn V S-II second stage as well, and delays in this stage pushed the first unmanned Saturn V flight AS-501 from late 1966 to November 1967. (The initial assembly of AS-501 had to use a dummy spacer spool in place of the stage.)[54]

The problems with North American were severe enough in late 1965 to cause Manned Space Flight Administrator George Mueller to appoint program director Samuel Phillips to head a "tiger team" to investigate North American's problems and identify corrections. Phillips documented his findings in a December 19 letter to NAA president Lee Atwood, with a strongly worded letter by Mueller, and also gave a presentation of the results to Mueller and Deputy Administrator Robert Seamans.[55]

Meanwhile, Grumman was also encountering problems with the Lunar Module, eliminating hopes it would be ready for manned flight in 1967, not long after the first manned CSM flights.[56]

 Disaster strikes

Main article: Apollo 1

Grissom, White, and Chaffee decided to name their flight Apollo 1 as a motivational focus on the first manned flight. They trained and conducted tests of their spacecraft at North American, and in the altitude chamber at the Kennedy Space Center. A "plugs-out" test was planned for January, which would simulate a launch countdown on pad 34 with the spacecraft transferring from pad-supplied to internal power. If successful, this would be followed by a more rigorous countdown simulation test closer to the February 21 launch, with both spacecraft and launch vehicle fueled.[57]
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Charred remains of the Apollo 1 cabin interior





The plugs-out test began on the morning of January 27, 1967, and immediately was plagued with problems. First the crew noticed a strange odor in their spacesuits, which delayed the sealing of the hatch. Then, communications problems frustrated the astronauts and forced a hold in the simulated countdown. During this hold, an electrical fire began in the cabin, and spread quickly in the high pressure, 100% oxygen atmosphere. Pressure rose high enough from the fire that the cabin burst and the fire erupted onto the pad area, frustrating attempts to rescue the crew. The astronauts were asphyxiated, before the hatch could be opened.[58]

NASA immediately convened an accident review board, overseen by both houses of Congress. While the determination of responsibility for the accident was complex, the review board concluded that "deficiencies existed in Command Module design, workmanship and quality control."[59] At the insistence of NASA Administrator Webb, North American removed Harrison Storms as Command Module program manager.[60] Webb also reassigned Apollo Spacecraft Program Office (ASPO) Manager Joseph Francis Shea, replacing him with George Low.[61]

To remedy the causes of the fire, changes were made in the Block II spacecraft and operational procedures, the most important of which were use of a nitrogen/oxygen mixture instead of pure oxygen before and during launch, and removal of flammable cabin and space suit materials. The Block II design already called for replacement of the Block I plug-type hatch cover with a quick-release, outward opening door. NASA discontinued the manned Block I program, using the Block I spacecraft only for unmanned Saturn V flights. Crew members would also exclusively wear the Block II space suits and be designated by the Block II titles, regardless of whether or not a LM was present on the flight.

 Unmanned Saturn V and LM tests

On April 24, 1967, Mueller published an official Apollo mission numbering scheme, using sequential numbers for all flights, manned or unmanned. The sequence would start with Apollo 4 to cover the first three unmanned flights while retiring the Apollo 1 designation to honor the crew per their widows' wishes.[44]

In September 1967, Mueller approved a sequence of mission types which had to be successfully accomplished in order to achieve the manned lunar landing. Each step had to be successfully accomplished before the next ones could be performed, and it was unknown how many tries of each mission would be necessary; therefore letters were used instead of numbers. The A missions were unmanned Saturn V validation; B was unmanned LM validation using the Saturn IB; C was manned CSM Earth orbit validation using the Saturn IB; D was the first manned CSM/LM flight (this replaced AS-258, using a single Saturn V launch); E would be a higher Earth orbit CSM/LM flight; F would be the first lunar mission, testing the LM in lunar orbit but without landing (a "dress rehearsal"); and G would be the first manned landing. The list of types covered follow-on lunar exploration to include H lunar landings, I for lunar orbital survey missions, and J for extended-stay lunar landings.[62]

The delay in the CSM caused by the fire enabled NASA to catch up on man-rating the LM and Saturn V. Apollo 4 (AS-501) was the first unmanned flight of the Saturn V, carrying a Block I CSM on November 9, 1967. The capability of the Command Module's heat shield to survive a trans-lunar reentry was demonstrated by using the Service Module engine to ram it into the atmosphere at higher than the usual Earth-orbital reentry speed. This was followed on April 4, 1968 by Apollo 6 (AS-502), which carried a CSM and a LM Test Article as ballast. The intent of this mission was to achieve trans-lunar injection, followed closely by a simulated direct-return abort, using the Service Module engine to achieve another high-speed reentry. However, the Saturn V experienced pogo oscillation, a problem caused by non-steady engine combustion, which damaged fuel lines in the second and third stages. Two S-II engines shut down prematurely, but the remaining engines were able to compensate. However, the damage to the third stage engine was more severe, preventing it from restarting for trans-lunar injection. Mission controllers were able to use the Service Module engine to essentially repeat the flight profile of Apollo 4. Based on the good performance of Apollo 6 and identification of satisfactory fixes to the Apollo 6 problems, NASA declared the Saturn V ready to fly men, cancelling a third unmanned test.[63]

Apollo 5 (AS-204) was the first unmanned test flight of LM in Earth orbit, launched from pad 37 on January 22, 1968, by the Saturn IB that would have been used for Apollo 1. The LM engines were successfully test-fired and restarted, despite a computer programming error which cut short the first descent stage firing. The ascent engine was fired in abort mode, known as a "fire-in-the-hole" test, where it was lit simultaneously with jettison of the descent stage. Although Grumman wanted a second unmanned test, George Low decided the next LM flight would be manned.[64]

 Manned development missions









[image: Composite image of 6 manned Apollo development mission patches, from Apollo 1 to Apollo 11.]
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Apollo manned development mission patches. Click on a patch to read the main article about that mission.





Apollo 7, launched from pad 34 on October 11, 1968, was the C mission, crewed by Schirra, Eisele and Cunningham. It was an 11-day Earth-orbital flight which tested the CSM systems.

Apollo 8 was planned to be the D mission in December 1968, crewed by McDivitt, Scott and Schweickart, launched on a Saturn V instead of two Saturn IB's. However, in the summer it had become clear that the LM would not be ready in time. Rather than waste the Saturn V on another simple Earth-orbiting mission, ASPO Manager George Low suggested the bold step of sending Apollo 8 to orbit the Moon instead, deferring the D mission to the next mission in March 1969, and eliminating the E mission. This would keep the program on track. The decision was not announced publicly until successful completion of Apollo 7. Gemini veterans Frank Borman and James Lovell, and rookie William Anders captured the world's attention by making 10 lunar orbits in 20 hours and transmitting television pictures of the lunar surface on Christmas Eve, and returning safely to Earth.

For more details on this topic, see Apollo 8.

The following March, LM flight, rendezvous and docking were successfully demonstrated in Earth orbit on Apollo 9, and Schweickart tested the full lunar EVA suit with its Portable Life Support System outside the LM.

The F mission was successfully carried out on Apollo 10 in May 1969 by Gemini veterans Thomas Stafford, John Young and Eugene Cernan. Stafford and Cernan took the LM to within 50,000 feet (15 km) of the lunar surface.

The G mission was achieved on Apollo 11 in July 1969 by an all-Gemini veteran crew consisting of Neil Armstrong, Michael Collins and Buzz Aldrin. Armstrong and Aldrin performed the first landing at the Sea of Tranquility at 20:17:40 UTC on July 20, 1969. They spent a total of 21 hours, 36 minutes on the surface, and spent 2 hours, 36 minutes outside the spacecraft, walking on the surface, taking photographs, collecting material samples, and deploying automated scientific instruments, while continuously sending black-and-white television back to Earth. The astronauts returned safely on July 24.


That's one small step for [a] man, one giant leap for mankind.

—Neil Armstrong, just after stepping onto the Moon's surface[65]



For more details on this topic, see Apollo 11 and Neil Armstrong#First Moon walk.

 Lunar landings









[image: Composite image of 6 production manned Apollo lunar landing mission patches, from Apollo 12 to Apollo 17.]
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Apollo production manned lunar landing mission patches. Click on a patch to read the main article about that mission.
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Apollo landings on the Moon, 1969–1972





In November 1969, Gemini veteran Charles "Pete" Conrad and rookie Alan L. Bean made a precision landing on Apollo 12 within walking distance of the Surveyor 3 unmanned lunar probe, which had landed in April 1967 on the Ocean of Storms. The Command Module Pilot was Gemini veteran Richard F. Gordon, Jr. Conrad and Bean carried the first lunar surface color television camera, but it was damaged when accidentally pointed into the Sun. They made two EVAs totaling 7 hours and 45 minutes. On one, they walked to the Surveyor, photographed it, and removed some parts which they returned to Earth.[66]

The contracted batch of 15 Saturn Vs were enough for lunar landing missions through Apollo 20. NASA publicized a preliminary list of eight more planned landing sites, with plans to increase the mass of the CSM and LM for the last five missions, along with the payload capacity of the Saturn V. These final missions would combine the I and J types in the 1967 list, allowing the CMP to operate a package of lunar orbital sensors and cameras while his companions were on the surface, and allowing them to stay on the Moon for over three days. These missions would also carry the Lunar Roving Vehicle (LRV), increasing the exploration area and allowing televised liftoff of the LM. Also, the Block II spacesuit was revised for the extended missions to allow greater flexibility and visibility for driving the LRV.

The success of the first two landings allowed the remaining missions to be crewed with a single veteran as Commander, with two rookies. Apollo 13 launched Lovell, Jack Swigert, and Fred Haise in April 1970, headed for the Fra Mauro formation. But two days out, a liquid oxygen tank exploded, disabling the Service Module and forcing the crew to use the LM as a "life boat" to return to Earth. Another NASA review board was convened to determine the cause, which turned out to be a combination of damage of the tank in the factory, and a subcontractor not making a tank component according to updated design specifications.[29] Apollo was grounded again, for the remainder of 1970 while the oxygen tank was redesigned and an extra one was added.

 Mission cutbacks

Main article: Canceled Apollo missions

About the time of the first landing in 1969, it was decided to use an existing Saturn V to launch the Skylab orbital laboratory pre-built on the ground, replacing the original plan to construct it in orbit from several Saturn IB launches; this eliminated Apollo 20. NASA's yearly budget also began to shrink in light of the successful landing, and NASA also had to make funds available for the development of the upcoming Space Shuttle. By 1971, the decision was made to also cancel missions 18 and 19. The two unused Saturn Vs became museum exhibits at the John F. Kennedy Space Center on Merritt Island, Florida, George C. Marshall Space Center in Huntsville, Alabama, Michoud Assembly Facility in New Orleans, Louisiana, and Lyndon B. Johnson Space Center in Houston, Texas.

The cutbacks forced mission planners to reassess the original planned landing sites in order to achieve the most effective geological sample and data collection from the last four missions. Apollo 15 had been planned to be the last of the H series missions, but since there were only two missions left, it was changed to the first of three J missions.

Apollo 13's Fra Mauro mission was reassigned to Apollo 14, commanded in February 1971 by Mercury veteran Alan Shepard, with Stuart Roosa and Edgar Mitchell. This time the mission was successful. Shepard and Mitchell spent 1 day, 9½ hours on the surface, with two EVAs totalling 9 hours 22½ minutes.

 Extended missions
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Lunar Roving Vehicle used on Apollos 15–17





Apollo 15 was launched in July 1971, with David Scott, Alfred Worden and James Irwin. Scott and Irwin landed near Hadley Rille, and spent just under 2 days, 19 hours on the surface. In over 18 hours of EVA, they collected about 77 kilograms (170 lb) of lunar material.
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Plaque left on the Moon by Apollo 17





Apollo 16 landed in the Descartes Highlands in April 1972. The crew was commanded by John Young, with Ken Mattingly and Charles Duke. Young and Duke spent just under 3 days on the surface, with a total of over 20 hours EVA.

Apollo 17 closed out the Apollo program, landing in the Taurus-Littrow region in December 1972. Eugene Cernan commanded Ronald E. Evans and NASA's first scientist-astronaut, geologist Dr. Harrison H. Schmitt. Schmitt was originally scheduled for Apollo 18, but the lunar geological community lobbied for his inclusion on the final lunar landing. Cernan and Schmitt stayed on the surface for just under 3 days, 3 hours and spent just over 23 hours of total EVA.

 Mission summary

Main article: List of Apollo missions



	Designation
	Date
	Crew
	Description



	AS-201
	Feb. 26, 1966
	None
	First flight of Saturn IB and Block I CSM; suborbital to Atlantic ocean; qualified heat shield to orbital reentry speed



	AS-203
	July 5, 1966
	None
	No spacecraft; observations of liquid hydrogen fuel behavior in orbit, to support design of S-IVB restart capability



	AS-202
	Aug. 25, 1966
	None
	Suborbital flight of CSM to Pacific ocean.



	Apollo 4
	Nov. 9, 1967
	None
	First flight of Saturn V; Earth orbital CSM flight; demonstrated S-IVB restart; qualified CM heat shield to lunar reentry speed



	Apollo 5
	Jan. 22-23, 1968
	None
	First Earth orbital flight of LM, launched on Saturn IB; demonstrated ascent and descent propulsion; man-rated the LM



	Apollo 6
	April 4, 1968
	None
	Attempted demonstration of trans-lunar injection and direct-return abort with SM engine; three engine failures prevented S-IVB restart. Flight controllers used SM engine to repeat Apollo 4's flight profile. Man-rated the Saturn V.



	Apollo 7
	Oct. 11-22, 1968
	Wally Schirra

Walt Cunningham

Donn Eisele
	Earth orbital demonstration of Block II CSM, launched on Saturn IB. First live television publicly broadcast from a manned mission



	Apollo 8
	Dec. 21-27, 1968
	Frank Borman

James Lovell

William Anders
	First manned flight to Moon; CSM made 10 lunar orbits in 20 hours.



	Apollo 9
	Mar, 3-13, 1969
	James McDivitt

David Scott

Russell Schweickart
	Earth orbital demonstration of CSM, LM, and Portable Life Support System used on the lunar surface



	Apollo 10
	May 18–26, 1969
	Thomas Stafford

John Young

Eugene Cernan
	Dress rehearsal for first lunar landing; flew LM down to 50,000 feet (15 km) from lunar surface



	Apollo 11
	July 16–24, 1969
	Neil Armstrong

Michael Collins

Buzz Aldrin
	First manned landing, in Sea of Tranquility. Surface EVA time: 2:31 hr. Samples returned: 47.5 pounds (21.5 kg)



	Apollo 12
	Nov. 14-24, 1969
	C. Peter Conrad

Richard Gordon

Alan Bean
	Second landing, in Ocean of Storms near Surveyor 3 . Surface EVA time: 7:45 hr. Samples returned: 75.7 pounds (34.3 kg)



	Apollo 13
	April 11–17, 1970
	James Lovell

Jack Swigert

Fred Haise
	Third landing attempt aborted near the Moon, due to SM failure. Crew used LM as "life boat" to return to Earth.



	Apollo 14
	Jan 31-Feb. 9, 1971
	Alan Shepard

Stuart Roosa

Edgar Mitchell
	Third landing, in Fra Mauro. Surface EVA time: 9:22 hr. Samples returned: 93.2 pounds (42.3 kg).



	Apollo 15
	July 26-Aug. 7, 1971
	David Scott

Alfred Worden

James Irwin
	First Extended LM and rover, landed in Hadley-Apennine. Surface EVA time:18:34 hr. Samples returned: 170.4 pounds (77.3 kg).



	Apollo 16
	April 16–27, 1972
	John Young

T. Kenneth Mattingly

Charles Duke
	Landed in Plain of Descartes. Surface EVA time: 20:14 hr. Samples returned: 211.0 pounds (95.7 kg).



	Apollo 17
	Dec. 7-17, 1972
	Eugene Cernan

Ronald Evans

Harrison Schmitt
	Landed in Taurus-Littrow. First geologist on the Moon. Surface EVA time: 22:04 hr. Samples returned: 243.6 pounds (110.5 kg).




Source for surface times and sample amounts: NASA: Apollo by the Numbers, Extravehicular Activity

 Samples returned

Main article: Moon rock
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The most famous of the Moon rocks recovered, the Genesis Rock, returned from Apollo 15.


	
	
Ferroan Anorthosite Moon rock, returned from Apollo 16.










The Apollo program returned 841.4 pounds (381.7 kg) of lunar rocks and soil to the Lunar Receiving Laboratory in Houston. Today, most of the samples are stored at the Lunar Sample Laboratory Facility built in 1979.

The rocks collected from the Moon are extremely old compared to rocks found on Earth, as measured by radiometric dating techniques. They range in age from about 3.2 billion years for the basaltic samples derived from the lunar mare, to about 4.6 billion years for samples derived from the highlands crust.[67] As such, they represent samples from a very early period in the development of the Solar System, that are largely absent on Earth. One important rock found during the Apollo Program is dubbed the Genesis Rock, retrieved by astronauts David Scott and James Irwin during the Apollo 15 mission. This anorthosite rock is composed almost exclusively of the calcium-rich feldspar mineral anorthite, and is believed to be representative of the highland crust. A geochemical component called KREEP was discovered that has no known terrestrial counterpart. KREEP and the anorthositic samples have been used to infer that the outer portion of the Moon was once completely molten (see lunar magma ocean).

Almost all the rocks show evidence of impact process effects. Many samples appear to be pitted with micrometeoroid impact craters, which is never seen on Earth rocks, due to the thick atmosphere. Many show signs of being subjected to high pressure shock waves that are generated during impact events. Some of the returned samples are of impact melt (materials melted near an impact crater.) All samples returned from the Moon are highly brecciated as a result of being subjected to multiple impact events.

Analysis of composition of the lunar samples supports the giant impact hypothesis, that the Moon was created through impact of a large astronomical body with the Earth.[68]

 Program cost

When President Kennedy first chartered the Moon landing program, a preliminary cost estimate of $7 billion was generated, but this proved an extremely unrealistic guess of what could not possibly be determined precisely, and James Webb used his judgment as administrator to change the estimate to $20 billion before giving it to Vice President Johnson.[69]

Webb's estimate shocked many at the time (including the President), but ultimately proved to be reasonably accurate. In January 1969, NASA prepared an itemized estimate of the run-out cost of the Apollo program. The total came to $23.9 billion, itemized as follows:[70]


	Apollo spacecraft: $7,945.0 million

	Saturn I launch vehicles: $767.1 million

	Saturn IB launch vehicles: $1,131.2 million

	Saturn V launch vehicles: $6,871.1 million

	Launch vehicle engine development: $854.2 million

	Mission support: $1,432.3 million

	Tracking and data acquisition: $664.1 million

	Ground facilities: $1,830.3 million

	Operation of installations: $2,420.6 million.



The final cost of project Apollo was reported to Congress as $25.4 billion in 1973.[71] It took up the majority of NASA's budget while it was being developed. For example, in 1966 it accounted for about 60 percent of NASA's total $5.2 billion budget.[72] A single Saturn V launch in 1969 cost up to $375 million, compared to the National Science Foundation's fiscal year 1970 budget of $440 million.[73]

In 2009, NASA held a symposium on project costs which presented an estimate of the Apollo program costs in 2005 dollars as roughly $170 billion. This included all research and development costs; the procurement of 15 Saturn V rockets, 16 Command/Service Modules, 12 Lunar Modules, plus program support and management costs; construction expenses for facilities and their upgrading, and costs for flight operations. This was based on a Congressional Budget Office report, A Budgetary Analysis of NASA’s New Vision for Space, September 2004.[69] The Space Review estimated in 2010 the cost of Apollo from 1959 to 1973 as $20.4 billion, or $109 billion in 2010 dollars, averaged over the six landings as $18 billion each.[74]

 Apollo Applications Program

Main article: Apollo Applications Program

Looking beyond the manned lunar landings, NASA investigated several post-lunar applications for Apollo hardware. The Apollo Extension Series (Apollo X,) proposed up to 30 flights to Earth orbit, using the space in the Spacecraft-LM Adapter to house a small orbital laboratory (workshop). Astronauts would continue to use the CSM as a ferry to the station. This study was followed by design of a larger orbital workshop to be built in orbit from an empty S-IVB Saturn upper stage, and grew into the Apollo Applications Program (AAP). The workshop was to be supplemented by Apollo Telescope Missions, which would replace the LM's descent stage equipment and engine with a solar telescope observatory. The most ambitious plan called for using an empty S-IVB as an interplanetary spacecraft for a Venus fly-by mission.

The S-IVB orbital workshop was the only one of these plans to make it off the drawing board. Dubbed Skylab, it was constructed complete on the ground rather than in space, and launched in 1973 using the two lower stages of a Saturn V. It was equipped with an Apollo Telescope Mount, the solar telescope that would have been used on the Apollo Telescope Missions. Skylab's last crew departed the station on February 8, 1974, and the station itself re-entered the atmosphere in 1979, by which time it had become the oldest operational Apollo-Saturn component.

 Recent observations
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“There the [Apollo 11] lunar module sits, parked just where it landed 40 years ago, as if it still really were 40 years ago and all the time since merely imaginary.” –The New York Times[75]





In 2008, Japan Aerospace Exploration Agency's SELENE probe observed evidence of the halo surrounding the Apollo 15 lunar module blast crater while orbiting above the lunar surface.[76] In 2009, NASA's robotic Lunar Reconnaissance Orbiter, while orbiting 50 kilometers (31 mi) above the Moon, photographed the remnants of the Apollo program left on the lunar surface, and photographed each site where manned Apollo flights landed.[77][78] All of the U. S. flags left on the moon during the Apollo missions were found to still be standing, with the exception of the one left during the Apollo 11 mission, which was blown over during that mission's lift-off from the lunar surface and return to the mission command module in lunar orbit; the degree to which these flags retain their original colors remains unknown.[79]

In a November 16, 2009 editorial, The New York Times opined:


[T]here's something terribly wistful about these photographs of the Apollo landing sites. The detail is such that if Neil Armstrong were walking there now, we could make him out, make out his footsteps even, like the astronaut footpath clearly visible in the photos of the Apollo 14 site. Perhaps the wistfulness is caused by the sense of simple grandeur in those Apollo missions. Perhaps, too, it’s a reminder of the risk we all felt after the Eagle had landed – the possibility that it might be unable to lift off again and the astronauts would be stranded on the Moon. But it may also be that a photograph like this one is as close as we’re able to come to looking directly back into the human past.[75]



In September 2007, the X Prize Foundation and Google announced the Google Lunar X Prize, to be awarded for a robotic lunar landing mission which transmits close-up images of the Apollo Lunar Modules and other artificial objects on the surface.[80]

 Legacy

 Science and engineering

Further information: NASA spinoff technologies

The Apollo program has been called the greatest technological achievement in human history.[81][82] Apollo stimulated many areas of technology. The flight computer design used in both the lunar and command modules was, along with the Minuteman Missile System, the driving force behind early research into integrated circuits. Computer-controlled machining was first used in the fabrication of Apollo structural components.

 Cultural impact
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"Everything that I ever knew – my life, my loved ones, the Navy – everything, the whole world was behind my thumb." –James Lovell





The crew of Apollo 8 sent the first live televised pictures of the Earth and the Moon back to Earth, and read from the creation story in the Biblical book of Genesis, on Christmas Eve, 1968, This was believed to be the most widely watched television broadcast until that time. The mission and Christmas provided an inspiring end to 1968, which had been a bad year for the U.S., marked by Vietnam War protests, race riots, and the assassinations of civil rights leader Martin Luther King, Jr., and Senator Robert Kennedy.

An estimated one-fifth of the population of the world watched the live transmission of the first Apollo Moon walk.[83]
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"We went to explore the Moon, and in fact discovered the Earth." –Eugene Cernan





An effect of the Apollo program is the view of Earth as a fragile, small planet, captured in photographs taken by the astronauts during the lunar missions. The most famous, taken by the Apollo 17 astronauts, is The Blue Marble (right).

Many astronauts and cosmonauts have commented on the profound effects that seeing Earth from space has had on them;[84][broken citation] the 24 astronauts who traveled to the Moon are the only humans to have observed Earth from beyond low Earth orbit, and have traveled farther from Earth than anyone else to date.

According to The Economist, Apollo succeeded in accomplishing President Kennedy's goal of taking on the Soviet Union in the Space Race, and beat it by accomplishing a singular and significant achievement, and thereby showcased the superiority of the capitalistic, free-market system as represented by the US. The publication noted, however, the irony that in order to achieve the goal, the program required the organization of tremendous public resources within a vast, centralized government bureaucracy.[85]

 Apollo 11 broadcast data restoration project

As part of Apollo 11's 40th anniversary in 2009, NASA spearheaded an effort to digitally restore the existing videotapes of the mission's live televised moonwalk.[86] After an exhaustive three-year search for missing tapes of the original video of the Apollo 11 moonwalk, NASA concluded the data tapes had more than likely been accidentally erased.[87]


We're all saddened that they're not there. We all wish we had 20-20 hindsight. I don't think anyone in the NASA organization did anything wrong, I think it slipped through the cracks, and nobody's happy about it.

—Dick Nafzger, TV Specialist, NASA Goddard Space Flight Center[87]



The Moon landing data was recorded by a special Apollo TV camera which recorded in a format incompatible with broadcast TV. This resulted in lunar footage that had to be converted for the live television broadcast and stored on magnetic telemetry tapes. During the following years, a magnetic tape shortage prompted NASA to remove massive numbers of magnetic tapes from the National Archives and Records Administration to be recorded over with newer satellite data. Stan Lebar, who designed and built the lunar camera at Westinghouse Electric Corporation, also worked with Nafzger to try to locate the missing tapes.[87]


So I don't believe that the tapes exist today at all. It was a hard thing to accept. But there was just an overwhelming amount of evidence that led us to believe that they just don't exist anymore. And you have to accept reality.

—Stan Lebar, Lunar Camera Designer, Westinghouse Electric Corporation[87]



With a budget of $230,000, the surviving original lunar broadcast data from Apollo 11 was compiled by Nafzger and assigned to Lowry Digital for restoration. The video was processed to remove random noise and camera shake without destroying historical legitimacy.[88] The images were from tapes in Australia, the CBS News archive, and kinescope recordings made at Johnson Space Center. The restored video, remaining in black and white, contains conservative digital enhancements and did not include sound quality improvements.[88]

 Depictions on film

 Documentaries

Numerous documentary films cover the Apollo program and the Space Race, including:


	Moonwalk One (1970)

	For All Mankind (1989)

	Moon from the BBC miniseries The Planets (1999)

	Magnificent Desolation: Walking on the Moon 3D (2005)

	The Wonder of It All (2007)

	In the Shadow of the Moon (2007)

	When We Left Earth: The NASA Missions (miniseries) (2008)

	Moon Machines (DVD). Discovery Channel. 2008.

	James May on the Moon (documentary commemorating 40 years since the landings) (2009)

	NASA's Story (2009)

	Moonscape (freely downloadable Apollo 11 documentary) (2012)



 Docudramas

The Apollo program, or certain missions, have been dramatized in Apollo 13 (film) (1995), Apollo 11 (film) (1996), From the Earth to the Moon (TV miniseries) (1998), Space Race (2005), and Moon Shot (film) (2009).

 See also
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	Apollo 11 flight to the Moon

	Apollo Lunar Surface Experiments Package

	Apollo TV camera

	List of man-made objects on the Moon

	List of megaprojects

	Lockheed Propulsion Company

	Moon landing

	Moon landing conspiracy theories

	Pad Abort Test-1 (Apollo)

	Soviet manned lunar programs

	Splashdown (spacecraft landing)

	Stolen and missing moon rocks
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 External links


	Official Apollo program web page

	Apollo photo gallery at NASA Human Spaceflight page (includes videos/animations)

	Audio recording and transcript of President John F. Kennedy, NASA administrator James Webb et al. discussing the Apollo agenda (White House Cabinet Room, November 21, 1962)

	U.S. Spaceflight History- Apollo Program

	Apollo Image Atlas almost 25,000 lunar images, Lunar and Planetary Institute

	Project Apollo at NASA History Division

	The Apollo Lunar Surface Journal

	NASA Spinoff: Apollo Spinoffs

	The Apollo Flight Journal

	Project Apollo Drawings and Technical Diagrams

	Apollo Program Summary Report (Technical)

	The Apollo Program (National Air and Space Museum)

	Apollo 35th Anniversary Interactive Feature (in Flash)

	Exploring the Moon: Apollo Missions

	Apollo Archive – large repository of information about the Apollo program.

	Apollo Flight Film Archive – repository of scanned Apollo flight film (in high resolution).

	NASA History Series Publications (many of which are on-line)

	The short film "Time of Apollo (1975)" is available for free download at the Internet Archive [more]
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The trajectories that enabled NASA's Voyager 1 and 2 spacecraft to tour the four gas giant planets and achieve velocity to leave the Solar System.





The Planetary Grand Tour was an ambitious plan to send unmanned probes to the planets of the outer Solar System. Conceived by Gary Flandro of the Jet Propulsion Laboratory in 1964,[1][2] the Grand Tour would have exploited the alignment of Jupiter, Saturn, Uranus, Neptune, and Pluto, an event that would occur in the late 1970s, and not recur for 175 years. A probe sent to Jupiter could use that planet as a gravitational slingshot to extend its trajectory to planets further out in the Solar System.

The original proposed mission design had four probes. The first two, with proposed launch dates in 1976 and 1977, were to fly by Jupiter, Saturn, and Pluto. The other two, with proposed launch dates in 1979, were to fly by Jupiter, Uranus, and Neptune.

The vehicles were to have been designed with multiple redundant systems to ensure reliability over missions lasting up to 12 years.

NASA budget cuts eventually doomed the Grand Tour missions in 1972, as well as later proposals for a "mini grand tour". However, many elements of the Grand Tour were added to the Voyager program. The two Voyager probes, launched in 1977, were originally meant to fly by Jupiter and Saturn. The Voyager 2 mission used the fortunate alignments of the outer planets and was extended to include close flybys of both Uranus and Neptune. Voyager 2's mission has specifically come to be regarded as the "Grand Tour".

Voyager 1 could have been sent to Pluto after Saturn, but was instead sent on a trajectory which brought it close by Titan, eliminating the Pluto flyby. Voyager 2's trajectory could not be bent to bring the probe by Pluto after the Neptune flyby in 1989.

Pluto is scheduled for exploration by the New Horizons spacecraft set to fly by the dwarf planet and its five known moons in 2015.

 See also


	Interplanetary Transport Network
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The Voyager program is an American scientific program that launched two unmanned space missions, the probes Voyager 1 and Voyager 2. These were launched in 1977 to take advantage of a favorable alignment of the planets during the late 1970s. Although they were designated officially to study just the planetary systems of Jupiter and Saturn, the space probes were able to continue their mission into the outer solar system, and they are expected to push through the heliosheath in deep space.

These two space probes were built at the Jet Propulsion Laboratory in Southern California, and they were paid for by the National Aeronautics and Space Administration (NASA), which also paid for their launchings from Cape Canaveral, Florida, their tracking, and everything else concerning the space probes.

As of April 2013, Voyager 1 is the farthest manmade object that has ever been sent from the Earth. On 15 June 2012, scientists at NASA reported that Voyager 1 might be very close to entering interstellar space and becoming the first manmade object to leave the Solar System.[1][2]

Both of these scientific missions into outer space have gathered large amounts of data about the gas giants of the solar system, and their orbiting satellites, about which little had been previously known. In addition, the trajectories of the two spacecraft have been used to place limits on the existence of any hypothetical trans-Neptunian planets.
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Trajectories and expected location of Pioneer and Voyager spacecraft in April 2007
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The trajectories that enabled Voyager spacecraft to visit the outer planets and achieve velocity to escape our solar system





The Voyager space probes were originally conceived as part of the Mariner program, and they were thus named Mariner 11 and Mariner 12, respectively. They were then moved into a separate program named Mariner Jupiter-Saturn, later renamed the Voyager Program because it was thought that the design of the two space probes had progressed sufficiently above those of the Mariner family that they merited a separate name.[3]

The Voyager Program is essentially a scaled-back version of the program "Grand Tour" of the Outer Planets planned during the late 1960s and early 70s. Gary Flandro, an aerospace engineer at the Jet Propulsion Laboratory on the study team, discovered that the alignment of the outer planets would make it possible to use gravitational assists from Jupiter to go to Saturn, and thence and on to Uranus and Neptune. The plan of the "Grand Tour" was to send several pairs of probes to fly by all the outer planets, including Pluto, along various trajectories, including Jupiter-Saturn-Pluto and Jupiter-Uranus-Neptune.

The major plans for the "Grand Tour" were dramatically scaled back because of lack of money appropriated by Congress. In the end, the Voyager Program fulfilled many of the flyby objectives of the "Grand Tour" excepting any mission to Pluto, and dual missions to Uranus and Neptune.

Of the two space probes of the Voyager Program, Voyager 2 was launched first. Its trajectory was designed to take advantage of an unusual alignment of the planets (that occurs once every 177 years) that allowed one space probe to fly by Jupiter, Saturn, Uranus, and Neptune, if everything went well. Of course, in case of a serious malfunction, such as in all of the space probe's radio transmitters or receivers, then that would have been the end of the long mission (to four planets), since there was not a second space probe to fill the gap. That was the gamble that NASA and the JPL were forced to take.

Voyager 1 was launched after its sister probe, but along a shorter and faster trajectory that sent it to Jupiter and Saturn sooner—but at the cost of not visiting any more of the outer planets. Voyager 1 also had the high-priority mission of making a close fly-by of the Saturnian moon Titan, which was known to be quite large and to possess a dense atmosphere very much worth studying.[4]

During the 1990s, Voyager 1 overtook the slower deep-space probes Pioneer 10 and Pioneer 11 to become the most distant manmade object from Earth, a record that it will keep for the foreseeable future. Even the faster (at its launch) New Horizons space probe will not pass it, since the final speed of New Horizons (after maneuvering within the solar system) will be less than the current speed of Voyager 1.

Voyager 1 and Pioneer 10 are the most widely separated manmade objects anywhere, since they are traveling in roughly opposite directions from the Solar System.

Periodic contact has been maintained with Voyager 1 and Voyager 2 to monitor conditions in the outer expanses of the Solar System. The radioactive power sources of both spacecraft were still producing significant amounts of electric power as of 2012[update], keeping them operational, and it is hoped that this will allow the heliopause of the Solar System to be located and investigated.

In late 2003 Voyager 1 began sending data that seemed to indicate it had crossed the termination shock, but interpretations of these data are in dispute, and it was later believed that the termination shock was crossed in December 2004. The heliopause remains an unknown distance ahead.

On December 10, 2007, instruments on board Voyager 2 sent data back to Earth indicating that the solar system is asymmetrical. It has also reached the termination shock, about 10 billion miles from where Voyager 1 first crossed it, and is traveling outward at roughly 3.3 AU per year.

In August 2009 Voyager 1 was over 16.5 terameters (16.5×1012 meters, or 16.5×109 km, 110.7 AU, or 10.2 billion miles) from the Sun, and thus had entered the heliosheath region between the solar wind's termination shock and the heliopause (the limit of the solar wind). Beyond the heliopause is the bow shock of the interstellar medium, beyond which the probes enter interstellar space and the Sun's gravitational influence on them is exceeded by that of the Milky Way galaxy in general. At the heliopause, light from the Sun takes over 16 hours to reach the probe.

By December 2010 Voyager 1 had reached a region of space where there was no net velocity of the solar wind. At this point, the wind from the Sun may be canceled out by the interstellar wind. It does not appear that the spacecraft has yet crossed the heliosheath into interstellar space.[5]

On June 10, 2011, scientists studying the Voyager data noticed what may be giant magnetic bubbles located in the heliosphere, the region of our solar system that separates us from the violent solar winds of interstellar space. The bubbles, scientists theorize, form when the magnetic field of the Sun becomes warped at the edge of our Solar System.[6]

 Spacecraft design


[image: A space probe with squat cylindrical body topped by a large parabolic radio antenna dish pointing left, a three-element radioisotope thermoelectric generator on a boom extending down, and scientific instruments on a boom extending up. A disk is fixed to the body facing front left. A long triaxial boom extends down left and two radio antennas extend down left and down right.]
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Voyager spacecraft structure





The Voyager spacecraft weighs 773 kilograms. Of this, 105 kilograms are scientific instruments.[7] The identical Voyager spacecraft use three-axis-stabilized guidance systems that use gyroscopic and accelerometer inputs to their attitude control computers to point their high-gain antennas towards the Earth and their scientific instruments pointed towards their targets, sometimes with the help of a movable instrument platform for the smaller instruments and the electronic photography system.

The diagram at the right shows the high-gain antenna (HGA) with a 3.66 meter diameter attached to the hollow decagonal electronics container. There is also a spherical tank that contains the hydrazine monopropellant fuel.

The Voyager Golden Record is attached to one of the bus sides. The angled square panel to the right is the optical calibration target and excess heat radiator. The three radioisotope thermoelectric generators (RTGs) are mounted end-to-end on the lower boom.

 Instruments and sensors

Two 10-meter whip antennas, which study planetary radio astronomy and plasma waves, extend from the spacecraft's body diagonally below the magnetometer boom. The 13-meter long Astromast tri-axial boom extends diagonally downwards left and holds the two low-field magnetometers (MAG), and the high-field magnetometers remain close to the main antenna.

The instrument boom extending upwards holds, from bottom to top: the cosmic ray subsystem (CRS) left, and Low-Energy Charged Particle (LECP) detector right; the Plasma Spectrometer (PLS) right; and the scan platform that rotates about a vertical axis.

The scan platform comprises: the Infrared Interferometer Spectrometer (IRIS) (largest camera at top right); the Ultraviolet Spectrometer (UVS) just above the UVS; the two Imaging Science Subsystem (ISS) vidicon cameras to the left of the UVS; and the Photopolarimeter System (PPS) under the ISS.

Only five investigation teams are still supported, though data is collected for two additional instruments.[8] The Flight Data Subsystem (FDS) and a single eight-track digital tape recorder (DTR) provide the data handling functions.

The FDS configures each instrument and controls instrument operations. It also collects engineering and science data and formats the data for transmission. The DTR is used to record high-rate Plasma Wave Subsystem (PWS) data. The data is played back every six months.

The Imaging Science Subsystem, made up of a wide angle and a narrow angle camera, is a modified version of the slow scan vidicon camera designs that were used in the earlier Mariner flights. The Imaging Science Subsystem consists of two television-type cameras, each with eight filters in a commandable Filter Wheel mounted in front of the vidicons. One has a low resolution 200 millimeter wide-angle lens with an aperture of f/3 (the wide angle camera), while the other uses a higher resolution 1.500 meter narrow-angle f/8.5 lens (the narrow angle camera).

 Scientific instruments



	Expand



	


	Instrument Name
	Abr.
	Description



	
Imaging Science System

(disabled)


	
(ISS)


	Utilized a two-camera system (narrow-angle/wide-angle) to provide imagery of Jupiter, Saturn and other objects along the trajectory. More


	Filters



	


	Narrow Angle Camera Filters[9]



	Name
	Wavelength
	Spectrum
	Sensitivity



	
Clear


	
280–640 nm
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UV


	
280–370 nm
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Violet


	
350–450 nm


	


[image: Voyager - Filters - Violet.png]






	



	
Blue


	
430–530 nm
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'


	
'
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'





	
Green


	
530–640 nm
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'


	
'
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'





	
Orange


	
590–640 nm
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'


	
'
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	Wide Angle Camera Filters[10]



	Name
	Wavelength
	Spectrum
	Sensitivity



	
Clear


	
280–640 nm
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'


	
'
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'





	
Violet


	
350–450 nm
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Blue


	
430–530 nm
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CH4-U


	
536–546 nm
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Green


	
530–640 nm
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Na-D


	
588–590 nm
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Orange


	
590–640 nm
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CH4-JST


	
614–624 nm
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	Principal investigator: Bradford Smith / University of Arizona (PDS/PRN website)

	Data: PDS/PDI data catalog, PDS/PRN data catalog







	
Radio Science System

(disabled)


	
(RSS)


	Utilized the telecommunications system of the Voyager spacecraft to determine the physical properties of planets and satellites (ionospheres, atmospheres, masses, gravity fields, densities) and the amount and size distribution of material in the Saturn rings and the ring dimensions. More

	Principal investigator: G. Tyler / Stanford University PDS/PRN overview

	Data: PDS/PPI data catalog, PDS/PRN data catalog (VG_2803), NSSDC data archive







	
Infrared Interferometer Spectrometer

(disabled)


	
(IRIS)


	Investigated both global and local energy balance and atmospheric composition. Vertical temperature profiles were also obtained from the planets and satellites, as well as the composition, thermal properties, and size of particles in Saturn's rings. More

	Principal investigator: Rudolf Hanel / NASA Goddard Space Flight Center (PDS/PRN website)

	Data: PDS/PRN data catalog, PDS/PRN expanded data catalog (VGIRIS_0001, VGIRIS_002), NSSDC Jupiter data archive







	
Ultraviolet Spectrometer

(active)


	
(UVS)


	Designed to measure atmospheric properties, and to measure radiation. More

	Principal investigator: A. Broadfoot / University of Southern California (PDS/PRN website)

	Data: PDS/PRN data catalog







	
Triaxial Fluxgate Magnetometer

(active)


	
(MAG)


	Designed to investigate the magnetic fields of Jupiter and Saturn, the solar-wind interaction with the magnetospheres of these planets, and the interplanetary magnetic field out to the solar wind boundary with the interstellar magnetic field and beyond, if crossed. More

	Principal investigator: Norman Ness / NASA Goddard Space Flight Center (website)

	Data: PDS/PPI data catalog, NSSDC data archive







	
Plasma Spectrometer

(defective)


	
(PLS)


	Investigated the macroscopic properties of the plasma ions and measures electrons in the energy range from 5 eV to 1 keV. More

	Principal investigator: John Richardson / MIT (website)

	Data: PDS/PPI data catalog, NSSDC data archive







	
Low Energy Charged Particle Instrument

(active)


	
(LECP)


	Measures the differential in energy fluxes and angular distributions of ions, electrons and the differential in energy ion composition. More

	Principal investigator: Stamatios Krimigis / JHU/APL / University of Maryland (JHU/APL website / UMD website / KU website)

	Data: UMD data plotting, PDS/PPI data catalog, NSSDC data archive







	
Cosmic Ray System

(active)


	
(CRS)


	Determines the origin and acceleration process, life history, and dynamic contribution of interstellar cosmic rays, the nucleosynthesis of elements in cosmic-ray sources, the behavior of cosmic rays in the interplanetary medium, and the trapped planetary energetic-particle environment. More

	Principal investigator: Edward Stone / CalTech / NASA Goddard Space Flight Center (website)

	Data: PDS/PPI data catalog, NSSDC data archive







	
Planetary Radio Astronomy Investigation

(disabled)


	
(PRA)


	Utilized a sweep-frequency radio receiver to study the radio-emission signals from Jupiter and Saturn. More

	Principal investigator: James Warwick / University of Colorado

	Data: PDS/PPI data catalog, NSSDC data archive







	
Photopolarimeter System

(defective)


	
(PPS)


	Utilized a telescope with a polarizer to gather information on surface texture and composition of Jupiter and Saturn and information on atmospheric scattering properties and density for both planets. More

	Principal investigator: Arthur Lane / JPL (PDS/PRN website)

	Data: PDS/PRN data catalog







	
Plasma Wave System

(partially disabled)


	
(PWS)


	Provides continuous, sheath-independent measurements of the electron-density profiles at Jupiter and Saturn as well as basic information on local wave-particle interaction, useful in studying the magnetospheres. More

	Principal investigator: Donald Gurnett / University of Iowa (website)

	Data: PDS/PPI data catalog













 Computers

Unlike the other onboard instruments, the operation of the cameras for visible light is not autonomous, but rather it is controlled by an imaging parameter table contained in one of the on-board digital computers, the Flight Data Subsystem (FDS). More recent space probes, since about 1990, usually have completely autonomous cameras.

The computer command subsystem (CCS) controls the cameras. The CCS contains fixed computer programs such as command decoding, fault detection, and correction routines, antenna pointing routines, and spacecraft sequencing routines. This computer is an improved version of the one that was used in the Viking orbiter.[11] The hardware in both custom-built CCS subsystems in the Voyagers is identical. There is only a minor software modification for one of them that has a scientific subsystem that the one other lacks.

The Attitude and Articulation Control Subsystem (AACS) controls the spacecraft orientation (its attitude). It keeps the high-gain antenna pointing towards the Earth, controls attitude changes, and points the scan platform. The custom-built AACS systems on both craft are identical.

It has been erroneously reported[citation needed] on the Internet that the Voyager space probes were controlled by a version of the RCA 1802 (RCA CDP1802 "COSMAC" microprocessor), but such claims are not supported by the primary design documents. The CDP1802 microprocessor was used later in the Galileo space probe, which was designed and built years later. The digital control electronics of the Voyagers were based on RCA CD4000 radiation-hardened, silicon-on-sapphire (SOS) custom-made integrated circuit chips, combined with standard transistor-transistor logic (TTL) integrated circuits.

 Communications

The uplink communications are executed via S-band microwave communications. The downlink communications are carried out by an X-band microwave transmitter on board the spacecraft, with an S-band transmitter as a back-up. All long-range communications to and from the two Voyagers have been carried out using their 3.67-meter high-gain antennas.

Because of the inverse-square law in radio communications, the digital data rates used in the downlinks from the Voyagers has been continually decreasing the farther that they get from the Earth. For example, the data rate used from Jupiter was about 115,000 bits per second. That was halved at the distance of Saturn, and it has gone down continually since then. Some measures were taken on the ground along the way to reduce the effects of the inverse-square law. In between 1982 and 1985, the diameters of the three main parabolic dish antennas of the Deep Space Network was increased from 240 feet to 270 feet, dramatically increasing their areas for gathering weak microwave signals.

Then between 1986 and 1989, new techniques were brought into play to combine the signals from multiple antennas on the ground into one, more powerful signal, in a kind of an antenna array. This was done at Goldstone, California, Canberra, and Madrid using the additional dish antennas available there. Also, in Australia, the Parkes Radio Telescope was brought into the array in time for the fly-by of Neptune in 1989. In the United States, the Very Large Array in New Mexico was brought into temporary use along with the antennas of the Deep Space Network at Goldstone. Using this new technology of antenna arrays helped to fight back against the immense radio distance from Neptune to the Earth.

 Power
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Radioisotope thermoelectric generators for the Voyager program.





Electrical power is supplied by three MHW-RTG radioisotope thermoelectric generators (RTGs). They are powered by plutonium-238 (distinct from the Pu-239 isotope used in nuclear weapons) and provided approximately 470 W at 30 volts DC when the spacecraft was launched. Plutonium-238 decays with a half-life of 87.74 years,[12] so RTGs using Pu-238 will lose a factor of 1−0.5{1/87.74} = 0.79% of their power output per year.

In 2011, 34 years after launch, such an RTG would inherently produce 470 W × 2−(34/87.74) ≈ 359 W, about 76% of its initial power. Additionally, the thermocouples that convert heat into electricity also degrade, reducing available power below this calculated level.

By 7 October 2011 the power generated by Voyager 1 and Voyager 2 had dropped to 267.9 W and 269.2 W respectively, about 57% of the power at launch. The level of power output was better than pre-launch predictions based on a conservative thermocouple degradation model. As the electrical power decreases, spacecraft loads must be turned off, eliminating some capabilities.

 Voyager Interstellar Mission

The Voyager primary mission was completed in 1989, with the close flyby of Neptune by Voyager 2. The Voyager Interstellar Mission (VIM) is a mission extension, which began when the two spacecraft had already been in flight for over 12 years.[13] The Heliophysics Division of the NASA Science Mission Directorate conducted a Heliophysics Senior Review in 2008. The panel found that the VIM "is a mission that is absolutely imperative to continue" and that VIM "funding near the optimal level and increased DSN (Deep Space Network) support is warranted."[14]

As of the present date, the Voyager 2 and Voyager 1 scan platforms, including all of the platform instruments, have been powered down. The ultraviolet spectrometer (UVS)[15] on Voyager 1 was active until 2003, when it too was deactivated. Gyro operations will end in 2015 for Voyager 2 and 2016 for Voyager 1. Gyro operations are used to rotate the probe 360 degrees six times per year to measure the magnetic field of the spacecraft, which is then subtracted from the magnetometer science data.

The two Voyager spacecraft continue to operate, with some loss in subsystem redundancy, but retain the capability of returning scientific data from a full complement of Voyager Interstellar Mission (VIM) science instruments.

Both spacecraft also have adequate electrical power and attitude control propellant to continue operating until around 2025, after which there may not be available electrical power to support science instrument operation. At that time, science data return and spacecraft operations will cease.[16]

 Telemetry

The telemetry comes to the telemetry modulation unit (TMU) separately as a "low-rate" 40-bit-per-second (bit/s) channel and a "high-rate" channel.

Low rate telemetry is routed through the TMU such that it can only be downlinked as uncoded bits (in other words there is no error correction). At high rate, one of a set of rates between 10 bit/s and 115.2 kbit/s is downlinked as coded symbols.

The TMU encodes the high rate data stream with a convolutional code having constraint length of 7 with a symbol rate equal to twice the bit rate (k=7, r=1/2)

Voyager telemetry operates at these transmission rates:


	7200, 1400 bit/s tape recorder playbacks

	600 bit/s real-time fields, particles, and waves; full UVS; engineering

	160 bit/s real-time fields, particles, and waves; UVS subset; engineering

	40 bit/s real-time engineering data, no science data.



Note: At 160 and 600 bit/s different data types are interleaved.

The Voyager craft have three different telemetry formats

High rate


	CR-5T (ISA 35395) Science [1], note that this can contain some engineering data.

	FD-12 higher accuracy (and time resolution) Engineering data, note that some science data may also be encoded.



Low rate


	EL-40 Engineering [2], note that this format can contain some science data, but not all systems represented.

	This is an abbreviated format, with data truncation for some subsystems.



It is understood that there is substantial overlap of EL-40 and CR-5T (ISA 35395) telemetry, but the simpler EL-40 data does not have the resolution of the CR-5T telemetry. At least when it comes to representing available electricity to subsystems, EL-40 only transmits in integer increments—so similar behaviours are expected elsewhere.

Memory dumps are available in both engineering formats. These routine diagnostic procedures have detected and corrected intermittent memory bit flip problems, as well as detecting the permanent bit flip problem that caused a two-week data loss event mid-2010.

 Voyager Golden Record

Main article: Voyager Golden Record

Voyager 1 and 2 both carry with them a golden record that contains pictures and sounds of Earth, along with symbolic directions for playing the record and data detailing the location of Earth.[2] The record is intended as a combination time capsule and interstellar message to any civilization, alien or far-future human, that may recover either of the Voyager craft. The contents of this record were selected by a committee that included Timothy Ferris[2] and was chaired by Carl Sagan.

 Pale blue dot
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Seen from 6 billion kilometers (3.7 billion miles), Earth appears as a "pale blue dot" (the blueish-white speck approximately halfway down the brown band to the right).





Main article: Pale Blue Dot

The Voyager program's discoveries during the primary phase of its mission, including never-before-seen close-up color photos of the major planets, were regularly documented by both print and electronic media outlets. Among the best-known of these is an image of the Earth as a pale blue dot, taken in 1990 by Voyager 1, and popularised by Carl Sagan.

 See also


	Timeline of Solar System exploration

	Pioneer program

	Planetary Grand Tour

	Family Portrait (Voyager)

	Tom Krimigis, PI for the LECP
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	"RSS – RADIO SCIENCE SUBSYSTEM". 

	"UVS – ULTRAVIOLET SPECTROMETER". 
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Family Portrait (Voyager)
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The Family Portrait, or sometimes Portrait of the Planets, is an image of the Solar System acquired by Voyager 1 on February 14, 1990 from a distance of approximately 6 billion kilometers from earth. It features individual frames of six planets and a partial background indicating their relative positions. The picture is a mosaic of 60 individual frames.

The frames used to compose the image were the last photographs taken by either Voyager spacecraft (which continued to relay other telemetry afterward). These frames were also the source of the famous "Pale Blue Dot" image of the Earth. Astronomer Carl Sagan, who was part of the Voyager imaging team, campaigned for many years to have the pictures taken.


[image: The "family portrait" of the Solar system taken by Voyager 1]
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Diagram of the Voyager Family Portrait.
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The view photographed by Voyager 1, as rendered using Celestia.





Six planets are visible in the mosaic, from left to right: Jupiter, Earth, Venus, Saturn, Uranus, Neptune. The Sun, also a point of light at this distance, is included in the image. Mercury was too close to the Sun to be seen, Mars could not be detected by the Voyager cameras due to light from the Sun behind it scattering in the optics, and Pluto (which in 1990 was still considered a planet) was not included because its small size and distance from the Sun left it too dim to image.

The image does not have a unified appearance. The individual frames were acquired using various filters at varying exposures to bring out as much detail as possible in each. For example, the Sun was imaged with the darkest filter and shortest exposure available, to avoid damaging the Imaging Science System vidicon tubes. The majority of the frames were acquired in gray scale with the probe's Wide-Angle Camera, while the close-up views of each planet were acquired in color using the Narrow-Angle Camera.

The image was acquired at a distance of approximately 40.11 AU from Earth and approximately 32° above the ecliptic plane. Of the two Voyager spacecraft, Voyager 1 was chosen to create the mosaic because its trajectory had taken it above the plane of the Solar System, and unlike Voyager 2, was in a position to view Jupiter free of light disturbances by the Sun's glare.

 See also


	Family Portrait (MESSENGER)



 Further reading


	BBC: The Planets, episode eight: "Destiny"



 External links


	NASA: Visible Earth

	Planetary Society: Voyager's Last View

	NSSDC Photo Gallery: Solar System Family Portrait

	"Voyager Family Portrait" Planets and description
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Barnard's Star (pron.: /ˈbɑrnərd/) is a very low-mass red dwarf star about six light-years away from Earth in the constellation of Ophiuchus, the Snake-holder. Barnard's Star is the fourth-closest known individual star to the Sun, after the three components of the Alpha Centauri system. Despite its proximity, Barnard's Star, at a dim apparent magnitude of about nine, is not visible with the unaided eye; however, it is much brighter in the infrared than it is in visible light. The star is named for American astronomer E.E. Barnard. He was not the first to observe the star (it appeared on Harvard College University plates in 1888 and 1890), but in 1916 he measured its proper motion as 10.3 arcseconds per year, which remains the largest-known proper motion of any star relative to the Solar System.[14]

Barnard's Star has been the subject of much study, and it has probably received more attention from astronomers than any other class M dwarf star due to its proximity and favorable location for observation near the celestial equator.[7] Historically, research on Barnard's Star has focused on measuring its stellar characteristics, its astrometry, and also refining the limits of possible extrasolar planets. Although Barnard's Star is an ancient star, some observations suggest that it still experiences star flare events.

Barnard's Star has also been the subject of some controversy. For a decade, from the early 1960s to the early 1970s, Peter van de Kamp claimed that there was a gas giant planet (or planets) in orbit around it. While the presence of small terrestrial planets around the star remains a possibility, Van de Kamp's specific claims of large gas giant planets were refuted in the mid-1970s.

Barnard's Star is also notable as the target for Project Daedalus, a study on the possibility of fast, unmanned travel to nearby star systems.
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 Overview

Barnard's Star is a red dwarf of the dim spectral type M4, and it is too faint to see without a telescope. Its apparent magnitude is 9.54.[1] This compares with a magnitude of −1.5 for Sirius – the brightest star in the night sky – and about 6.0 for the faintest visible objects with the naked eye (this magnitude scale is logarithmic, and so the magnitude of 9.54 is only about 1/27th of the brightness of the faintest star that can be seen with the naked eye under good viewing conditions).

At seven to 12 billion years of age, Barnard's Star is considerably older than the Sun, and it might be among the oldest stars in the Milky Way galaxy.[10] Barnard's Star has lost a great deal of rotational energy, and the periodic slight changes in its brightness indicate that it rotates just once every 130 days (compared with just over 25 days for the Sun).[9] Given its age, Barnard's Star was long assumed to be quiescent in terms of stellar activity. However in 1998, astronomers observed an intense stellar flare, surprisingly showing that Barnard's Star is a flare star.[15] Barnard's Star has the variable star designation V2500 Ophiuchi. In 2003, Barnard's Star presented the first detectable change in the radial velocity of a star caused by its motion. Further variability in the radial velocity of Barnard's Star was attributed to its stellar activity.[16]
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Barnard's Star, showing position every 5 years 1985–2005
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Distances of the nearest stars from 20,000 years ago until 80,000 years in the future





The proper motion of Barnard's Star corresponds to a relative lateral speed ("sideways" relative to our line of sight to the Sun) of 90 km/s. The 10.3 seconds of arc it travels annually amounts to a quarter of a degree in a human lifetime, roughly half the angular diameter of the full Moon.[17]

The radial velocity of Barnard's Star towards the Sun can be measured by its blue shift. Two measurements are given in catalogues: 106.8 km/s in SIMBAD, which refers to a 1967 compilation of older measurements, and 110.8 km/s in ARICNS and similar values in all modern astronomical references. These measurements, combined with proper motion, suggest a true velocity relative to the Sun of 139.7 and 142.7 km/s, respectively.[18] Barnard's Star will make its closest approach to the Sun around AD 9,800, when it approaches to within about 3.75 light-years.[5] However, at that time, Barnard's Star will not be the nearest star, since Proxima Centauri will have moved even closer to the Sun.[19] Barnard's Star will still be too dim to be seen with the naked eye at the time of its closest approach, since its apparent magnitude will be about 8.5 then. After that it will gradually recede from the Sun.

Barnard's Star has approximately 14% of a solar mass,[5] and it has a radius 15% to 20% of that of the Sun.[20] In 2003, its radius was estimated as 0.20±0.008 of the solar radius, at the high end of the ranges that were typically calculated in the past, indicating that previous estimates of the radius of Barnard's Star probably underestimated the actual value.[7] Thus, although Barnard's Star has roughly 150 times the mass of Jupiter, its radius is only 1.5 to 2.0 times larger, reflecting the tendency of objects in the brown dwarf range to be about the same size. Its effective temperature is 3,134(±102) kelvin, and it has a visual luminosity just 4/10,000ths of solar luminosity, corresponding to a bolometric luminosity of 34.6/10,000ths.[7] Barnard's Star is so faint that if it were at the same distance from Earth as the Sun is, it would appear only 100 times brighter than a full moon, comparable to the brightness of the Sun at 80 Astronomical Units.[21]

In a broad survey of the metallicity of M-class dwarf stars, Barnard's Star's was placed between −0.5 and −1.0 on the metallicity scale, which is roughly 10 to 32% of the value for the Sun.[8] Metallicity, the proportion of stellar mass made up of elements heavier than helium, helps classify stars relative to the galactic population. Barnard's Star seems to be typical of the old, red dwarf population II stars, yet these are also generally metal-poor halo stars. While sub-solar, Barnard's Star's metallicity is higher than a halo star and is in keeping with the low end of the metal-rich disk star range; this, plus its high space motion, have led to the designation "Intermediate Population II star", between a halo and disk star.[8][16]

 Claims of a planetary system

For a decade from 1963 to about 1973, a substantial number of astronomers accepted a claim by Peter van de Kamp that he had detected, by using astrometry, a perturbation in the proper motion of Barnard's Star consistent with its having one or more planets comparable in mass with Jupiter. Van de Kamp had been observing the star from 1938, attempting, with colleagues at the Swarthmore College observatory, to find minuscule variations of one micrometre in its position on photographic plates consistent with orbital perturbations (wobbles) in the star that would indicate a planetary companion; this involved as many as ten people averaging their results in looking at plates, to avoid systemic, individual errors.[22] Van de Kamp's initial suggestion was a planet having about 1.6 the Jovian mass at a distance of 4.4 AU in a slightly eccentric orbit,[23] and these measurements were apparently refined in a 1969 paper.[24] Later that year, Van de Kamp suggested that there were two planets of 1.1 and 0.8 Jovian masses.[25]
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An artist's conception of a planet in orbit around a red dwarf star.





Other astronomers subsequently repeated Van de Kamp's measurements, and two important papers in 1973 undermined the claim of a planet or planets. George Gatewood and Heinrich Eichhorn, at a different observatory and using newer plate measuring techniques, failed to verify the planetary companion.[26] Another paper published by John L. Hershey four months earlier, also using the Swarthmore observatory, found that changes in the astrometric field of various stars correlated to the timing of adjustments and modifications that had been carried out on the refractor telescope's objective lens;[27] the planetary "discovery" was an artifact of maintenance and upgrade work. The affair has been discussed as part of a broader scientific review.[28]

Van de Kamp never acknowledged any error and published a further confirmation of two planets' existence as late as 1982;[29] he died in 1995. Wulff Heintz, Van de Kamp's successor at Swarthmore and an expert on double stars, questioned his findings and began publishing criticisms from 1976 onwards. The two men were reported to have become estranged from each other because of this.[30]

 Refining planetary boundaries

While not completely ruling out the possibility of planets, null results for planetary companions continued throughout the 1980s and 1990s, the latest based on interferometric work with the Hubble Space Telescope in 1999.[31] By refining the values of a star's motion, the mass and orbital boundaries for possible planets are tightened: in this way astronomers are often able to describe what types of planets cannot orbit a given star.

M dwarfs such as Barnard's Star are more easily studied than larger stars in this regard because their lower masses render perturbations more obvious.[32] Gatewood was thus able to show in 1995 that planets with 10 times the mass of Jupiter (the lower limit for brown dwarfs) were impossible around Barnard's Star,[28] in a paper which helped refine the negative certainty regarding planetary objects in general.[33] In 1999, work with the Hubble Space Telescope further excluded planetary companions of 0.8 times the mass of Jupiter with an orbital period of less than 1,000 days (Jupiter's orbital period is 4,332 days),[31] while Kuerster determined in 2003 that within the habitable zone around Barnard's Star, planets are not possible with an "M sin i" value[34] greater than 7.5 times the mass of the Earth, or with a mass greater than 3.1 times the mass of Neptune (much lower than van de Kamp's smallest suggested value).[16]

Even though this research has greatly restricted the possible properties of planets around Barnard's Star, it has not ruled them out completely; terrestrial planets would be difficult to detect. NASA's Space Interferometry Mission, which was to begin searching for extrasolar Earth-like planets, was reported to have chosen Barnard's Star as an early search target.[21] However, this mission was shut down in 2010.[35] ESA's similar Darwin interferometry mission had the same goal, but was stripped of funding in 2007.[36]

 Project Daedalus

Main article: Project Daedalus

Excepting the planet controversy, the best known study of Barnard's Star was part of Project Daedalus. Undertaken between 1973 and 1978, it suggested that rapid, unmanned travel to another star system is possible with existing or near-future technology.[37] Barnard's Star was chosen as a target, partly because it was believed to have planets.[38]

The theoretical model suggested that a nuclear pulse rocket employing nuclear fusion (specifically, electron bombardment of deuterium and helium-3) and accelerating for four years could achieve a velocity of 12% of the speed of light. The star could then be reached in 50 years, within a human lifetime.[38] Along with detailed investigation of the star and any companions, the interstellar medium would be examined and baseline astrometric readings performed.[37]

The initial Project Daedalus model sparked further theoretical research. In 1980, Robert Freitas suggested a more ambitious plan: a self-replicating spacecraft intended to search for and make contact with extraterrestrial life.[39] Built and launched in Jovian orbit, it would reach Barnard's Star in 47 years under parameters similar to those of the original Project Daedalus. Once at the star, it would begin automated self-replication, constructing a factory, initially to manufacture exploratory probes and eventually to create a copy of the original spacecraft after 1,000 years.[39]

 The flare in 1998

The observation of a stellar flare on Barnard's Star has added another element of interest to its study. Noted by William Cochran, University of Texas at Austin, based on changes in the spectral emissions on July 17, 1998 (during an unrelated search for planetary "wobbles"), it was four more years before the flare was fully analyzed. At that point Diane Paulson et al., now of Goddard Space Flight Center, suggested that the flare's temperature was 8000 K, more than twice the normal temperature of the star, although simply analyzing the spectra cannot precisely determine the flare's total output.[40] Given the essentially random nature of flares, she noted "the star would be fantastic for amateurs to observe".[15]
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Artist's conception of a red dwarf star





The flare was surprising because intense stellar activity is not expected around stars of such age. Flares are not completely understood, but are believed to be caused by strong magnetic fields which suppress plasma convection and lead to sudden outbursts: strong magnetic fields occur in rapidly rotating stars, while old stars tend to rotate slowly. An event of such magnitude around Barnard's Star is thus presumed to be a rarity.[40] Research on the star's periodicity, or changes in stellar activity over a given timescale, also suggest it ought to be quiescent; 1998 research showed weak evidence for periodic variation in Barnard's Star's brightness, noting only one possible starspot over 130 days.[9]

Stellar activity of this sort has created interest in using Barnard's Star as a proxy to understand similar stars. Photometric studies of its X-ray and UV emissions are hoped to shed light on the large population of old M dwarfs in the galaxy. Such research has astrobiological implications: given that the habitable zones of M dwarfs are close to the star, any planets would be strongly influenced by solar flares, winds, and plasma ejection events.[10]

 The star's neighborhood

Barnard's Star shares much the same neighborhood as the Sun. The neighbors of Barnard's Star are generally of red dwarf size, the smallest and most common star type. Its closest neighbor is currently the red dwarf Ross 154, at 1.66 parsecs or 5.41 light years distance. The Sun and Alpha Centauri are, respectively, the next closest systems.[21] From Barnard's Star, the Sun would appear on the diametrically opposite side of the sky at coordinates RA=5h 57m 48.5s, Dec=−04° 41′ 36″, in the eastern part of the constellation Monoceros. The absolute magnitude of the Sun is 4.83 and at a distance of 1.834 parsecs, it would be an impressively bright first-magnitude star, like Pollux is from the Earth.[41]
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This article is about the star.  For the fictional Star Trek battle, see Battle of Wolf 359.  For the The Outer Limits episode, see Wolf 359 (The Outer Limits).
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Wolf 359 is the orange-hued star located just above the center of this 2009 astrophotograph.





Wolf 359 is a red dwarf that is located in the constellation Leo, near the ecliptic. At a distance of approximately 7.8 light years from the Earth, it has an apparent magnitude of 13.5 and can only be seen with a large telescope. Wolf 359 is one of the nearest stars to the Solar System; only the Alpha Centauri system (including Proxima Centauri), Barnard's Star, and WISE 1049-5319 are known to be closer. Its proximity to Earth has led to its mention in several works of fiction.

Wolf 359 is one of the faintest and lowest-mass stars known. At the light-emitting layer called the photosphere, it has a temperature of about 2,800 K, which is low enough for chemical compounds to form and survive. The absorption lines of compounds such as water and titanium(II) oxide have been observed in the spectrum.[13] The surface has a magnetic field that is stronger than the average magnetic field on the Sun. As a result of magnetic activity caused by convection, Wolf 359 is a flare star that can undergo sudden increases in luminosity for several minutes. These flares emit strong bursts of X-ray and gamma ray radiation that have been observed by space telescopes. Wolf 359 is a relatively young star with an age of less than a billion years. No companions or disks of debris have been detected in orbit around it.
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 Observation history and name

Wolf 359 first came to the attention of astronomers because of the relatively high rate of transverse motion against the background, known as the proper motion. A high rate of proper motion can indicate that a star is located nearby, as more distant stars must move at higher velocities in order to achieve the same rate of angular travel across the celestial sphere. The proper motion of Wolf 359 was first measured in 1917 by German astronomer Max Wolf, with the aid of astrophotography. In 1919 he published a catalog of over one thousand stars with high proper motions, including this one, that are still identified by his name.[14] He listed this star as entry number 359, and the star has since been referred to as Wolf 359 in reference to Max Wolf's catalogue.[15]
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Distances of the nearest stars from 20,000 years ago until 80,000 years in the future.





The first parallax measurement of Wolf 359 was reported in 1928 from the Mount Wilson Observatory, yielding an annual shift in the star's position of 0.409 ± 0.009 arcseconds. From this position change, and the known size of the Earth's orbit, the distance to the star could be estimated. It was the lowest-mass and faintest star known until the discovery of VB 10 in 1944.[16][17] The infrared magnitude of the star was measured in 1957.[18] In 1969, a brief flare in the luminosity of Wolf 359 was observed, linking it to the class of variable stars known as flare stars.[19]

 Properties

Wolf 359 has a stellar classification of M6.5,[20] although various sources list a spectral class of M5.5,[21] M6[7] or M8.[22] An M-type star is known as a red dwarf: it is called red because the energy emission of the star reaches a peak in the red and infrared parts of the spectrum.[23] Wolf 359 has a very low luminosity, emitting about 0.1% of the Sun's energy.[10][9] If it were moved to the location of the Sun, it would appear ten times as bright as the full Moon.[24]

At an estimated 9% of the Sun's mass, Wolf 359 is just above the lowest limit at which a star can perform hydrogen fusion through the proton–proton chain reaction: 8% of the Sun's mass.[25] (Substellar objects below this limit are known as brown dwarfs.) The radius of Wolf 359 is an estimated 16% of the Sun's radius, or about 110,000 km.[26] For comparison, the equatorial radius of the planet Jupiter is 71,492 km, which is 65% as large as Wolf 359's.[27]

The entire star is undergoing convection, whereby the energy generated at the core is being transported toward the surface by the convective motion of plasma, rather than by transmission through radiation. This circulation redistributes any accumulation of helium that is generated through stellar nucleosynthesis at the core throughout the star.[28] This process will allow the star to remain on the main sequence as a hydrogen fusing star proportionately longer than a star such as the Sun where helium steadily accumulates at the core. In combination with a lower rate of hydrogen consumption due to its low mass, the convection will allow Wolf 359 to remain a main-sequence star for about eight trillion years.[29]

A search of this star by the Hubble Space Telescope revealed no stellar companions, although this does not preclude the presence of smaller companions that are below the telescope's detection limit, such as a planet orbiting within one astronomical unit of the star.[30] No excess infrared emission has been detected, which may indicate the lack of a debris disk in orbit around it.[31][32] Radial velocity measurements of this star using the Near Infrared Spectrometer (NIRSPEC) instrument at the Keck II observatory have not revealed any variations that might otherwise indicate the presence of an orbiting companion. This instrumentation is sensitive enough to detect the gravitational perturbations massive, short period companions with the mass of Neptune or greater.[33]

 Outer atmosphere

The outer, light-emitting layer of a star is known as the photosphere. Temperature estimates of the photosphere of Wolf 359 range from 2,500 K to 2,900 K,[34] which is sufficiently cool for equilibrium chemistry to occur. The resulting chemical compounds survive long enough to be observed through their spectral lines.[35] Numerous molecular bands appear in the spectrum of Wolf 359, including those of carbon monoxide (CO),[36] iron hydride (FeH), chromium hydride (CrH), water (H2O),[13] magnesium hydride (MgH), vanadium(II) oxide (VO),[10] titanium(II) oxide (TiO) and possibly the molecule CaOH.[37] Since there are no lines of lithium in the spectrum, this element must have already been consumed by fusion at the core. This indicates the star must be at least 100 million years old.[10]

Beyond the photosphere lies a nebulous, high temperature region known as the corona. In 2001, Wolf 359 became the first star other than the Sun to have the spectrum of its corona observed from a ground-based telescope. The spectrum showed emission lines of Fe XIII, which is heavily ionized iron that has been stripped of twelve of its electrons.[38] The strength of this line can vary over a time period of several hours, which may be evidence of microflare heating.[10]

Wolf 359 is classified as a UV Ceti-type flare star,[3] which is a star that undergoes brief, energetic increases in luminosity because of magnetic activity in the photosphere. Its variable star designation is CN Leonis. Wolf 359 has a relatively high flare rate. Observations with the Hubble Space Telescope detected 32 flare events within a two-hour period, with energies of 1027 ergs (1020 joules) and higher.[22] The mean magnetic field at the surface of Wolf 359 has a strength of about 2.2 kG (0.22 teslas), but this varies significantly on time scales as short as six hours.[21] By comparison, the magnetic field of the Sun averages 1 gauss (100 µT), although it can rise as high as 3 kG (0.3 T) in active sunspot regions.[39] During flare activity, Wolf 359 has been observed emitting X-rays and gamma rays.[40][41]

 Motion

The rotation of a star causes a doppler shift to the spectrum. On average, this results in a broadening of the absorption lines in its spectrum, with the lines increasing in width with higher rates of rotation. However, only the rotational motion in the direction of the observer can be measured by this means, so the resulting data provides a lower limit on the star's rotation. This projected rotational velocity of Wolf 359's equator is less than 3 km/s, which is below the threshold of detection through spectral line broadening.[4] This low rate of rotation may have been caused by loss of angular momentum through a stellar wind. Typically, the time scale for the spin down of a star at spectral class M6 is roughly 10 billion years, because fully convective stars like this lose their rotation more slowly than other stars.[42] However, evolutionary models suggest that Wolf 359 is a relatively young star with an age of less than a billion years.[10]

The proper motion of this star against the background is 4.696 arcseconds per year, and it is moving away from the Sun at a velocity of 19 km/s.[4][7] When translated into the galactic coordinate system, this motion corresponds to a space velocity of (U, V, W) = (–26, –44, –18) km/s.[43] The space velocity of Wolf 359 implies that it belongs to the population of old disk stars. It is following an orbit through the Milky Way galaxy that will carry it as close as 20.5 kly (6.3 kpc) and as distant as 28 kly (8.6 kpc) from the Galactic Center. The galactic orbit has an eccentrity of 0.156, and the star can travel as far as 444 light-years (136 pc) away from the galactic plane.[44] The closest stellar neighbor to Wolf 359 is the red dwarf star Ross 128, 3.79 ly (1.16 pc) away.[45] Approximately 13,850 years ago, Wolf 359 was at its minimal distance of about 7.35 ly (2.25 pc) from the Sun.[46]

 See also




	[image: Portal icon]
	Star portal







	List of nearest stars

	List of least massive stars

	Wolf 359 in fiction



 References



	^ a b c d e f g h "V* CN Leo -- Flare Star". SIMBAD. Centre de Données astronomiques de Strasbourg. Retrieved 2007-07-16. 

	^ a b Landolt, Arlo U. (May 2009). "UBVRI photometric standard stars around the celestial equator: Updates and Additions". The Astronomical Journal 137 (5): 4186–4269. arXiv:0904.0638. Bibcode:2009AJ....137.4186L. doi:10.1088/0004-6256/137/5/4186.  See table II.

	^ a b Gershberg, R. E.; Shakhovskaia, N. I. (1983). "Characteristics of activity energetics of the UV Cet-type flare stars". Astrophysics and Space Science 95 (2): 235–253. Bibcode:1983Ap&SS..95..235G. doi:10.1007/BF00653631. 

	^ a b c d Mohanty, Subhanjoy; Basri, Gibor (2003). "Rotation and activity in mid-M to L field dwarfs". The Astrophysical Journal 583 (1): 451–472. arXiv:astro-ph/0201455. Bibcode:2002astro.ph..1455M. doi:10.1086/345097. 

	^ Henry, Todd J. et al. (November 2004). "The solar neighborhood. X. new nearby stars in the southern sky and accurate photometric distance estimates for red dwarfs". The Astronomical Journal 128 (5): 2460–2473. arXiv:astro-ph/0408240. Bibcode:2004AJ....128.2460H. doi:10.1086/425052. 

	^ The absolute magnitude M is determined as follows:

	


	M
	= m – 5(log10( D ) – 1)



	
	= 13.54 – 5(log10( 2.39 ) – 1)



	
	= 13.54 – 5(0.378 – 1) = 16.65








where m is the apparent magnitude, D is the distance in parsecs and log10 is the base-10 logarithm. See:



	Lang, Kenneth R. (2006). Astrophysical formulae. Astronomy and Astrophysics Library 1 (3 ed.). Birkhäuser. p. 31. ISBN 3-540-29692-1. 





	^ a b c Staff (June 8, 2007). "List of the nearest 100 stellar systems". Research Consortium on Nearby Stars. Retrieved 2007-07-16. 

	^ Doyle, J. G.; Butler, C. J. (1990). "Optical and infrared photometry of dwarf M and K stars". Astronomy and Astrophysics 235 (1-2): 335–339. Bibcode:1990A&A...235..335D. 

	^ a b West, Frederick R. (2002). "Letter to the Editor: the corona of CN Leonis (Gliese 406) and its possible detection at radio frequencies". The Journal of the American Association of Variable Star Observers 30 (2): 149–150. Bibcode:2002JAVSO..30..149W. 

	^ a b c d e f g h Pavlenko, Ya. V. et al. (2006). "Spectral energy distribution for GJ406". Astronomy and Astrophysics 447 (2): 709–717. arXiv:astro-ph/0510570. Bibcode:2006A&A...447..709P. doi:10.1051/0004-6361:20052979. 

	^ Fuhrmeister, B.; Schmitt, J. H. M. M.; Hauschildt, P. H. (September 2005). "PHOENIX model chromospheres of mid- to late-type M dwarfs". Astronomy and Astrophysics 439 (3): 1137–1148. arXiv:astro-ph/0505375. Bibcode:2005A&A...439.1137F. doi:10.1051/0004-6361:20042338. 

	^ Rojas-Ayala, Bárbara et al. (April 2012). "Metallicity and temperature indicators in M dwarf K-band spectra: testing new and updated calibrations with observations of 133 solar neighborhood M dwarfs". The Astrophysical Journal 748 (2): 93. arXiv:1112.4567. Bibcode:2012ApJ...748...93R. doi:10.1088/0004-637X/748/2/93. 

	^ a b McLean, Ian S. et al. (October 2003). "The NIRSPEC brown dwarf spectroscopic survey. I. low-resolution near-infrared spectra". The Astrophysical Journal 596 (1): 561–586. arXiv:astro-ph/0309257. Bibcode:2003ApJ...596..561M. doi:10.1086/377636. 

	^ Wolf, M. (1919). "Katalog von 1053 staerker bewegten Fixsternen". Veroeffentlichungen der Badischen Sternwarte zu Heidelberg 7 (10): 195–219. Bibcode:1919VeHei...7..195W.  See p. 206.

	^ Wolf, M. (July 1917). "Eigenbewegungssterne". Astronomische Nachrichten 204: 345. Bibcode:1917AN....204..345W. 

	^ van Maanen, Adriaan (1928). "The photographic determination of stellar parallaxes with the 60- and 100-inch reflectors. Fifteenth Series". Contributions from the Mount Wilson Observatory 356: 1–27. Bibcode:1928CMWCI.356....1V. 

	^ van Biesbroeck, G. (August 1944). "The star of lowest known luminosity". The Astronomical Journal 51: 61–62. Bibcode:1944AJ.....51...61V. doi:10.1086/105801. 

	^ Kron, G. E.; Gascoigne, S. C. B.; White, H. S. (1957). "Red and infrared magnitudes for 282 stars with known trigonometric parallaxes". Astronomical Journal 62: 205–220. Bibcode:1957AJ.....62..205K. doi:10.1086/107521. 

	^ Greenstein, Jesse L.; Neugebauer, G.; Becklin, E. E. (August 1970). "The faint end of the main sequence". Astrophysical Journal 161: 519. Bibcode:1970ApJ...161..519G. doi:10.1086/150556. 

	^ Mukai, K. et al. (August 1990). "Spectroscopy of faint, high latitude cataclysmic variable candidates". Monthly Notices of the Royal Astronomical Society 245 (3): 385–391. Bibcode:1990MNRAS.245..385M. 

	^ a b Reiners, A.; Schmitt, J. H. M. M.; Liefke, C. (2007). "Rapid magnetic flux variability on the flare star CN Leonis". Astronomy and Astrophysics 466 (2): L13–L16. arXiv:astro-ph/0703172. Bibcode:2007A&A...466L..13R. doi:10.1051/0004-6361:20077095. 

	^ a b Robinson, R. D. et al. (1995). "A search for microflaring activity on dMe flare stars. I. Observations of the dM8e Star CN Leonis". Astrophysical Journal 451: 795–805. Bibcode:1995ApJ...451..795R. doi:10.1086/176266. 

	^ Jones, Lauren V. (2009). Stars and galaxies. Greenwood Guides to the Universe. ABC-CLIO. p. 50. ISBN 0-313-34075-7. 

	^ Borgia, Michael P. (2006). Human vision and the night sky: hot [i.e. how] to improve your observing skills. Patrick Moore's practical astronomy series. Springer. p. 208. ISBN 0-387-30776-1. 

	^ Dantona, F.; Mazzitelli, I. (September 15, 1985). "Evolution of very low mass stars and brown dwarfs. I - The minimum main-sequence mass and luminosity". Astrophysical Journal, Part 1 296: 502–513. Bibcode:1985ApJ...296..502D. doi:10.1086/163470. 

	^ Brown, T. M.; Christensen-Dalsgaard, J. (1998). "Accurate determination of the solar photospheric radius". Astrophysical Journal Letters 500 (2): L195. arXiv:astro-ph/9803131. Bibcode:1998ApJ...500L.195B. doi:10.1086/311416.  The radius of the Sun is 695.5 Mm. 16% of this is 111 Mm.

	^ Harvey, Samantha (March 4, 2010). "Jupiter: facts & figures". Solar System Exploration. NASA. Retrieved 2010-05-28. 

	^ McCook, G. P.; Jewell, E. R. (1995). "Fully convective M dwarfs". Villanova University. Retrieved 2010-05-017. 

	^ Adams, Fred C.; Laughlin, Gregory; Graves, Genevieve J. M. (December 2004). "Red dwarfs and the end of the main sequence". Gravitational Collapse: From Massive Stars to Planets. Revista Mexicana de Astronomía y Astrofísica. pp. 46–49. Bibcode 2004RMxAC..22...46A.

	^ Schroeder, Daniel J. et al. (2000). "A search for faint companions to nearby stars using the wide field planetary camera 2". The Astronomical Journal 119 (2): 906–922. Bibcode:2000AJ....119..906S. doi:10.1086/301227. 

	^ Gautier, T. N. et al. (2007). "Far infrared properties of M dwarfs". The Astrophysical Journal 667 (1): 527–. arXiv:0707.0464. Bibcode:2007ApJ...667..527G. doi:10.1086/520667. 

	^ Lestrade, J.-F. et al. (November 2009). "Search for cold debris disks around M-dwarfs. II". Astronomy and Astrophysics 506 (3): 1455–1467. arXiv:0907.4782. Bibcode:2009A&A...506.1455L. doi:10.1051/0004-6361/200912306. 

	^ Rodler, F. et al. (February 2012). "Search for radial velocity variations in eight M-dwarfs with NIRSPEC/Keck II". Astronomy & Astrophysics 538: A141. arXiv:1112.1382. Bibcode:2012A&A...538A.141R. doi:10.1051/0004-6361/201117577. 

	^ Casagrande, Luca; Flynn, Chris; Bessell, Michael (September 2008). "M dwarfs: effective temperatures, radii and metallicities". Monthly Notices of the Royal Astronomical Society 389 (2): 585–607. arXiv:0806.2471. Bibcode:2008MNRAS.389..585C. doi:10.1111/j.1365-2966.2008.13573.x. 

	^ Verschuur, Gerrit L. (2003). Interstellar matters: essays on curiosity and astronomical discovery. Springer. pp. 253–254. ISBN 0-387-40606-9. 

	^ Pavlenko, Y. V.; Jones, H. R. A. (December 2002). "Carbon monoxide bands in M dwarfs". Astronomy and Astrophysics 396 (3): 967–975. arXiv:astro-ph/0210017. Bibcode:2002A&A...396..967P. doi:10.1051/0004-6361:20021454. 

	^ Pesch, Peter (June 1972). "CaOH, a new triatomic molecule in stellar atmospheres". Astrophysical Journal 174: L155. Bibcode:1972ApJ...174L.155P. doi:10.1086/180970. 

	^ Schmitt, J. H. M. M.; Wichmann, R. (2001). "Ground-based observation of emission lines from the corona of a red-dwarf star". Nature 412 (2): 508–510. doi:10.1038/35087513. PMID 11484044. Retrieved 2007-07-18. 

	^ Staff (January 7, 2007). "Calling Dr. Frankenstein! : interactive binaries show signs of induced hyperactivity". National Optical Astronomy Observatory. Retrieved 2006-05-24. 

	^ Schmitt, J. H. M. M.; Fleming, T. A.; Giampapa, M. S. (September 1995). "The X-ray view of the low-mass stars in the solar neighborhood". Astrophysical Journal 450 (9): 392–400. Bibcode:1995ApJ...450..392S. doi:10.1086/176149. 

	^ Cwiok, M. et al. (March 2006). "Search for optical counterparts of gamma ray burst". Acta Physica Polonica B 37 (3): 919. Bibcode:2006AcPPB..37..919C. 

	^ Röser, Siegfried (2008). Reviews in modern astronomy, cosmic matter. Wiley-VCH. pp. 49–50, 57. ISBN 3-527-40820-7. 

	^ Gliese, W. (1969). "Catalogue of nearby stars". Veröffentlichungen des Astronomischen Rechen-Instituts Heidelberg. Bibcode:1969VeARI..22....1G. 

	^ Allen, C.; Herrera, M. A. (1998). "The galactic orbits of nearby UV Ceti stars". Revista Mexicana de Astronomia y Astrofisica 34: 37–46. Bibcode:1998RMxAA..34...37A. 

	^ "Wolf 359". SolStation Company. Retrieved 2006-08-10. 

	^ "Annotations on V* CN Leo object". SIMBAD. Centre de Données astronomiques de Strasbourg. Retrieved 2010-04-13. 





 External links


	The Encyclopedia of Astrobiology, Astronomy, and Spaceflight

	Reiners, Ansgar. "Activity-induced radial velocity jitter in a flaring M dwarf". The Smithsonian/NASA Astrophysics Data System. Retrieved 2009-04-15. 



[image: This is a good article. Click here for more information.]






				Retrieved from "http://en.wikipedia.org/w/index.php?title=Wolf_359&oldid=553373554"				







This article was downloaded by calibre from http://en.wikipedia.org/wiki/Wolf_359



 | 章节菜单 | 主菜单 | 
| 下一项 | 章节菜单 | 主菜单 | 前一项 | 


Lalande 21185

From Wikipedia, the free encyclopedia




					Jump to:					navigation, 					search



Lalande 21185 is a red dwarf in the constellation of Ursa Major. Although relatively close by, it is only magnitude 7 in visible light and thus is too dim to see with the unaided eye. The star is visible through a small telescope.[11]

At approximately 8.31 light-years (2.55 parsecs)[1] away this star is the fifth closest stellar system to the Sun; only the Alpha Centauri system, Barnard's Star, WISE 1049-5319 and Wolf 359 are known to be closer.[7] Because of its proximity it is a frequent subject for astronomical surveys and other research and thus is known by numerous other designations. Research papers most commonly use the designations BD+36 2147, Gliese 411, and HD 95735 to refer to this star.[3]

In approximately 19,900 years Lalande 21185 will be at its closest distance of about 4.65 ly (1.43 pc) from the Sun.[12][13]
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 History

The celestial coordinates of Lalande 21185 were first published in 1801 by French astronomer Jérôme Lalande of the Paris Observatory in the star catalog, Histoire Céleste Française. The catalog sequence numbers for all of the observed stars, including this one, were added to the original catalog by a later editor in an 1847 republication.[14] Today this star, along with a few others, is still commonly referred to by its Lalande catalog number.[15]
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Distances of the nearest stars from 20,000 years ago until 80,000 years in the future.





Winneke is reported to have made the first measurement of the star's parallax of .511 arc seconds in 1856 and thus first identifying Lalande 21185 as the second-closest known star to the Sun, after the Alpha Centauri system. Since that time better measurements have placed the star further away but it was the still the second-closest known star system until the discovery of two dim red dwarfs, Wolf 359 and Barnard's Star, in the early twentieth century using astrophotography.[16]

 Physical properties

Lalande 21185 is a typical type-M red dwarf main sequence star with about 46% of the mass of the Sun[7] and is much cooler than the Sun at 3,383 K. It is intrinsically dim with an absolute magnitude of 10.48, emitting most of its energy as infrared radiation.[6] Lalande 21185 is a high-proper-motion star moving at about 5 arc seconds a year in an orbit perpendicular to the plane of the galaxy. The proportion of elements other than hydrogen and helium is estimated based on the ratio of iron to hydrogen in the star when compared to the Sun. The logarithm of this ratio is –0.20, indicating that the proportion of iron is about 10–0.20, or 63% of the Sun. The logarithm of the surface gravity is 4.8.[17]

Lalande 21185 is listed as a BY Draconis type variable star in the General Catalogue of Variable Stars. It is identified by the variable star designation NSV 18593.[4] Several star catalogs, including SIMBAD, also classify it as a flare star. This conclusion is not supported by the primary reference these catalogs all use. The observations made in this reference show that it is rather quiet in comparison to other stars of its variable type.[18]

Lalande 21185 emits X-rays.[19]

 Claims of a planetary system

In 1951 Peter van de Kamp and his student, Sarah Lippincott, claimed the astrometric detection of a planetary system using photographic plates taken with the 24-in refractor telescope at Swarthmore College's Sproul Observatory.[20] In 1960, Sarah Lippincott repeated the 1951 claim of a planetary system, only this time having different parameters. She used the original photographic plates and new plates taken with the same telescope.[21] Photographic plates from this observatory, taken at the same time, were used by Van de Kamp for his erroneous claim of a planetary system for Barnard's Star. The photographic plates made with the Sproul 24-in refractor, and used for these and other studies, were later shown to be flawed.[22] The claims of planetary companions for both stars were refuted in 1974 with astrometric measurements made by George Gatewood of the Allegheny Observatory.[23]

In 1996 the same George Gatewood prominently announced at an AAS meeting[24] and to the popular press[25] the discovery of multiple planets in this system, detected by astrometry. The initial report of a planet was based on a very delicate analysis of the star's position over the years which suggested reflex orbital motion due to one or more companions. Gatewood claimed that such companions would usually appear more than 0.8 arc second from the M dwarf itself. However a paper by Gatewood published only a few years earlier[26] and subsequent searches by others, using coronagraphs and multifilter techniques to reduce the scattered-light problems from the star, have yet to positively identify any such companions[27] and so his claim remains unconfirmed and is now in doubt.

 Refining planetary boundaries

This star's measured radial velocity is so constant that astronomer and planet hunter Geoff Marcy uses it as a perfect example of "normal" M dwarf stability levels.[28] The negative results of this and other surveys do not preclude the presence of a planetary system entirely but they do set an upper boundary on the mass of any planets that might be present. The detection limit by current technology for this star system is a little less than the mass of the planet Jupiter.[citation needed] New Earth- and space-based instruments will certainly lower this limit further and possibly detect any small planets that may be present.
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"Sirius B" redirects here. For other uses of Sirius B, see Sirius B (disambiguation).  For other uses of Sirius, see Sirius (disambiguation).

Sirius is the brightest star in the night sky. With a visual apparent magnitude of −1.46, it is almost twice as bright as Canopus, the next brightest star. The name "Sirius" is derived from the Ancient Greek: Σείριος Seirios ("glowing" or "scorcher"). The star has the Bayer designation Alpha Canis Majoris (α CMa). What the naked eye perceives as a single star is actually a binary star system, consisting of a white main-sequence star of spectral type A1V, termed Sirius A, and a faint white dwarf companion of spectral type DA2, called Sirius B. The distance separating Sirius A from its companion varies between 8.1 and 31.5 AU.[18]

Sirius appears bright because of both its intrinsic luminosity and its proximity to Earth. At a distance of 2.6 parsecs (8.6 ly), as determined by the Hipparcos astrometry satellite,[5][19][20] the Sirius system is one of Earth's near neighbors; for Northern-hemisphere observers between 30 degrees and 73 degrees of latitude (including almost all of Europe and North America), it is the closest star (after the Sun) that can be seen with a naked eye. Sirius is gradually moving closer to the Solar System, so it will slightly increase in brightness over the next 60,000 years. After that time its distance will begin to recede, but it will continue to be the brightest star in the Earth's sky for the next 210,000 years.[21]

Sirius A is about twice as massive as the Sun and has an absolute visual magnitude of 1.42. It is 25 times more luminous than the Sun[7] but has a significantly lower luminosity than other bright stars such as Canopus or Rigel. The system is between 200 and 300 million years old.[7] It was originally composed of two bright bluish stars. The more massive of these, Sirius B, consumed its resources and became a red giant before shedding its outer layers and collapsing into its current state as a white dwarf around 120 million years ago.[7]

Sirius is also known colloquially as the "Dog Star", reflecting its prominence in its constellation, Canis Major (Greater Dog).[12] The heliacal rising of Sirius marked the flooding of the Nile in Ancient Egypt and the "dog days" of summer for the ancient Greeks, while to the Polynesians it marked winter and was an important star for navigation around the Pacific Ocean.
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Sirius, known in ancient Egypt as Sopdet (Greek: Σῶθις = Sothis), is recorded in the earliest astronomical records. During the era of the Middle Kingdom, Egyptians based their calendar on the heliacal rising of Sirius, namely the day it becomes visible just before sunrise after moving far enough away from the glare of the Sun. This occurred just before the annual flooding of the Nile and the summer solstice,[22] after a 70-day absence from the skies.[23] The hieroglyph for Sothis features a star and a triangle. Sothis was identified with the great goddess Isis, who formed a part of a triad with her husband Osiris and their son Horus, while the 70-day period symbolised the passing of Isis and Osiris through the duat (Egyptian underworld).[23]

The ancient Greeks observed that the appearance of Sirius heralded the hot and dry summer, and feared that it caused plants to wilt, men to weaken, and women to become aroused.[24] Due to its brightness, Sirius would have been noted to twinkle more in the unsettled weather conditions of early summer. To Greek observers, this signified certain emanations which caused its malignant influence. Anyone suffering its effects was said to be astroboletos (ἀστροβόλητος) or "star-struck". It was described as "burning" or "flaming" in literature.[25] The season following the star's appearance came to be known as the Dog Days of summer.[26] The inhabitants of the island of Ceos in the Aegean Sea would offer sacrifices to Sirius and Zeus to bring cooling breezes, and would await the reappearance of the star in summer. If it rose clear, it would portend good fortune; if it was misty or faint then it foretold (or emanated) pestilence. Coins retrieved from the island from the 3rd century BC feature dogs or stars with emanating rays, highlighting Sirius' importance.[25] The Romans celebrated the heliacal setting of Sirius around April 25, sacrificing a dog, along with incense, wine, and a sheep, to the goddess Robigo so that the star's emanations would not cause wheat rust on wheat crops that year.[27]

Ptolemy of Alexandria mapped the stars in Books VII and VIII of his Almagest, in which he used Sirius as the location for the globe's central meridian. He curiously depicted it as one of six red-coloured stars (see the Red controversy section below). The other five are class M and K stars, such as Arcturus and Betelgeuse.[28]

Bright stars were important to the ancient Polynesians for navigation between the many islands and atolls of the Pacific Ocean. Low on the horizon, they acted as stellar compasses to assist mariners in charting courses to particular destinations. They also served as latitude markers; the declination of Sirius matches the latitude of the archipelago of Fiji at 17°S and thus passes directly over the islands each night.[29] Sirius served as the body of a "Great Bird" constellation called Manu, with Canopus as the southern wingtip and Procyon the northern wingtip, which divided the Polynesian night sky into two hemispheres.[30] Just as the appearance of Sirius in the morning sky marked summer in Greece, so it marked the chilly onset of winter for the Māori, whose name Takurua described both the star and the season. Its culmination at the winter solstice was marked by celebration in Hawaii, where it was known as Ka'ulua, "Queen of Heaven". Many other Polynesian names have been recorded, including Tau-ua in the Marquesas Islands, Rehua in New Zealand, Aa and Hoku-Kauopae in Hawaii,[31] and Ta'urua-fau-papa "Festivity of original high chiefs" and Ta'urua-e-hiti-i-te-tara-te-feiai "Festivity who rises with prayers and religious ceremonies" in Tahiti.[32]

The indigenous Boorong people of northwestern Victoria named Sirius as Warepil.[33]

 Kinematics

In 1718, Edmond Halley discovered the proper motion of the hitherto presumed "fixed" stars[34] after comparing contemporary astrometric measurements with those given in Ptolemy's Almagest. The bright stars Aldebaran, Arcturus and Sirius were noted to have moved significantly, the last of which having progressed 30 arc minutes (about the diameter of the moon) southwards in 1,800 years.[35]

In 1868, Sirius became the first star to have its velocity measured. Sir William Huggins examined the spectrum of this star and observed a noticeable red shift. He concluded that Sirius was receding from the Solar System at about 40 km/s.[36][37] Compared to the modern value of −7.6 km/s,[2] this both was an overestimate and had the wrong sign; the minus means it is approaching the Sun. However, it is notable for introducing the study of celestial radial velocities.

 Discovery of a companion
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A simulated image of Sirius A and B using Celestia





In 1844 the German astronomer Friedrich Bessel deduced from changes in the proper motion of Sirius that it had an unseen companion.[38] Nearly two decades later, on January 31, 1862, American telescope-maker and astronomer Alvan Graham Clark first observed the faint companion, which is now called Sirius B, or affectionately "the Pup".[39] This happened during testing of an 18.5-inch (470 mm) aperture great refractor telescope for Dearborn Observatory, which was the largest refracting telescope lens in existence at the time, and the largest telescope in America.[40] Sirius B sighting was confirmed on March 8 with smaller telescopes as well.[41]

The visible star is now sometimes known as Sirius A. Since 1894, some apparent orbital irregularities in the Sirius system have been observed, suggesting a third very small companion star, but this has never been definitely confirmed. The best fit to the data indicates a six-year orbit around Sirius A and a mass of only 0.06 solar masses. This star would be five to ten magnitudes fainter than the white dwarf Sirius B, which would account for the difficulty of observing it.[42] Observations published in 2008 were unable to detect either a third star or a planet. An apparent "third star" observed in the 1920s is now confirmed as a background object.[43]

In 1915, Walter Sydney Adams, using a 60-inch (1.5 m) reflector at Mount Wilson Observatory, observed the spectrum of Sirius B and determined that it was a faint whitish star.[44] This led astronomers to conclude that it was a white dwarf, the second to be discovered.[45] The diameter of Sirius A was first measured by Robert Hanbury Brown and Richard Q. Twiss in 1959 at Jodrell Bank using their stellar intensity interferometer.[46] In 2005, using the Hubble Space Telescope, astronomers determined that Sirius B has nearly the diameter of the Earth, 12,000 kilometers (7,500 mi), with a mass that is 98% of the Sun.[47][48][49][50]

 Red controversy

Around 150 AD, the Greek astronomer of the Roman period Claudius Ptolemy described Sirius as reddish, along with five other stars, Betelgeuse, Antares, Aldebaran, Arcturus and Pollux, all of which are clearly of orange or red hue.[51] The discrepancy was first noted by amateur astronomer Thomas Barker, squire of Lyndon Hall in Rutland, who prepared a paper and spoke at a meeting of the Royal Society in London in 1760.[52] The existence of other stars changing in brightness gave credence to the idea that some may change in colour too; Sir John Herschel noted this in 1839, possibly influenced by witnessing Eta Carinae two years earlier.[53] Thomas Jefferson Jackson See resurrected discussion on red Sirius with the publication of several papers in 1892, and a final summary in 1926.[54] He cited not only Ptolemy but also the poet Aratus, the orator Cicero, and general Germanicus as colouring the star red, though acknowledging that none of the latter three authors were astronomers, the last two merely translating Aratus' poem Phaenomena.[55] Seneca, too, had described Sirius as being of a deeper red colour than Mars.[56] However, not all ancient observers saw Sirius as red. The 1st century AD poet Marcus Manilius described it as "sea-blue", as did the 4th century Avienus.[57] It is the standard star for the color white in ancient China, and multiple records from the 2nd century BC up to the 7th century AD all describe Sirius as white in hue.[58][59]

In 1985, German astronomers Wolfhard Schlosser and Werner Bergmann published an account of an 8th century Lombardic manuscript, which contains De cursu stellarum ratio by St. Gregory of Tours. The Latin text taught readers how to determine the times of nighttime prayers from positions of the stars, and Sirius is described within as rubeola — "reddish". The authors proposed this was further evidence Sirius B had been a red giant at the time.[60] However, other scholars replied that it was likely St. Gregory had been referring to Arcturus instead.[61][62]

The possibility that stellar evolution of either Sirius A or Sirius B could be responsible for this discrepancy has been rejected by astronomers on the grounds that the timescale of thousands of years is too short and that there is no sign of the nebulosity in the system that would be expected had such a change taken place.[56] An interaction with a third star, to date undiscovered, has also been proposed as a possibility for a red appearance.[63] Alternative explanations are either that the description as red is a poetic metaphor for ill fortune, or that the dramatic scintillations of the star when it was observed rising left the viewer with the impression that it was red. To the naked eye, it often appears to be flashing with red, white and blue hues when near the horizon.[56]

 Visibility
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The image of Sirius A and Sirius B taken by the Hubble Space Telescope. The white dwarf can be seen to the lower left.[64] The diffraction spikes and concentric rings are instrumental effects.





With an apparent magnitude of −1.46, Sirius is the brightest star in the night sky, almost twice the brightness of the second brightest star, Canopus.[65] However, it is not as bright as the Moon, Venus, or Jupiter. At times, Mercury and Mars are also brighter than Sirius.[66] Sirius can be seen from almost every inhabited region of the Earth's surface, with only those north of 73 degrees unable to see it. However, it does not rise very high when viewed from some northern cities, reaching only 13° above the horizon from Saint Petersburg.[67] Sirius, along with Procyon and Betelgeuse, forms one of the three vertices of the Winter Triangle to observers in the Northern Hemisphere.[68] Due to its declination of roughly −17°,[2] Sirius is a circumpolar star from latitudes south of 73° S. From the Southern Hemisphere in early July, Sirius can be seen in both the evening where it sets after the Sun, and in the morning where it rises before the Sun.[69] Due to precession (and slightly proper motion), Sirius will move further south. From AD 9000 Sirius won't be visible anymore from northern and central Europe and in AD 14000 (when Vega is close to the North Pole) its declination will be -67º and thus will be circumpolar throughout South Africa and in most parts of Australia.

Sirius can even be observed in daylight with the naked eye under the right conditions. Ideally, the sky should be very clear, with the observer at a high altitude, the star passing overhead, and the Sun low down on the horizon.[70] These observing conditions are more easily met in the southern hemisphere, due to the southerly declination of Sirius.

The orbital motion of the Sirius binary system brings the two stars to a minimum angular separation of 3 arcseconds and a maximum of 11 arcseconds. At the closest approach, it is an observational challenge to distinguish the white dwarf from its more luminous companion, requiring a telescope with at least 300 mm (12 in) aperture and excellent seeing conditions. A periastron occurred in 1994[note 4] and the pair have since been moving apart, making them easier to separate with a telescope.[71]

At a distance of 2.6 parsecs (8.6 ly), the Sirius system contains two of the eight nearest stars to the Solar System[72] and is the fifth closest stellar system to ours.[72] This proximity is the main reason for its brightness, as with other near stars such as Alpha Centauri and in stark contrast to distant, highly luminous supergiants such as Canopus, Rigel or Betelgeuse.[73] However, it is still around 25 times more luminous than the Sun.[7] The closest large neighbouring star to Sirius is Procyon, 1.61 parsecs (5.24 ly) away.[74] The Voyager 2 spacecraft, launched in 1977 to study the four Jovian planets in the Solar System, is expected to pass within 4.3 light-years (1.3 pc) of Sirius in approximately 296,000 years.[75]

 System
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A Chandra X-ray Observatory image of the Sirius star system, where the spike-like pattern is due to the support structure for the transmission grating. The bright source is Sirius B. Credit: NASA/SAO/CXC.





Sirius is a binary star system consisting of two white stars orbiting each other with a separation of about 20 astronomical units (3.0×109 km; 1.9×109 mi)[note 5] (roughly the distance between the Sun and Uranus) and a period of 50.1 years. The brighter component, termed Sirius A, is a main-sequence star of spectral type A1V, with an estimated surface temperature of 9,940 K.[8] Its companion, Sirius B, is a star that has already evolved off the main sequence and become a white dwarf. Currently 10,000 times less luminous in the visual spectrum, Sirius B was once the more massive of the two.[76] The age of the system has been estimated at around 230 million years. Early in its lifespan it was thought to have been two bluish white stars orbiting each other in an elliptical orbit every 9.1 years.[76] The system emits a higher than expected level of infrared radiation, as measured by IRAS space-based observatory. This may be an indication of dust in the system, and is considered somewhat unusual for a binary star.[74][77] The Chandra X-ray Observatory image shows Sirius B outshining its bright partner as it is a brighter X-ray source.[78]

 Sirius A
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An artist's impression of Sirius A and Sirius B. Sirius A is the larger of the two stars.





Sirius A has a mass double that of the Sun.[7][79] The radius of this star has been measured by an astronomical interferometer, giving an estimated angular diameter of 5.936±0.016 mas. The projected rotational velocity is a relatively low 16 km/s,[10] which does not produce any significant flattening of its disk.[80] This is at marked variance with the similar-sized Vega, which rotates at a much faster 274 km/s and bulges prominently around its equator.[81] A weak magnetic field has been detected on the surface of Sirius A.[82]

Stellar models suggest that the star formed during the collapsing of a molecular cloud, and that after 10 million years, its internal energy generation was derived entirely from nuclear reactions. The core became convective and utilized the CNO cycle for energy generation.[80] It is predicted that Sirius A will have completely exhausted the store of hydrogen at its core within a billion (109) years of its formation. At this point it will pass through a red giant stage, then settle down to become a white dwarf.

Sirius A is classed as an Am star because the spectrum shows deep metallic absorption lines,[83] indicating an enhancement in elements heavier than helium, such as iron.[74][80] When compared to the Sun, the proportion of iron in the atmosphere of Sirius A relative to hydrogen is given by [image: \begin{smallmatrix}[\frac{Fe}{H}]=0.5\end{smallmatrix}],[9] which is equivalent to 100.5, meaning it has 316% of the proportion of iron in the Sun's atmosphere. The high surface content of metallic elements is unlikely to be true of the entire star, rather the iron-peak and heavy metals are radiatively levitated towards the surface.[80]

 Sirius B
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The orbit of Sirius B around A as seen from Earth (slanted ellipse). The wide horizontal ellipse shows the true shape of the orbit (with an arbitrary orientation) as it would appear if viewed straight on.





With a mass nearly equal to the Sun's, Sirius B is one of the more massive white dwarfs known (0.98 solar masses[84]); it is almost double the 0.5–0.6 solar-mass average. Yet that same mass is packed into a volume roughly equal to the Earth's.[84] The current surface temperature is 25,200 K.[7] However, because there is no internal heat source, Sirius B will steadily cool as the remaining heat is radiated into space over a period of more than two billion years.[85]

A white dwarf forms only after the star has evolved from the main sequence and then passed through a red-giant stage. This occurred when Sirius B was less than half its current age, around 120 million years ago. The original star had an estimated 5 solar masses[7] and was a B-type star (roughly B4–5)[86][87] when it still was on the main sequence. While it passed through the red giant stage, Sirius B may have enriched the metallicity of its companion.

This star is primarily composed of a carbon–oxygen mixture that was generated by helium fusion in the progenitor star.[7] This is overlaid by an envelope of lighter elements, with the materials segregated by mass because of the high surface gravity.[88] Hence the outer atmosphere of Sirius B is now almost pure hydrogen—the element with the lowest mass—and no other elements are seen in its spectrum.[89]

 Sirius star cluster

In 1909, Ejnar Hertzsprung was the first to suggest that Sirius was a member of the Ursa Major Moving Group, based on his observations of the system's movements across the sky. The Ursa Major Group is a set of 220 stars that share a common motion through space and were once formed as members of an open cluster, which has since become gravitationally unbound.[90] However, analyses in 2003 and 2005 found Sirius's membership in the group to be questionable: the Ursa Major Group has an estimated age of 500±100 million years, whereas Sirius, with metallicity similar to the Sun's, has an age that is only half this, making it too young to belong to the group.[7][91][92] Sirius may instead be a member of the proposed Sirius Supercluster, along with other scattered stars such as Beta Aurigae, Alpha Coronae Borealis, Beta Crateris, Beta Eridani and Beta Serpentis.[93] This is one of three large clusters located within 500 light-years (150 pc) of the Sun. The other two are the Hyades and the Pleiades, and each of these clusters consists of hundreds of stars.[94]

 Etymology and cultural significance

See also: Winter triangle

The most commonly used proper name of this star comes from the Latin Sīrius, from the Ancient Greek Σείριος (Seirios, "glowing" or "scorcher"),[95] although the Greek word itself may have been imported from elsewhere before the Archaic period,[96] one authority suggesting a link with the Egyptian god Osiris.[97] The name's earliest recorded use dates from the 7th century BC in Hesiod's poetic work Works and Days.[96] Sirius has over 50 other designations and names attached to it.[65] In Geoffrey Chaucer's essay Treatise on the Astrolabe, it bears the name Alhabor, and is depicted by a hound's head. This name is widely used on medieval astrolabes from Western Europe.[13] In Sanskrit it is known as Mrgavyadha "deer hunter", or Lubdhaka "hunter". As Mrgavyadha, the star represents Rudra (Shiva).[98][99] The star is referred as Makarajyoti in Malayalam and has religious significance to the pilgrim center Sabarimala.[citation needed] In Scandinavia, the star has been known as Lokabrenna ("burning done by Loki", or "Loki's torch").[100] In the astrology of the Middle Ages, Sirius was a Behenian fixed star,[101] associated with beryl and juniper. Its astrological symbol [image: Sirius - Agrippa.png] was listed by Heinrich Cornelius Agrippa.[102]

Many cultures have historically attached special significance to Sirius, particularly in relation to dogs. Indeed, it is often colloquially called the "Dog Star" as the brightest star of Canis Major, the "Great Dog" constellation.

It was classically depicted as Orion's dog. The Ancient Greeks thought that Sirius's emanations could affect dogs adversely, making them behave abnormally during the "dog days," the hottest days of the summer. The Romans knew these days as dies caniculares, and the star Sirius was called Canicula, "little dog." The excessive panting of dogs in hot weather was thought to place them at risk of desiccation and disease. In extreme cases, a foaming dog might have rabies, which could infect and kill humans whom they had bitten.[25] Homer, in the Iliad, describes the approach of Achilles toward Troy in these words:




Sirius rises late in the dark, liquid sky

On summer nights, star of stars,

Orion's Dog they call it, brightest

Of all, but an evil portent, bringing heat

And fevers to suffering humanity.[103]







In Iranian mythology, especially in Persian mythology and in Zoroastrianism, the ancient religion of Persia, Sirius appears as Tishtrya and is revered as the rain-maker divinity (Tishtar of New Persian poetry). Beside passages in the sacred texts of the Avesta, the Avestan language Tishtrya followed by the version Tir in Middle and New Persian is also depicted in the Persian epic Shahnameh of Ferdowsi. Due to the concept of the yazatas, powers which are "worthy of worship", Tishtrya is a divinity of rain and fertility and an antagonist of apaosha, the demon of drought. In this struggle, Tishtrya is beautifully depicted as a white horse.[104][105][106][107]

In Chinese astronomy the star is known as the star of the "celestial wolf" (Chinese and Japanese: 天狼; ; Chinese romanization: Tiānláng; Japanese romanization: Tenrō;[108] in the Mansion of Jǐng (井宿). Farther afield, many nations among the indigenous peoples of North America also associated Sirius with canines; the Seri and Tohono O'odham of the southwest note the star as a dog that follows mountain sheep, while the Blackfoot called it "Dog-face". The Cherokee paired Sirius with Antares as a dog-star guardian of either end of the "Path of Souls". The Pawnee of Nebraska had several associations; the Wolf (Skidi) tribe knew it as the "Wolf Star", while other branches knew it as the "Coyote Star". Further north, the Alaskan Inuit of the Bering Strait called it "Moon Dog".[109]

Several cultures also associated the star with a bow and arrows. The Ancient Chinese visualized a large bow and arrow across the southern sky, formed by the constellations of Puppis and Canis Major. In this, the arrow tip is pointed at the wolf Sirius. A similar association is depicted at the Temple of Hathor in Dendera, where the goddess Satet has drawn her arrow at Hathor (Sirius). Known as "Tir", the star was portrayed as the arrow itself in later Persian culture.[110]

Sirius is mentioned in Surah, An-Najm ("The Star"), of the Qur'an, where it is given the name الشِّعْرَى (transliteration: aš-ši‘rā or ash-shira; the leader).[111] The verse is: "وأنَّهُ هُوَ رَبُّ الشِّعْرَى", "That He is the Lord of Sirius (the Mighty Star)." (An-Najm:49)[112] Ibn Kathir said in his commentary "Ibn 'Abbas, Mujahid, Qatada and Ibn Zayd said about Ash-Shi`ra that it is the bright star, named Mirzam Al-Jawza' (Sirius), which a group of Arabs used to worship."[113] The alternate name Aschere, used by Johann Bayer, is derived from this.[12]

In Theosophy, it is believed the Seven Stars of the Pleiades transmit the spiritual energy of the Seven Rays from the Galactic Logos to the Seven Stars of the Great Bear, then to Sirius. From there is it sent via the Sun to the god of Earth (Sanat Kumara), and finally through the seven Masters of the Seven Rays to the human race.[114]

 Dogon

See also: Nommo

The Dogon people are an ethnic group in Mali, West Africa, reported to have traditional astronomical knowledge about Sirius that would normally be considered impossible without the use of telescopes. According to Marcel Griaule's books Conversations with Ogotemmêli and The Pale Fox they knew about the fifty-year orbital period of Sirius and its companion prior to western astronomers. They also refer to a third star accompanying Sirius A and B. Robert Temple's 1976 book The Sirius Mystery, credits them with knowledge of the four Galilean moons of Jupiter and the rings of Saturn. This has been the subject of controversy and speculation. According to a 1978 Skeptical Inquirer article it is possibly the result of cultural contamination.[115] Some have suggested the contaminators to have been the ethnographers themselves.[116][117] Others see this explanation as being too simplistic.[118]
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Yoonir, symbol of the Universe in Serer religion.[119][120]





 Serer religion

Main articles: Serer religion and Saltigue

In the religion of the Serer people of Senegal, the Gambia and Mauritania, Sirius is called Yoonir from the Serer language (and some of the Cangin language speakers, who are all ethnically Serers). The star Sirius is one of the most important and sacred stars in Serer religious cosmology and symbolism. The Serer high priests and priestesses, (Saltigues, the hereditary "rain priests"[121]) chart Yoonir in order to forecast rain fall and enable Serer farmers to start planting seeds. In Serer religious cosmology, it is the symbol of the universe.[119][120]

 Modern legacy

See also: Sirius in fiction

Sirius is frequently a subject used in science fiction and related popular culture,[122] and has been the subject of poetry.[123] Dante and John Milton reference the star, while Tennyson's poem The Princess wonderfully describes the star's scintillation:




..the fiery Sirius alters hue

And bickers into red and emerald.[124]







Sirius is featured on the coat of arms of Macquarie University, and is the name of its alumnae journal.[125] The name of the North American satellite radio company, Satellite CD Radio, Inc., was changed to Sirius Satellite Radio in November 1999, being named after "the brightest star in the night sky".[126] Composer Karlheinz Stockhausen has been claimed to have said on several occasions that he came from a planet in the Sirius system.[127][128] Astronomer Noah Brosch has speculated that the name of the character Sirius Black from the Harry Potter stories, who owns a unique ability to transform into a black dog, might have been inspired by "Sirius B".[123]

Sirius is one of the 27 stars on the flag of Brazil, where it represents the state of Mato Grosso.[129]

Seven ships of Great Britain's Royal Navy have been called HMS Sirius since the 18th century, with the first being the flagship of the First Fleet to Australia in 1788.[130] The Royal Australian Navy subsequently named a vessel HMAS Sirius in honor of the flagship.[131] American vessels include the USNS Sirius as well as a monoplane model—the Lockheed Sirius, the first of which was flown by Charles Lindbergh.[132] The name was also adopted by Mitsubishi Motors for the Mitsubishi Sirius engine in 1980.[133]

 See also
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 Notes



	^ a b c d Astrometric data, mirrored by SIMBAD from the Hipparcos catalogue, pertains to the center of mass of the Sirius system. See §2.3.4, Volume 1, The Hipparcos and Tycho Catalogues, European Space Agency, 1997, and the entry for Sirius in the Hipparcos catalogue (CDS ID I/239.)

	^ For apparent magnitude m and parallax π, the absolute magnitude Mv of Sirius A is given by:

	[image: \begin{smallmatrix}M_v\ =\ m + 5 (\log_{10} {\pi} + 1)\ =\ -1.47 + 5 (\log_{10}{0.37921} + 1)\ =\ 1.42\end{smallmatrix}]



See: Tayler, Roger John (1994). The Stars: Their Structure and Evolution. Cambridge University Press. p. 16. ISBN 0-521-45885-4. 

	^ Bolometric luminosity of Sirius B calculated from L=4πR2σTeff4. (This simplifies to Ls=(Rs)^2*(Ts)^4, where Ls, Rs and Ts are Luminosity, Radius and Temperature all relative to solar values) See: Tayler, Roger John (1994). The Stars: Their Structure and Evolution. Cambridge University Press. p. 16. ISBN 0-521-45885-4. 

	^ Two full 50.09-year orbits following the periastron epoch of 1894.13 gives a date of 1994.31.

	^ 1 light year = 63,241 AU; semi-major axis = distance × tan(subtended angle) = 8.6 × 63,241 × tan(7.56″) = 19.9 A.U., approximately
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