SOLAR SAILS


1. INTRODUCTION
A solar sail is a very large mirror that reflects sunlight. As the photons of sunlight strike the sail and bounce off, they gently push the sail along by transferring momentum to the sail. Because there are so many photons from sunlight, and because they are constantly hitting the sail, there is a constant pressure (force per unit area) exerted on the sail that produces a constant acceleration of the spacecraft. Although the force on a solar-sail spacecraft is less than a conventional chemical rocket, such as the space shuttle, the solar-sail spacecraft constantly accelerates over time and achieves a greater velocity. It's like comparing the effects of a gust of wind versus a steady, gentle breeze on a dandelion seed floating in the air. Although the gust of wind (rocket engine) initially pushes the seed with greater force, it dies quickly and the seed coasts only so far. In contrast, the breeze weakly pushes the seed during a longer period of time, and the seed travels farther. Solar sails enable spacecraft to move within the solar system and between stars without bulky rocket engines and enormous amounts of fuel. 
A solar sail is made up of a reflective surface, or several surfaces, depending on the sail’s design. When the bright sails face the Sun directly, they are subjected to a steady barrage of photons that reflect off the shiny surfaces and impel the spacecraft forward, away from the Sun. By changing the angle of the sail relative the Sun it is possible to affect the direction in which the sail is propelled – just as a sailboat changes the angle of its sails to affect its course. It is even possible to direct the spacecraft towards the Sun, rather than away from it, by using the photon’s pressure on the sails to slow down the spacecraft’s speed and bring its orbit closer to the Sun.
In order for sunlight to provide sufficient pressure to propel a spacecraft forward, a solar sail must capture as much Sunlight as possible. This means that the surface of the sail must be big – very big. Cosmos 1 is a small solar sail intended only for a short mission. Nevertheless, once it spreads its sails even this small spacecraft will be 10 stories tall, as high as the rocket that will launch it. Its eight triangular blades are 15 meters (49 feet) in length, and have a total surface area of 600 square meters (6500 square feet). This is about one and a half times the size of a basketball court. 
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Figure 1. Fractionation of Solar Sails. (a) A NASA 20-m four-quadrant solar sail fully deployed in testing. This solar sail is comprised of four smaller sails, making the handling, deployment, and control of the finished product much more manageable than a single, large sail of the same size. Image courtesy of NASA. (b) A conceptual depiction of a particulate solar sail, where the sail material is divided into much smaller components, further reducing the difficulties in manufacturing and launching of the sail while offering increased robustness and novel opportunities.
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Solar sail spacecraft

1.1Solar Sail History

The idea of “sailing” through space has been around for years. NASA considered the use of solar sails in the 1970s as a potential propulsion system for performing a rendezvous with Comet Halley dur​ing its 1986 flyby of Earth. Lightweight technologies such as “sails” were not mature enough at that time and the mission was deemed unfeasible. However, as more and more advances in design and con​struction of the large solar sails and their hardware systems were made in the 1980s and 1990s, the viability of the technology increased.

Solar sail propulsion uses sunlight to propel vehicles through space, much the way wind pushes sailboats across water. The technology uses solar photons—sunlight—which are reflected off giant, mirror-like sails made of lightweight, reflective material 40 to 100 times thinner than a piece of writing paper. The continuous photonic pressure provides enough thrust to perform maneuvers, such as hovering at a fixed point in space and rotat​ing the space vehicle’s plane of orbit, which would require too much propellant for conventional rocket systems. Because the Sun supplies the neces​sary propulsive energy, solar sails also require no onboard propellant, thus reducing payload mass. 

1.2 Solar Sail Missions
Solar sail propulsion is a leading candidate for missions that require a space vehicle to complete a large variety of maneuvers, such as changing orbital elements or orientation, hovering at a fixed point, or for missions that require constant vehicle thrust to achieve science objectives. These propulsion technology systems eventually could lead to missions to study the Sun and its heliosphere the magnetized bubble of plasma around the Sun—that are impossible using today’s technology.
2. CHARACTERISTICS OF A SOLAR SAIL 
For a solar sail to be a practical way of propelling a spacecraft, it must have the following characteristics: 

· Large area - It must collect as much sunlight as possible, because the larger the area, the greater the force of sunlight. 

· Light weight - The sail must be thin and have a minimal mass, because the more mass, the less acceleration that sunlight imparts to the sail. 

· Durable and temperature resistant - It must withstand the temperature changes, charged particles and micrometeoroid hazards of outer space. 

To meet these characteristics, most solar sails are made of thin, metal-coated, durable plastics such as Mylar or Kapton. For example, the solar sail of Cosmos-1 is made of aluminum-coated Mylar, has a thickness of 0.0002 inches or 5 microns (ordinary Saran Wrap is about 0.001 inches or 25 microns thick) and an area of 6,415 square feet (600 square meters).
3. PRINCIPLE OF SOLAR SAIL

The fundamental principle of solar sailing is illustrated in Figure 3. If the solar sail is a perfect reflector, the combined impulse of the incident and reflected photons produce a resulting force on the solar sail that is nearly normal to the plane of the sail. By orienting the sail such that the resulting force opposes the motion of the spacecraft’s orbit, the sail

causes the spacecraft to lose orbital angular momentum and spiral inwards towards the attracting body. On the other hand, if the resulting force vector is aligned such that the net force is increasing the orbital angular momentum, the orbit’s energy grows, and the spacecraft spirals out from the sun. Changing the angle of the sail’s surface normal relative to the sun can thus actuate the solar sail’s orbit in a desired manner
[image: image3.emf]
Figure 3. The Basic Principle Behind Solar Sailing.

The reflective nature of the sails is key. As photons (light particles) bounce off the reflective material, they gently push the sail along by transferring momentum to the sail. Because there are so many photons from sunlight, and because they are constantly hitting the sail, there is a constant pressure (force per unit area) exerted on the sail that produces a constant acceleration of the spacecraft. Although the force on a solar-sail spacecraft is less than a conventional chemical rocket, such as the space shuttle, the solar-sail spacecraft constantly accelerates over time and achieves a greater velocity. 

A solar sail-powered spacecraft does not need traditional propellant for power, because its propellant is sunlight and the sun is its engine. Light is composed of electromagnetic radiation that exerts force on objects it comes in contact with.
 NASA researchers have found that at 1 astronomical unit (AU), which is the distance from the sun to Earth, equal to 93 million miles (150 million km), sunlight can produce about 1.4 kilowatts (kw) of power. If you take 1.4 kw and divide it by the speed of light, you would find that the force exerted by the sun is about 9 newtons (N)/square mile (i.e., 2 lb/km2 or .78 lb/mi2). In comparison, a space shuttle main engine can produce 1.67 million N of force during liftoff and 2.1 million N of thrust in a vacuum. Eventually, however, the continuous force of the sunlight on a solar sail could propel a spacecraft to speeds five times faster than traditional rockets
4. TYPES OF SOLAR SAIL
The sail itself would vary in size from tens of meters up to 1000 meters in diameter, depending on its mission destination, and typically would be shaped like a square. It would be compactly stored—to about the size of a suitcase—and stowed for launch. Once deployed, the sails would be supported by ultra-lightweight trusses.

Solar sails are composed of flat, smooth material covered with a reflective coating and supported by lightweight structures attached to a central hub. Near-term sails likely will use aluminized Mylar—a strong, thin polyester film—or CP-1, a space-rated insulating material. Both are proven materials previously flown in space. More robust sails might use a meshwork of interlocking carbon fibers.
Solar sails come in three major designs: 
· Square sail 
· Heliogyro sail  
· Disc sail 
4.1 SQUARE SAIL

NASA is concentrating its development effort on the three-axis stabilized, square sail (fig.4.1). This sail looks much like a kite and uses a rigid structure to extend and suspend the sail material in space to catch sunlight. Four booms extend from a central hub that houses the four sail quadrants during launch.

These booms are made of fiber-reinforced composite shell, much like an inflatable tube, or graphite rods assembled in a truss—a structural frame that provides support—which are lightweight yet stiff and weigh less than an ounce per foot. The sail orientation and resulting thrust vector—the direction in which the force is applied—is controlled by imposing a torque, a twisting motion or rotation, on the sail. This is done either by using control vanes—miniature sails—or by offsetting the center of the structure’s mass from the center of solar pressure—much like the effect of pushing on a revolving door
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Figure 4.1: Concept design of 3-axis stabilized square solar sail system.

4.2 HELIOGYRO SAIL  

Heliogyro sails (fig. 4.2) are composed of several vanes, extending directly from a central hub that “rolls out” because of the spinning motion of the craft. A sail configuration with a similar principle is the heliogyro. Its appearance is more radical than square or

circular sails, using long blades of sail material radiating from a central hub. Spinning the spacecraft causes tension in the blades through centrifugal force. This configuration

requires minimal supporting structure and has the additional advantage of a conceptually simple deployment mechanism. The blades of a heliogyro can be rolled-up for stowage then deployed by spinning the spacecraft and using centrifugal force to unroll the blades. A disadvantage of the heliogyro is the difficulty of controlling a large spinning spacecraft with long flexible blades of material. Controlling gyroscopic forces is a significant challenge for this configuration.
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Figure 4.2: Concept design of heliogyro solar sail system.
4.3 DISC SAIL 
Circular in shape, spinning disc sails (fig. 4.3) are connected to a structure composed of interlocking masts and booms which surround and connect to a craft. The disc sail  is a development of the circular sail that dispenses with the compressive hoop. Instead, it uses centrifugal force to keep the disc-shaped sail in tension by spinning the spacecraft in the plane of the sail. This configuration has the advantage that it needs a minimal support structure. However, a disadvantage of this design is the difficulty of controlling a spinning spacecraft. An additional challenge is the problem of packing and deploying the disc.
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Figure 4.3: Concept design of spinning disc solar sail system
4.4 COSMOS-1 SPACECRAFT DESIGN
Cosmos-1 has a solar sail that is a cross between a square sail and a heliogyro sail. It is a rounded solar sail that is divided into eight triangular blades with inflatable booms for support. The sail does not have to be rotated for stability. The first solar-sail spacecraft, called Cosmos-1, has been developed, built and tested by The Planetary Society, a private, non-profit organization whose goal is to encourage the exploration of our solar system. The Planetary Society contracted a Russian space organization, the Babakin Space Center, to build, launch and operate the spacecraft. The cost of the project is about $4-million and is funded by Cosmos Studios, a new science-based media company.
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The spacecraft itself weighs 88 lb (40 kg) and can sit on a tabletop. After a first-phase test launch, the spacecraft will be launched into Earth orbit -- 522 mi (840 km) perigee and 528 mi (850 km) apogee. 
The spacecraft systems include: 
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· Solar sail 

· made of aluminized Mylar 

· thickness of 0.0002 inches (5 microns) 

· area of 6,415 square feet (600 square meters) 

· arranged in eight triangular blades: 

· each about 49 ft (15 m) long                                                              One solar-sail blade
· consist of inflatable plastic tubes that support the sail (a foam may be used inside the tubes to hold them rigid once inflated) 

· can be pivoted (like a helicopter blade) by electric motors to change its angle relative to the sun 

· Solar-sail deployment - A pressurized gas-filling system inflates the plastic tubes. [image: image9.png]



· . Power - A small array of solar cells supplies all of the electrical power. 

· Navigation - It is essential for the spacecraft to know where it is and where the sun is at all times. 

1. A sensor detects the position of the sun. 

2. A global positioning system (GPS) receiver detects the spacecraft's position. (From the ground, the spacecraft orbit will be determined from Doppler tracking data with the aid of on-board accelerometers, which we'll discuss later.) 

3. The information from the sun sensor and the GPS receiver are continuously relayed to the spacecraft's on-board computer. 

4. The on-board computer operate the motors that turn the sail blades to maintain the proper orientation of the sail blades with respect to the sun. 

5. The on-board computer can accept corrections or override commands from the ground. 

· Communications - Redundant radio systems are used to communicate with flight controllers on the ground. 

· one UHF band, 400 megahertz 

· one S-band, 2210 MHz 

· On-board computer 

· Two 386EX series microprocessors 

· old, but reliable in the harsh environment of outer space 

· can be run in low-power modes, similar to laptop computers 

· programmed to operate the on-board systems, relay information to the ground and receive commands from the ground 

· A software program assigns tasks to each microprocessor based on workload and performance (speed, delay). 

· Each processor has its own small amount of read-only memory (ROM) -- enough to boot the computer and load the operating system into random-access memory (RAM). 

· Three re-writable ROMs contain the operating systems and programs. The copies of ROM are checked before use for errors caused by radiation in outer space. 

· Three RAMs are present to receive the operating system. Again, the integrity of each RAM is checked for errors before loading. 

· The ROM architecture allows programmers on the ground to update and re-boot the spacecraft's software at any time. It also allows the spacecraft to function in the case of severe radiation damage. 

· Data are stored in two separate databases connected by serial and parallel systems. 

· Instruments 

· Two on-board imaging cameras (Russian and American) to document the mission 

· On-board accelerometers to measure the acceleration of the spacecraft due to sunlight pressure (non-gravitational acceleration) 

5. WORKING OF SOLAR SAIL

A solar sail is a spacecraft with a large, lightweight mirror attached to it that moves by being pushed by light reflecting off of the mirror instead of rockets. 

When the light from the Sun reflects off the surface of the solar sail, the energy and momentum of light particles known as "photons" is transferred to the sail. This gives the sail a "push" that accelerates it through space. Although the acceleration is very slight, it is also continuous, enabling the sail to reach very high speeds in a relatively short time. The direction of the push is controlled by the angle of the sail with respect to the Sun, adding to or subtracting from the orbital velocity.
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Picture above is a simple example of how a solar sail works.
A solar sail, simply put, is a spacecraft propelled by sunlight. Whereas a conventional rocket is propelled by the thrust produced by its internal engine burn, a solar sail is pushed forward simply by light from the Sun. This is possible because light is made up of packets of energy known as “photons,” that act like atomic particles, but with more energy. When a beam of light is pointed at a bright mirror-like surface, its photons reflect right back, just like a ball bouncing off a wall. In the process the photons transmit their momentum to the surface twice – once by the initial impact, and again by reflecting back from it. Ever so slightly, propelled by a steady stream of reflecting photons, the bright surface is pushed forward. 

A solar sail is made up of just such a reflective surface, or several surfaces, depending on the sail’s design. When the bright sails face the Sun directly, they are subjected to a steady barrage of photons that reflect off the shiny surfaces and impel the spacecraft forward, away from the Sun. By changing the angle of the sail relative the Sun it is possible to affect the direction in which the sail is propelled – just as a sailboat changes the angle of its sails to affect its course. It is even possible to direct the spacecraft towards the Sun, rather than away from it, by using the photon’s pressure on the sails to slow down the spacecraft’s speed and bring its orbit closer to the Sun.

5.1 How does light push a solar sail?
Photons, which are "particles" of light, bounce off the reflective material of the sail. (Newton's Third Law of Motion states that for every action there is an equal and opposite reaction.) The reaction here causes a change in momentum, pushing the sail and accelerating the spacecraft. A photon reflecting off the mirror-like surface of a solar sail gives the sail a double kick -- a push equal to twice the photon's momentum (one push from the sail stopping the photon and one from it reflecting the photon and accelerating it away).

5.2 TACKING OF SOLAR SAILS


As every sailor knows, to tack or beat a sailboat is to sail the boat at an angle into the wind. Solar sails can do their own form of tacking by using the force of sunlight pushing out from the sun to actually move closer the sun. 
Spacecraft, including solar sails, travel around the sun in orbits. A spacecraft that is propelled by a rocket can shrink its orbit, and thus move closer to the sun, by thrusting the rocket in the opposite direction as the spacecraft's motion. Similarly, if a solar sail can produce thrust in the opposite direction as the spacecraft's motion, its orbit will also shrink. By producing thrust in the same direction as the spacecraft's motion, the orbit will expand, and the spacecraft will move farther away from the sun. 

A rocket can thrust opposite its motion by pointing the rocket engine forward along the path of its motion. This produces a force from the rocket engine that is in the opposite direction as the spacecraft's motion. 

Solar sails are more complex. The force produced by sunlight on a solar sail is the addition of the forces from the incoming sunlight and the reflected sunlight. This force always points away from the sun, and is at an angle that is close to a right angle to the surface of the sail. If this force is angled back along the solar sail's path, the spacecraft's orbit will start to shrink, bringing it closer to the sun. If the force is angled forward along the spacecraft's path, the orbit will grow and the solar sail will head farther from the sun. 

This is the general idea behind "tacking into the sun" for solar sails. In real practice, the behavior of a solar sail is more complicated because sunlight pushes not only along the spacecraft's orbit, but also straight out from the sun. These effects are beyond the scope of this document, however. 
5.3 RELATIVISTIC NAVIGATION NEEDED IN SOLAR SAILS

A decent-size solar sail could accelerate out of the solar system in no time, and this raises new challenges for navigators. 

If we're ever going to travel a significant distance from Earth, we're going to have to break our dependence on chemical propulsion systems. It's just not possible to carry enough chemical propellant to get up to a decent trot. 
An alternative is a solar sail, which uses the force of solar radiation pressure to accelerate. By one calculation, a solar sail with a radius of about a kilometer and a mass of 300 kg (including 150 kg of payload) would have a peak acceleration of about 0.6 g if released on a parabolic trajectory about 0.1 astronomical unit (AU) from the sun (where the radiation pressure is higher). 

That kind of acceleration would take it beyond the Kuiper belt to the heliopause, the boundary between the solar system and interstellar space (and a distance of 200 AU), in only 2.5 years. 

In 30 years, a solar sail could travel 2,500 AU, far enough to explore the Oort Cloud. 

But such a journey may not be smooth sailing, particularly when it comes to navigation, say Roman Kezerashvili and Justin Vazquez-Poritz, physicists at the City University of New York. They claim that ordinary Newtonian physics just doesn't cut it for this kind of journey.

The problem is that the sail would have to be launched so close to the sun that the effects of general relativity, such as the precession of the perihelion of orbiting objects, have to be taken into account. And even though those effects are relatively minor to start with, they have a significant effect over long distances. 

The calculations carried out by Kezerashvili and Vazquez-Poritz show that the effects of general relativity could push a solar sail off course by as much as a million kilometers by the time it reaches the Oort Cloud and that even tiny relativistic forces such as frame dragging could cause a deflection of 1,000 kilometers
6. SOLAR SAIL MATERIALS
The material developed for the efficient Drexler solar sail was a thin mesh of aluminium with holes less than one half the wavelength of most light. Nanometer-sized "antennas" would emit heat energy as infrared. Although Drexler created samples, they were too fragile to unfold or unroll with known technology.

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.
 In 2000, Energy Science Laboratories developed a new carbon fiber material which might be useful for solar sails. 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,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,and Energy Science Laboratories' new carbon fiber material masses 3 g/m².
7. ADVANTAGES

· Since the solar photon flow is constantly present in the solar system, a spacecraft equipped with a sail undergoes a continuous thrust that allows it to reach any destination.
· The great advantage of a solar sail is that it requires no fuel.
· Solar sails give a very low thrust, but they can work continuously, pushing spacecraft faster and faster.
· A solar sail can, in time, move the spacecraft even faster than a chemical rocket.
· There is no need for the expenditure of on-board propellant during interplanetary travel.

· As is the case with terrestrial sailboats, space sailcraft require some device that can control the orientation of the sail.

· As is the case with terrestrial sailboats, interplanetary sailcraft can be fully reusable.

· There is no need to build a staged sailcraft (unless one wants to accomplish some very special missions).

· Also, depending on how good we are in navigating, flight times for certain missions can be decreased significantly with respect to those obtainable by rockets
· For a round trip solar sails have great advantage since no fuel is needed for the return.
· As for traveling the greater distances necessary to reach the stars, solar-sail spacecraft, which have gradual but constant acceleration, can achieve greater velocities than conventional chemical rockets and so can span the distance in less time.
· Solar-sail technology will make interstellar flights and shuttling between planets less expensive and therefore more practical than conventional chemical rockets
8. LIMITATIONS OF SOLAR SAILS
· Solar sails don't work well, if at all, in low Earth orbit below about 800 km altitude due to erosion or air drag. Above that altitude they give very small accelerations that take months to build up to useful speeds. Solar sails have to be physically large, and payload size is often small. Deploying solar sails is also highly challenging to date.

· Solar sails must face the sun to decelerate. Therefore, on trips away from the sun, they must arrange to loop behind the outer planet, and decelerate into the sunlight.

· There is a common misunderstanding that solar sails cannot go towards their light source. This is false. In particular, sails can go toward the sun by thrusting against their orbital motion. This reduces the energy of their orbit, spiraling the sail toward the sun.

· Solar sails give a very low thrust.

· Solar sail spacecraft accelerate gradually, unlike conventional chemical rockets, which offer extremely quick acceleration. So for a fast trip to Mars, a solar-sail spacecraft offers no advantage over a conventional chemical rocket.
· the acceleration diminishes due to an increasing distance from the Sun
9. APPLICATIONS

The 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.

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.

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.

9.1 TRAJECTORY CORRECTIONS
The MESSENGER probe en route to Mercury is using light pressure reacting against its solar panels to perform fine trajectory corrections. By changing the angle of the solar panels relative to the sun, the amount of solar radiation pressure can be varied to adjust the spacecraft trajectory more delicately than is possible with thrusters. Minor errors are greatly amplified by gravity assist maneuvers, so very small corrections before lead to large savings in propellant afterward.

9.2 INTERSTELLAR FLIGHTS
In 1980s, 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.

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 continuously operate for years at gigawatt strength. Second, they would demand more energy than the Earth currently consumes. Third, Forward's own solution to the electrical problem requires enormous solar panel arrays to be built at or near the planet Mercury. Fourth, 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. Fifth, 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 "Star wisp" interstellar probe design would use a maser to drive it. Masers spread out more rapidly than optical lasers thanks 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. 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. 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.

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 endeavour 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.

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. Once it was too far away from the star to keep using its light the ship would still continue on its journey using the physics of Newton's Laws of Motion that a moving object will continue at the same velocity unless a force acts upon it. That opposite force would be the target star which when the ship approaches it, would turn the sails toward it and begin to orbit inward to decellerate. Additional forward and reverse thrust could be achieved with more conventional means of propulsion such as rockets

10. CONCLUSION
The major advantage of a solar-sail spacecraft is its ability to travel between the planets and to the stars without carrying fuel. Solar-sail spacecraft need only a conventional launch vehicle to get into Earth orbit, where the solar sails can be deployed and the spacecraft sent on its way. These spacecraft accelerate gradually, unlike conventional chemical rockets, which offer extremely quick acceleration. So for a fast trip to Mars, a solar-sail spacecraft offers no advantage over a conventional chemical rocket. However, if you need to carry a large payload to Mars and you're not in a hurry, a solar-sail spacecraft is ideal. As for traveling the greater distances necessary to reach the stars, solar-sail spacecraft, which have gradual but constant acceleration, can achieve greater velocities than conventional chemical rockets and so can span the distance in less time. Ultimately, solar-sail technology will make interstellar flights and shuttling between planets less expensive and therefore more practical than conventional chemical rockets.

International space agencies and some private corporations have proposed many methods of transportation that would allow us to go farther, but a manned space mission has yet to go beyond the moon. The most realistic of these space transportation options calls for the elimination of both rocket fuel and rocket engines -- replacing them with sails.
Solar sail technology will eventually play a key role in long-distance NASA missions. But just how far will these solar sails be able to take us and how fast will they get us there? 

As we found out in the last section, solar sails would not initially be driven by the amount of force that is used to launch the space shuttle. NASA believes that the exploration of space is similar to the tale of the "Tortoise and the Hare," with rocket-propelled spacecraft being the hare. In this race, the rocket-propelled spacecraft will quickly jump out, moving quickly toward its destination. On the other hand, a rocketless spacecraft powered by a solar sail would begin its journey at a slow but steady pace, gradually picking up speed as the sun continues to exert force upon it. Sooner or later, no matter how fast it goes, the rocket ship will run out of power. In contrast, the solar sail craft has an endless supply of power from the sun. Additionally, the solar sail could potentially return to Earth, whereas the rocket powered vehicle would not have any propellant to bring it back. 

As it continues to be pushed by sunlight, the solar sail-propelled vehicle will build up speeds that rocket powered vehicles would never be able to achieve. Such a vehicle would eventually travel at about 56 mi/sec (90 km/sec), which would be more than 200,000 mph (324,000 kph). That speed is about 10 times faster than the space shuttle's orbital speed of 5 mi/sec (8 km/sec). To give you an idea how fast that is, you could travel from New York to Los Angeles in less than a minute with a solar sail vehicle traveling at top speed. 

If NASA were to launch an interstellar probe powered by solar sails, it would take only eight years for it to catch the Voyager 1 spacecraft (the most distant spacecraft from Earth), which has been traveling for more than 20 years. By adding a laser or magnetic beam transmitter, NASA said it could push speeds to 18,600 mi/sec (30,000 km/sec), which is one-tenth the speed of light. At those speeds, interstellar travel would be an almost certainty.
11. REFERENCES
1. www.howstuffworks.com
2. www.google.com
3. www.wikiapedia.com
4. www.spacecraft.com
5. www.inspacepropulsion.com
6. www.physrog.com
PAGE  
DEPARTMENT OF MECHANICAL ENGINEERING                                                               

