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Abstract—Schemes have been suggested for transferring energy
from Earth-to-space, space-to-Earth, and space-to-space using
high-power microwave (HPM) beams. All use power beaming.
Microwave beams have been studied for propelling spacecraft
for launch to orbit, orbit raising, launch from orbit into interplanetary and interstellar space, and deployment of large space
structures. The microwave thermal rocket, called the “microwave
thermal thruster,” is a reusable single-stage vehicle that uses an
HPM beam to provide power to a heat-exchanger propulsion
system, with double the specific impulse of conventional rockets.
Orbital missions include orbit raising and space solar power.
Microwave-propelled sails are a new class of spacecraft that
promises to revolutionize future space probes. Experiments and
simulations have verified that sails riding beams can be stable on
the beam for conical sail shapes. Beam-driven sail flights have now
demonstrated the basic features of the beam-driven propulsion.
Beams can also carry angular momentum and communicate it to
a sail to help control it in flight. An early mission for microwave
space propulsion is dramatically shortening the time needed for
sails to escape Earth’s orbit. A number of missions for beamdriven sails have been quantified for high-velocity mapping of the
outer solar system, Kuiper Belt, the Heliopause, and the penultimate interstellar precursor mission. For large HPM systems at
fixed effective isotropic radiated power, minimum capital cost is
achieved when the cost is equally divided between antenna gain
and radiated power. This is a driver when considering design of
power-beaming systems such as interstellar Beacons, which the
Search for Extraterrestrial Intelligence is searching for. Much of
the technical means for these applications are already in hand.
Microwave and millimeter-wave array antennas are already in use
for astronomy; sources at high frequencies are being developed
for fusion and the military. Development of high-power arrays
is needed. A synergistic way to develop a space power-beaming
infrastructure is incremental buildup, addressing lower power
applications first, and then upgrading.
Index Terms—Microwave antenna arrays, microwave oscillators, microwave power amplifiers, microwave power transmission,
Search for Extraterrestrial Intelligence (SETI), space solar power
(SSP), space-vehicle propulsion.

Space applications use both continuous and pulsed beams of
microwaves, so they overlap technically many other applications, such as high-power microwave (HPM) weapons, which is
typically pulsed but also continuous [1, Ch. 3.2]. The technical
communities involved in space applications do not significantly
overlap the pulsed-power/plasma sciences communities, which
is a reason for this review. For HPM workers who want to
explore this developing area, the work appears in journals such
as Spacecraft and Rockets, Journal of the British Interplanetary
Society, and Proceedings of the Beamed Energy Propulsion
Symposia (AIP Conference).
The fundamental attraction of HPM for space is simple.
Microwaves can carry energy and momentum (both linear and
angular) over great distances with little loss. For the microwavefrequency region, total vertical attenuation through the atmosphere is 0.1–1 dB, with meaning loss of only 2%–20%.
Photons also lose a negligible energy when radiated out of
a potential well such as Earth’s due to a small gravitational
redshift. The current method is to use chemical fuels, which
must first be launched into orbit before being used. For low
Earth orbit (LEO), orbital velocity constitutes most of the
energy requirement, ∼30 MJ/kg. It is then burned, delivering
at most about 5 MJ/kg. Moreover, the remaining mass may
need to be deorbited so as not to contribute to buildup of
space debris, costing more energy, hence, more mass must
be orbited. LEO payload cost is around $5000/kg, so onorbit costs ($5000/kg)(kg/30 MJ) = $167/MJ. For comparison, electricity to drive a microwave source costs ∼$0.01/MJ.
Microwave energy is cheap. This four order of magnitude
difference means that energy in space is cheap if supplied
from electricity via microwaves. In the long term, economics
rules.

II. L AUNCH TO O RBIT

I. I NTRODUCTION

M
1)
2)
3)
4)
5)

ICROWAVE beams have been studied for space for a
variety of applications as follows [1]:
launch to orbit;
orbital missions, including orbit raising and space solar
power (SSP);
launch from orbit into interplanetary and interstellar
space;
deployment of large space structures;
Search for Extraterrestrial Intelligence (SETI) Beacons.
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Currently, payloads are launched into orbit the same way they
were 50 years ago, which is by chemical rockets. Expendable
multistage rockets usually achieve payload fractions of less than
5%, due partly to the structural limits of existing materials and
partly to the limited efficiency of chemical propellants. A rocket
of mass M and a velocity V changes its momentum change by
expelling a small amount of reaction mass at high velocity Ve .
When the fuel is spent so that the initial mass Mo is reduced to
a final mass Mf , the resulting change in rocket velocity
∆V = Ve ln Mo /M.

(1)

Since the natural logarithm increases very slowly with the mass
ratio, large mass ratios do not produce large ∆V . Another way
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Fig. 1. Ultralight beam-driven rocket [2].

to see this is
∆V
Mo
= e Ve
Mf

(2)

which means that to get the high velocities needed for orbit or
interplanetary probes with a single rocket is almost impossible,
because the rocket’s structural mass is too high relative to the
fuel mass. The structural economies made to preserve these
minute payload fractions result in fragile expensive-to-build
rockets. Despite 50 years of incremental rocket development,
better materials, novel propellants, and modestly improved
reliability have left the basic economics of launch unchanged
at a payload cost of around $5000/kg of orbited payload. This
makes space development and exploration very expensive. If
price can be lowered, an increase in demand great enough
to offset lower prices and increase the overall market size is
thought to exist only if the price point is below $1000/kg
(however, cost also depends on political factors: the standing
army used for limited-rate launches at present will resist displacement by cheaper methods). It is doubtful that conventional
chemical rocket launch will ever be able to reach such a price.
One description of efficiency of a rocket, how many seconds a
pound of fuel can produce a pound of thrust, is termed specific
impulse Isp . Chemical rockets typically have Isp ∼ 200−400 s.
Note that specific impulse is impulse per unit mass. Isp comes
has units of seconds only in English units, which are not
the standard for most professional astronautics publication. In
metric units, impulse per unit mass is identical to exhaust
velocity and is usually given in kilometers per second.
This led Benford et al. [2]–[4] to propose new HPM-based
launch schemes, which offer double the Isp than possible with
chemical systems, to 700–1000 s [5]. The physics of HPM
propulsion is different and, in some ways, more complex than
conventional propulsion.
The Benford/Myrabo concept shown in Fig. 1 is an ultralight
frame shaped to focus the beam onto an annular microwaveinduced discharge supplied by onboard hydrogen. Conversion
of microwaves to heat occurs directly in the flowing propellant
gas. Superconducting magnets focus the flow to enhance thrust.
This scheme is a three-miracle problem: the beam focusing onto

Fig. 2.

Microwave thermal rocket in flight [3], [4].

the base of the craft, focused flow, and ascent trajectory are all
formidable issues.
The microwave thermal rocket, shown in Fig. 2, is a reusable
single-stage vehicle that can afford the mass penalty of robust
low-cost construction, because it a uses a high-performance
microwave thermal thruster operating on an analogous principle
to nuclear thermal thrusters, which have experimentally demonstrated specific impulses exceeding 850 s [6]. By using HPMs,
the energy source and all the complexity that it entails is moved
onto the ground, and a wireless power-transmission system is
used between the two. It is premature to quantify the reduction
in transportation costs that these simplifications will bring, but
clearly, the cost reduction could be dramatic, transforming the
economics of launch to space.
When Parkin and Culick [7] proposed this system and analyzed its performance, he found that beam divergence and
aperture area are key constraints for such a system and devised a
high-acceleration ascent trajectory, which provides most of the
transfer of energy at short range, in order to minimize the size of
the radiating aperture required. The power-aperture-efficiency
trade is key to minimizing the cost, which could potentially
fall to as low as a few times the energy cost of launch (as
opposed to capital cost), which is around $50/kg for such a
system.
Ascent-trajectory analysis predicts a 10% payload fraction
for a 1-ton payload on a single stage to orbit microwave thermal
rocket. By using a single reusable stage with high specific
impulse, low-cost and potentially reusable launchers are possible. For comparison, the Saturn V had three nonreusable
stages and achieved a payload fraction of 4%. As shown in
Fig. 3, the spacecraft’s flat aeroshell underside is covered by
a thin microwave-absorbent heat exchanger that forms part of
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Fig. 4. Breakdown variation with altitude and frequency. Launch to orbit
requires higher frequencies.
Fig. 3. Major elements of the microwave thermal rocket. Vehicle length is
6 m and 5-m width at base. Payload is 100 kg, structure 180 kg, and LH2 fuel
720 kg [7].

the thruster. The exchanger is likely to be of silicon carbide
and consists of ∼1000 small channels carrying fuel to the
motor. The rocket can be launched by a conventional first
stage, by catapult, by airdrop into the vicinity of the beam, or
by a physically small but powerful microwave source located
at the launch site, which powers the first few kilometers of
atmospheric ascent before it is acquired by the main beam.
During the ∼3-min powered ascent, acceleration varies from
2 to 20 g so as to stay in range of the beam source. Vehicle
length is 6 m and 5-m width at base. During ascent, the heat
exchanger faces the microwave beam. Using a 200-m phasedarray source, a high-intensity 3-m-diameter microwave spot can
be projected onto the underside of a launcher over 100 km away.
The power density of the 300-MW beam impinging on a
7-m2 converter on the underside drives the hydrogen fuel to
temperatures of 2400 K. Conversion of microwaves to heat
occurs in the converter and then to the propellant gas flowing
through it. Microwave frequency determines the maximum
beam-energy density via the constraint of atmospheric breakdown. Ionizing air into plasma can distort and reflect the
incoming beam. Atmospheric breakdown occurs more easily at
low frequencies, because fields have more time to accelerate
background electrons. The atmospheric-breakdown intensity
is much higher at high frequencies. A 300-GHz beam can
propagate without breakdown at 1000× the power density of a
3-GHz beam. Fig. 4 shows the breakdown-power density in air
without nonuniformities of local electric field, such as could be
caused by the spacecraft edges, so is a lower bound on what
power densities can be supported in practice. A microwave
beam of 300 MW on a 3-m spot means that the power density
will average ∼ 40 MW/m2 , so frequencies above ∼25 GHz are
needed to prevent breakdown. High-frequency operation, above
∼100 GHz, is also preferable, because the array area needed
decreases as the square of the beam frequency.
What does a power-beaming facility look like? The feasibility and design of a 30-MW 245-GHz ground-based
beam-launcher facility using an array of parabolic dishes
was described by Benford and Dickinson [8], [9] in the 1990s.

Fig. 5. Ground-based power-beaming station [8], [9].

Fig. 5 shows the layout of a 245-GHz 30-MW ground-based
power-beaming station (for a review/tutorial on power beaming,
see the Appendix and [1, Ch. 3.4]). It has a span of 550 m
and contains 3000 gyrotrons at 10-kW power. A decade later,
average power output of gyrotron sources has significantly
increased to present-day commercially available 1-MW gyrotron sources operating at ∼100 GHz. Operating times for
contemporary 1-MW gyrotrons is ∼1000 s. To propel a 1-ton
craft into LEO, 300 such sources would be sufficient.
The gyrotrons can be either amplifiers or phase-injectionlocked oscillators [10]. In the amplifier case, a master oscillator
drives a large number of powerful amplifiers (MOPA) and
low-power phase shifters before each amplifier control beam
direction, i.e., pointing is done by a customized phase-shifting
signal input to each module. Some mechanical pointing of the
dishes can also be used to track the rising craft [11]. The MOPA
approach is more likely to be used.
In the ganged-oscillator case, the module consists of a
number of oscillators, which oscillate together in phase, and
high-power phase shifters on the outputs of the modules do
pointing control. Such high-power shifters are the most difficult components in the system. Fig. 6 shows a module of
pulsed relativistic magnetrons in a maximally coupled geometry (meaning that it is coupled by all connections possible with
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Fig. 7. Orbital-transfer vehicle propelled by ion rockets that are powered by
microwave beam from Earth [16].

B. Orbit Raising

Fig. 6. Seven phase-locked relativistic magnetrons coupled by waveguides. In
this geometry, they lock in tens of nanoseconds [12].

fixed connection length), which produced pulsed microwave
power of 2 GW in S-band [12]. Modules with continuous phaselocked sources, such as magnetrons, gyrotrons, and Cerenkov
generators, would be used in the applications discussed in this
paper.
Augmentation of rocket engines for launch to orbit has also
been suggested by beaming to rectennas [13]. A crucial limitation of such schemes is the weight of the rectenna, 1–4 W/g,
which needs improvement of an order of magnitude for space
applications.
III. O RBITAL M ISSIONS
A. ASAT
If there is a weakness to the military dominance of western powers in the present era, it is their reliance on satellites for space-based command, control communications, and
computer-driven intelligence, surveillance, and reconnaissance.
Orbiting satellites can be attacked by collision. In general, antisatellite (ASAT) missions mean a constellation of
satellites with HPM weapons with capability of disrupting/
disabling/destroying critical varieties of satellite electronics.
Most ASAT devices have been kinetic energy (KE) or explosive
warheads, meaning that they collide with or explode near satellites, as in the Chinese destruction of their own aging weather
satellite in January 2007. However, KE weapons would add
to the growing problem of debris in orbit so are unlikely to
be deployed by the U.S. [14]. HPM, however, is an electronic
kill and has no such deployment drawback. Attack from a
ground station means a large rather-visible facility, with a
powerful beam detectable through sidelobes or grating lobes.
Attack from close proximity in a flyby encounter with single
(or very few) HPM pulses allows much lower power. It puts a
premium on timing and pointing the beam. It is also deniable
and produces no debris.

Orbit raising, where microwave energy from the ground
gradually lifts a satellite to a higher orbit, was an early application of power beaming, proposed by Willinsky [15], Brown and
Galser [16], and Nordley and Brown [17]. The orbital-transfer
vehicle shown in Fig. 7 shuttles cargo from LEO to GEO
and return, has 60-ton mass, with payload mass fraction about
40%. The microwave beam of 10 MW drives ion-thrusters on
the platform at a steady acceleration of 6.7 × 10−3 m/s. Such
orbit raising takes about half a year. It is a good example of
the strengths of power beaming. It is efficient, reusable, and
inexpensive ($1000/kg for LEO to GEO in current dollars) after
the initial capital investment in the ground station. However,
the steady-acceleration method means that the platform soon
rises to where the beam spot exceeds the platform diameter
(100 m). From then on, efficiency declines. This can be avoided
by using higher frequency, such as 94 GHz, instead of the
2.5 GHz in this paper. Ion-thrusters are a natural fit, as their very
high specific impulse requires high power consumption (power
consumption is proportional to specific impulse squared). Use
of ion-thrusters near Earth for heavy missions will be a good
application of power beaming, either from Earth or from a
powering satellite.
Turchi [18] showed that the basic problem in powering a
satellite from Earth or from another satellite is the reduction
of energy-transfer rate with 1/r2 as the satellite picked up
speed and moved away. Benford and Nissenson [19] solved this
problem by showing that a ground-based or orbiting transmitter
can impart energy to a satellite if they have resonant paths,
i.e., the beam source and satellite come near each other (either
with the satellite overhead an Earth-based transmitter or the
satellite in nearby orbit in space) after a certain number of
orbital periods. For resonance to occur, the perigee must line
up with the transmitter position, meaning that specific energies
must be given to the satellite at each boost. Simulations of
multiple beamed perigee boosts of trajectory and escape time
are shown in Fig. 8. In general, resonance methods, using single
or multiple transmitter sites, can reduce escape times from
Earth orbit by up to two orders of magnitude. Such boosting
sources will have peak powers of 10–100 MW and will be
used only a fraction of an orbital time for each satellite being
boosted. Note that multiple passes through the Van Allen belt
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Fig. 9. Cosmos-1 sail in Earth orbit. The sail is 30 m across and has two
independent sets of vanes, which are rotated about the axis to steer and to raise
the orbit using photon pressure [20].

Fig. 8. Beam-powered orbit raising. (a) Beam-driven sail trajectory out of
Earth orbit. Units are the altitude normalized to the initial height H measured
from earth center. Sail is not to scale. (b) Altitude normalized to initial altitude
in units of Earth radius versus time [19].

occur, so electronics hardening against damage from radiation
will be required. More passes would occur for slowly moving
sails propelled by only solar photon acceleration.
In 2005, there was an attempt to demonstrate beamed propulsion of a sail in space [20]. The Cosmos-1 sail was to be
irradiated with a high-power 450-kW microwave beam from
the Deep Space Network (DSN) 70-m antenna at Goldstone,
California, to show direct microwave-beam acceleration of the
sail by photon pressure and to measure that acceleration from
receipt of onboard accelerometer telemetry.
The sail diameter is 30 m (Fig. 9). The sail material is
5-µm-thick polymer film (PET) aluminized on one side and
with rip-stop reinforcement. The sail areal density is about
11 g/m2 , including the rip-stop and seaming adhesive. The
boom tubes are made of 38-µm polyethylteraphtalate material.
The tubes are inflated with nitrogen and pull the sail from its
initial folded configuration to gradually deploy it and to hold it
rigid. Because of the diaphanous nature of the sail material, the
∼100-kg craft is 80% payload and 20% sail.
In the planned polar 800-km circular orbit, acceleration
occurs over about 240 s, as the sail rises and nears the Goldstone
site. The average acceleration would be 10−7 m/s2 , small
as compared to the solar-flux maximum acceleration to the
100-kg sail of 10−4 m/s2 . But, the beam acceleration would
have a known time signature, and the experiment planned to

Fig. 10. SPS beams enormous microwave power to rectenna farm for distribution. This early concept has been superseded by structures that are more
complex.

modulate the beam to excite resonant oscillatory modes of the
sail, enhancing the signal-to-noise ratio. The estimated S/N
was about ten.
Unfortunately, the attempt failed because of some missing
upgrades to the Russian launcher’s first stage. Another attempt
may be made.
C. Space Solar Power
The use of a microwave beam to efficiently transport power
from solar cells in space to the Earth’s surface was proposed
in the 1960s and reinvestigated by NASA in the 1990s [21].
It is known as SSP and Solar Power Satellite (SPS). Interest
has increased recently in SSP as a method of quickly supplying
energy to troops in bases or on the battlefield and for power
in emergencies to afflicted areas. The 1970s reference-system
concept, a large capital-intensive no-pollution energy system
for the 21st century, proposed ∼10-GW continuous power
available at an efficiency of > 50%. As shown in Fig. 10, a
station in geosynchronous orbit (22 300-mi altitude) emits a
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narrow beam (∼0.3 mrad) at frequencies in S-Band, 2.45 GHz.
Basic issues are efficient conversion of the dc to microwave
power and, preeminently, the construction of extremely large
solar collectors and antennas. Apertures in space are typically
1 km across with a rectenna array of about 7 km on the Earth
[22]. Substantially, smaller systems have been quantified in
recent years by Landis [23].
The microwave tube requirement could be met by a vast
distributed array of crossed-field amplifiers, magnetrons,
gyrotrons, or klystrons. Magnetrons for continuous operation
are now available at 100 kW. Therefore, ∼105 tubes would be
required, and low-cost production techniques would need to be
mastered to keep the cost practical. Higher average-power MWclass gyrotrons could be competitive, but they operate at higher
frequencies. For example, commercially available CW gyrotrons are capable of MW-class powers in the 35- and 94-GHz
atmospheric windows. However, the ground-based rectennas
(rectifying antennas) are less efficient at higher frequencies.
An alternative is a much larger number of solid-state sources at
much lower power [24]. Lasers are a competing technology.
No doubt, SSP is potentially a huge business; electrical
energy is a trillion dollars a year, ∼3% of the world economy. If
even a small fraction of it can be captured for peak load power,
enormous revenues are produced. Therefore, SSP can drive
an entire microwave-power-beaming space economy, dwarfing
every other application discussed in this paper.
The basic issue for all space-to-Earth power-transmission
schemes is not technical, its economic. The costs are strongly
contested [25], [26] and will determine the practicality of largescale CW HPM systems in space. Key driving factors are launch
cost (in dollars per kilogram, so microwave rockets are synergistic with SPS) and microwave-source mass (in kilograms
per kilowatt, where klystrons and magnetrons are better than
solid state). As of now, it is a distant prospect because of the
enormous investments needed.
An even larger scale proposal is to deliver energy from solar
power stations on the moon built from all lunar materials,
beaming power directly to receiving sites on Earth [27]. A
reciprocal application wherein the power is beamed upward
from Earth to LEO satellites requires ∼10–100-MW power
levels for tens of seconds [28].
IV. L AUNCH F ROM O RBIT I NTO I NTERPLANETARY
AND I NTERSTELLAR S PACE
Microwave-propelled sails are a new class of spacecraft that
promises to revolutionize future space travel (for a general introduction to solar and beam-propelled sails, see McInnes [29]).
The microwave-driven sail spacecraft was first proposed by
Forward [30] as an extension of his laser-driven sail concept.
The acceleration from photon momentum produced by a power
P on a thin sail of mass m and area A is
a = [η + 1]P/mc

(3)

where η is the reflectivity of the film of absorbtivity α and c is
the speed of light. The force from photon acceleration is weak,
6.7 N/GW. It is observed in the trajectory changes in inter-

planetary spacecraft, because the solar photons act on the craft
for years. For solar photons, with power density ∼1 kW/m2
at Earth’s orbit, current solar-sail construction gives very low
accelerations ∼1 mm/s2 . By sunlight alone, sails take about a
year to climb out of the Earth’s gravity well. Shortening mission
time means using much higher power densities. Beams from
Earth can increase acceleration by two orders of magnitude.
Of the power incident on the sail, a fraction αP will be
absorbed. In steady state, this must be radiated away from
both sides of the film, with an average temperature T , by the
Stefan–Boltzmann law
αP = 2A ε σ T 4

(4)

where σ is the Stefan–Boltzmann constant and ε is emissivity.
Eliminating P and A, the sail acceleration is
a = 2σ/c [ε(η + 1)/α] (T 4 /m)
= 2.27 × 10−15 [ε(η + 1)/α] (T 4 /m)

(5)

where we have grouped constants and material radiative
properties separately. Clearly, the acceleration is strongly
temperature-limited. This fact means that materials with lowmelt temperatures (Al, Be, Nb, etc.) cannot be used for fast
beam-driven missions. Aluminum has a limiting acceleration
of 0.36 m/s2 . The invention of strong and light-carbon mesh
materials has made laboratory sail flight possible [31], because
carbon has no liquid phase, it sublimes instead of melting.
Carbon can operate at very high temperature, up to 3000 ◦ C, and
limiting acceleration is in the range of 10–100 m/s2 , sufficient
to launch against gravity in vacuum (to avoid burning) in Earthbound laboratories.
Recently, beam-driven sail flights have demonstrated the
basic features of the beam-driven propulsion. This paper was
enabled by invention of strong light-carbon material, which
operates at high enough temperatures to allow liftoff under
one Earth gravity. Experiments with carbon–carbon microtruss
material driven by microwave and laser beams have observed
flight of ultralight sails of at several gee acceleration [32].
In the microwave experiments, propulsion was from a 10-kW
7-GHz beam onto sails of mass density 5 g/m2 in 10−6 -torr
vacuum. At microwave-power densities of approximate kilowatts per square centimeter, accelerations of several gravities
were observed (Fig. 11). Sails so accelerated reached > 2000 K
from microwave absorption and remained intact. Photonic pressure accounts for up to 30% of the observed acceleration. The
most plausible explanation for the remainder is desorption pressure, evaporation of absorbed molecules (CO2 , hydrocarbons,
and hydrogen) that are very difficult to entirely remove by
preheating. The implication is that this effect will always occur
in real sails, even solar sails at low temperature, and can be used
to achieve far higher accelerations in the initial phase of future
sail missions.
This other acceleration mechanism, desorption pressure, is
due to mass ejected from the material downward to force the
sail upward
F = vT dm/dt

(6)
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Cuneo [33] offers this general schematic for desorption in layers from bulk substrates. The rate of mass loss under heating is
dn/dt = an e−Q/kT

(7)

where a is ∼1013 s−1 , Q is the required liberation energy
(usually < 1 eV), and n is the area density in atoms per square
meter, so that dn/dt is the desorbed flux under heating in
atoms per square meter times second (we neglect readsorption,
which is tiny in a space environment). The exponential factor
means that thermal desorption of molecules from a sail lattice
will have a sudden onset as the sail warms. When temperature
T varies with time, the equation can be formally solved
n(t)/no = exp {−a exp [−Q/kT (t)] dt} .

(8)

As the binding energy Q increases, the time to desorb gets
longer. The relationship between Q and T ∗ , the temperature at
the peak in the desorption rate dn/dt, is for heating rate dT /dt
Q/kT ∗2 = a exp(−Q/kT ∗ )/(dT /dt).

Fig. 11. Carbon disk sail lifting off of truncated rectangular waveguide under
10-kW microwave power (four frames, 30-ms interval, first at top, [32]).

where vT is the thermal speed of the evaporated material, meaning carbon or molecules absorbed into the carbon substrate.
The magnitude of this effect can vastly exceed the microwave
photon pressure if the temperature is high enough, because
it couples the energy of photons, not the momentum as in
photon pressure. The essential factor is that this force must
be asymmetric; if the sail is isothermal, there is no net thrust.
Thermal analysis shows that, although for thin material thermal
conduction reduces such differences greatly, the skin effect
produces a substantial temperature difference between front and
back of sails.
A variety of compounds not typically thought of as fuels can
be “painted” on sails and, depending on which physical process
occurs, be sublimed, evaporated, or desorbed. Atoms embedded
in a substrate can be liberated by heating, an effect long studied
in the pursuit of ultraclean laboratory experiments. This effect
is called thermal desorption and dominates all other processes
for mass loss above temperatures of 300 ◦ C−500 ◦ C.
A molecule is physisorbed when it is adsorbed without undergoing significant change in electronic structure and
chemisorbed when it does. Physisorbed binding energies
(∼2–10 kcal/mole) are typically much less than chemisorbed
energies (∼15–100 kcal mole), by as much as an order of
magnitude. This implies that two different regimes of mass
liberation can be used, with physisorbed molecules coming off
at lower temperatures, and hence, lower thrust per mass, while
chemisorbed molecules can provide higher thrust per mass.

(9)

At the peak desorption rate, 63% of the mass inventory has
been lost, so this is a good estimate of when the effect is largest
for a given molecule of binding energy Q.
Hydrogen is often easiest to liberate, with a Q of 0.43–1.5 eV,
depending on the substrate [31]. Water has Q = 0.61 eV. Generally, likely candidate chemisorbed compounds like hydrocarbons have Q around 1 eV (11 605 K). CO is more strongly
bound and may be the most tightly held in a carbon sail lattice.
Sails experiencing strong sudden-onset lift may be desorbing
CO at a critical temperature onset > 2300 K.
While microwave transmitters have the advantage that they
have been under development much longer than lasers and are
currently much more efficient and inexpensive to build, they
have the disadvantage of requiring much larger apertures for
the same focusing distance. This is a significant disadvantage.
However, it can be compensated for with higher acceleration.
The ability to operate carbon sails at high temperature enables
much higher acceleration, producing large velocities in short
distances, thus reducing aperture size. Very low mass probes
could be launched from Earth-based microwave transmitters
with maximum acceleration achieved over a few hours using
apertures only a few hundred meters across.
A number of such missions have been quantified [34]. These
missions are for high-velocity mapping of the outer solar system, Kuiper Belt, Pluto and the Heliopause, and the interstellar
medium (Fig. 12). The penultimate is the interstellar precursor
mission. For this mission class, operating at high acceleration,
the sail size can be reduced to less than 100 m and accelerating
power ∼100 MW focused on the sail [35]. At 1 GW, sail size
extends to 200 m and superlight probes reach velocities of
250 km/s for very fast missions (readers interested in mission
concepts should see [29]–[31], [34], and [36]).
V. D EPLOYMENT OF L ARGE S PACE S TRUCTURES
Will sails riding beams be stable? The requirement of beam
riding, stable flight of a sail propelled by a beam, places
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Fig. 12. Solar system and near region of the galaxy, on log scale in astronomical units (1 AU is Earth–Sun distance = 1.5 × 108 km.

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 36, NO. 3, JUNE 2008

Finally, beams can also carry angular momentum and communicate it to a sail to help control it in flight. Circularly
polarized electromagnetic fields carry both energy and angular
momentum, which acts to produce a torque through an effective
moment arm of a wavelength, so longer wavelengths are more
efficient in producing spin. A variety of conducting sail shapes
can be spun if they are not figures of revolution.
The wave angular momentum imparted to the conducting
object scales as wavelength λ. For efficient coupling, λ should
be of the order of the sail Dr . This arises because a wave
focused to a finite lateral size D generates a component of
electric field along the direction of propagation of magnitude
λ/D times the transverse electric field, as long as D exceeds the
wavelength. The spin frequency S of an object with moment of
inertia I grows according to
2P (t) α
dS
=
dt
I ω

Fig. 13. Carbon–carbon conical sail material used in stability experiments.
This shape “rides” a beam very stably [41].

considerable demands on the sail shape. The sail can wander
off if its shape is wrong or if it does not have spin to keep
its angular momentum aligned with the beam direction in the
face of perturbations. Beam pressure will keep a concave-shape
sail in tension, and it will resist sidewise motion if the beam
moves off-center, as a sidewise restoring force restores it to its
position [37]. Experiments have verified that beam riding does
occur [38]. Positive feedback stabilization seems effective when
the sidewise gradient scale of the beam is the same as the sail
concave slope (Fig. 13).
Stable beam riding has led to a proposed new type of
air/spacecraft, supported from below at altitudes ∼70 km by a
“radiometric” temperature-difference effect [39]. An ultralight
mostly carbon-fiber “Lifter” is feasible using the radiometric
force, an effect known since the 19th century, which is due to
differential pressures on heated and unheated sides of an object.
The well-known toy radiometer, spinning under sunlight (and
frequently incorrectly attributed to photon pressure), shows that
the force is quote strong. A powerful microwave beam illuminates the Lifter underside to provide the required temperature
difference. Optimally, the full ambient atmospheric pressure
can be delivered to one side of the Lifter area by heating it well
above the ambient air at 200 K. Beam powers of approximate
MW can support masses of ∼100 kg, riding on the narrow
microwave beam, and active stabilization is available through
beam manipulation. It has also been analyzed and seems practical. The effect occurs at pressures corresponding to 30–150-km
altitude, where no aircraft or spacecraft can sustain flight. It can
perform communications relay, environmental monitoring, data
telemetry, and high-quality optical imaging.

(10)

where P is the power intercepted by the conductor and α is the
absorption coefficient.
Konz and Benford [40] generalized the idea of absorption
to include effects arising from the geometric reflection and
diffraction of waves, independent of the usual material absorption. They showed that axisymmetric perfect conductors
cannot absorb or radiate angular momentum when illuminated.
However, any asymmetry allows wave-interference effects to
produce absorption of angular momentum, even for perfect
reflectors. Microwaves convey angular momentum at the edges
of asymmetries because of boundary currents. Such absorption
or radiation depends solely on the specific geometry of the
conductor. They termed this as geometric absorption. Conductors can also radiate angular momentum, so their geometricabsorption coefficient α for angular momentum can even be
negative. The geometric-absorption coefficient can be as high
as 0.5, much larger than typical simple-material absorption
coefficients, which are typically ∼0.1 for absorbers such as
carbon, and ∼0 for conductors. Experiments show the effect
that occurs and is efficient [41]. This effect can be used to
stabilize the sail against the drift and yaw, which can cause loss
of beam riding, and allows “hands-off” unfurling deployment
through control of the sail spin at a distance [42].
VI. C OSTS OF L ARGE P OWER -B EAMING S YSTEMS
The cost of such large HPM systems is driven by two
elements—capital cost CC , divided into the cost of building
the microwave source and the cost of building the radiating
aperture, and the operating cost CO , meaning the operational
labor cost and the cost of the electricity to drive the system
C = CC + CO
CC = CA + CS .

(11)

One can argue that the operating cost of a system is dominated
by labor cost, which is, in turn, proportional to the size and
power as well, so that
CC ∝ CO
C ∝ CC .

(12)
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To optimize, meaning minimize, the cost, the simplest approach is to assume linear scaling with coefficients describing
the dependence of cost on area a (in dollars per square meter),
which includes cost of the antenna, its supports and subsystems
for pointing and tracking and phase control, and microwave
power p (in dollars per watt), which includes the source, power
supply, cooling equipment, and prime power cost
CA = aA
CS = pP
CC = aA + pP.

(13)

The power density S, which is a range of R, is determined
by W , the effective isotropic radiated power (effective isotropic
radiated power (EIRP), see Appendix), which is the product of
radiated power P and aperture gain
W = P G.

(14)

and gain is given by area and wavelength
4πεA
4πεA 2
=
f = kAf 2
λ2
c2
W = kP Af 2
G=

(15)

where e is aperture efficiency, and we have collected constants
into the factor k. We carry frequency as a constant with respect
to optimization; cost of varying frequency will be treated later.
To find the optimum for a fixed power density at a fixed range,
meaning fixed W , we substitute W into the cost equation
CC =

aW
+ pP
kf 2 P

(16)

then differentiate with respect to P and set it equal to zero,
giving the optimum power and area
!
aW
opt
P
=
pkf 2
!
pW
Aopt =
akf 2 .
The optimum cost is
CCopt

!

=2

opt
CA
= 1.
CSopt

aW
kf 2 p
(17)

Minimum capital cost is achieved when the cost is equally
divided between antenna gain and radiated power. This allows
rough estimates of the capital costs by equating the cost of
the two principal factors. Moreover, when mission specifics are
introduced, giving additional constraints, useful scalings result.
This was first mentioned by Brown [43], proved analytically by
O’Loughlin [44], and independently discovered from cost data
on the DSN [7] and for interstellar beamers by Dickinson [45].

Fig. 14. Scaling of aperture and source cost (including prime power) for the
microwave launcher system as a function of the beam divergence. Note that
source and antenna costs are equal near the cost minimum [46].

For a recent example, Kare and Parkin [46] have built a
detailed cost model for a microwave-beaming system for a
beam-driven thermal rocket and compared it to a laser-driven
rocket. They find that, at minimum, cost is equally divided
between the two cost elements.
For antenna costs, data exist that scale cost with diameter
Dδ to an exponent ranging from δ = 2−2.5. Fig. 14 shows the
scaling of the aperture and source costs (including prime power)
for the microwave system as a function of the beam divergence,
which is equivalent to varying inversely with antenna aperture,
for δ = 2.0 and 2.5 (both the number and size of the antennas
enter into the calculation, so the total array cost varies as
Dtδ−2x ).
VII. SETI B EACONS
Another implication of cost minimization is for SETI. The
greatest example of an HPM transmitter is the Beacon, for
which observers have been searching for decades. They are very
powerful in order to be detectable across galactic distances [47]
(Beacons are thought to be in the microwave because interstellar absorption is minimized there). What would transmitters be
like if built by civilizations with a variety of motivations but
cared about cost? One must consider the physical limitations
a Beacon builder would face in constructing extremely high
power radiators. Beacons built by distant advanced wealthy
societies may have very different characteristics from what
SETI researchers now seek: The highest power systems on
Earth (peak powers over 100 MW) trade peak power for average
power in order to get to a much stronger signal at distance at the
lowest cost. They are pulsed, because electrical-field strength
inside the sources is higher, and burst-mode operation reduces
both prime power and requirements for heating and cooling.
Most of these devices are not narrowband, having bandwidths
of ∼0.1%–1% for fundamental reasons.
The above cost relations are perhaps universal; cost will be
optimized, because a Beacon will always compete with other
demands. Whatever the life form, evolution will select for
economy of effort [48].
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Beacons deep in the galaxy will be seen only if their EIRPs
(product of power and antenna gain) are 1017 −1020 W. Using
rough estimates of costs on Earth ($1000/m2 , $1/W), for
1 GHz, antenna efficiency of 60%, one can estimate features of
such Beacons [49]. For EIRP of 1017 W, the power required is
1 GW, the Beacon aperture is > 0.1 km. It is expensive, costing
billions of dollars.
The beamwidth from such a large cost-optimized aperture
is θo ∼ 10−4 rad. The primary implication of the very small
optimum emitting angle is that the transmission strategy for a
distant Beacon will be a rapid scan of the galactic plane, to
cover the angular space. They will be seen as infrequent events
for the receiver. The receiver time or dwell time for a SETI
listener τr is related to the revisit time or cycle time τc that the
Beacon with optimal emitting angle θo takes to broadcast across
a segment of the galactic plane AG . F is the fraction of the sky
AG covers, as seen from the Beacon
θ2
τd
A(Θo )
πθ2
πθ2
=
.
=
=
=
τr
AG
4AG
4(4πF )
16F

(18)

For example, if the galactic plane as seen from the Beacon is
typically ∼10% of the sky, as it is on Earth, θo ∼ 10−4 , τd /τr ∼
10−8 . If a Beacon builder wishes to cover the galactic plane in
an Earth year, τd is ∼0.1 s. A short burst of pulsed microwaves
is received and not seen again until a day later.
The consequence is that distant cost-optimized Beacons will
appear for much less time than as assumed in conventional
SETI. We should search in the plane of the spiral disk, where
most stars dwell, in the plane and hub of the galaxy. We should
look inward, toward the constellation Sagittarius. Several galactic plane surveys have recorded intriguing narrowband signals
concentrated in the galactic plane [50], but most surveys have
observation times insufficient to see repeats of such events as
the above relation predicts. The implication is that, to be seen
for longer times, Beacons must have fan beams of much larger
power and much lower aperture areas. But, while they will be
more observable, they are nonoptimum: more expensive and so
less likely to be built. The search-strategy implication of costoptimized thinking is a limited sky survey that stares toward the
galactic center. We will need to be patient.

VIII. D EVELOPING S PACE -R ELATED M ICROWAVES
Although this review has focused on technical feasibility,
advocates must also deal with the following societal issues:
interference with unintended targets in the sidelobes, spectrum
allocation [51], and potential weaponization.
Power beaming becomes economic only when it can move
power and energy from where it is cheap and accessible to
places where it is hard to come by. Modern power systems are
expensive and complex, but if power for space can be located
where it is near to where the required skilled people are, i.e., on
Earth, then it becomes more practical. Much of the technical
means are already in hand: microwave and millimeter-wave
antennas are already in use for astronomy and sources at high
frequencies are being developed for fusion and the military.

A synergistic way to develop a space power-beaming infrastructure is incremental buildup, with lower power applications addressed first, followed by steady upgrading to higher
power levels, larger apertures [8], [9]. In the power beaming
community, this is called terracing. There are a number of
approaches in sequencing applications by building up systems
using increasing numbers of source/antenna modules. A variety
of applications could be based on a common module but
differences on performance requirements make this unlikely.
One terracing suggestion is “an electric utility for space,”
powering spacecraft such as orbital-transfer vehicles, as discussed in Section III [52]. Landis [53] has analyzed the steps
required to achieve SSP, concluding that there is a synergism
between photovoltaic technology on Earth, power beaming for
space, and SPS. The primary element lacking is lower launch
cost, but as shown in Section II, this can, in principle, be
achieved by power beaming.
If large-scale space power beaming is to become a reality,
it must be broadly attractive. This means that it must provide
for a real need, be economically attractive enough to attract
investment, and be environmentally benign (and have major
energy or aerospace firms support and lobby for it).
Several of the missions described here are potentially commercial matters, as space tourism appears now to be becoming.
Therefore, the private sector should be included as much as
possible from the outset in developing power beaming for
space applications. This includes the R&D phase, as it is very
important to gain support from industry to maintain a long-term
commercial strategy.
Finally, we have to consider the scale of the enterprise
we were discussing. It is accepted by many that, in the next
millennium, mankind will begin to develop the solar system.
While this is a common opinion, there is no clear view of how
to achieve it and with what technologies we are to make the
solar system readily accessible. Perhaps a unified approach to
many missions, based on use of microwave and millimeterwave beams, can provide power and transportation for the
development of space.
IX. C ONCLUSION
A variety of schemes have been suggested for transferring
energy from Earth-to-space, space-to-Earth, and space-to-space
using HPM beams. All use power beaming. Microwave beams
have been studied for propelling spacecraft for launch to orbit, orbit raising, launch from orbit into interplanetary and
interstellar space, and deployment of large space structures.
The microwave thermal rocket, called the “microwave thermal
thruster,” is a reusable single-stage vehicle that uses an HPM
beam to provide power to a heat-exchanger propulsion system,
with double the specific impulse of conventional rockets. It
could transform the economics of launch to space. The principle
is analogous to nuclear thermal thrusters.
Orbit raising, where microwave energy from the ground
gradually lifts a satellite to a higher orbit, was an early
application of power beaming. Beam-driven sail flights have
now demonstrated the basic features of the beam-driven
propulsion. An early mission for microwave space propulsion
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is dramatically shortening the time needed for sails to escape
Earth orbit. Simulations of trajectories and escape time for sails
driven by a microwave beam from the surface or from orbit
show that resonance methods can reduce escape times from
Earth orbit by as much as two orders of magnitude. A number
of missions for beam-driven sails have been quantified for highvelocity mapping of the outer solar system, Kuiper Belt, the
Heliopause, and the interstellar medium. The penultimate is the
interstellar precursor mission. For this mission class, operating
at high acceleration, the sail size can be reduced to less than
100 m and accelerating power ∼100 MW focused on the sail.
At 1 GW, sail size extends to 200 m, and superlightweight
probes reach velocities of 250 km/s for very fast missions.
Will such sails riding beams be stable? Experiments and
simulations have verified that beam riding does occur for
conical sail shapes. Beams can also carry angular momentum
and communicate it to a sail to help control it in flight.
SSP is potentially a huge business but faces a basic economic issue: the cost of construction of extremely large solar
collectors and antennas in orbit. There is a synergism between
photovoltaic technology on Earth, power beaming for space,
and SPS.
Cost of such large HPM systems is driven by two
elements—the capital cost, including microwave-source and
radiating-aperture costs, and the operating cost, which is the
cost of the electricity to drive the system. For fixed effective
isotropic radiated power, minimum capital cost is achieved
when the cost is equally divided between antenna gain and
radiated power. This can be used to easily optimize costs.
SETI Beacons are an example of cost optimization, giving new
insights to an intriguing topic.
Advocates must also deal with the following societal issues:
interference with unintended targets in the sidelobes, spectrum
allocation, and potential weaponization. Much of the technical
means are already in hand: microwave and millimeter-wave
array antennas are already in use for astronomy and sources
at high frequencies are being developed for fusion and the
military. A synergistic way to develop a space power-beaming
infrastructure is incremental buildup, with lower power applications addressed first, followed by steady upgrading to higher
power levels and larger apertures.
A PPENDIX
P OWER B EAMING
To beam large amounts of energy, the peak and average
power requirement is set by the duration of the application [54].
Typically, but not always, such applications depend on far-field
transfer, where the separation between transmitting antenna
and receiving area is greater or equal to the far-field distance
2D2 /λ, where D is the diameter of the largest area and λ is the
wavelength (however, the method described here can also be
applied in the near field with a focused transmit antenna; this
is best done with a phased-array antenna to produce a focused
pattern with spot size less than Dt ). The electromagnetics are
quite general, depending on only the basic parameters of the
system (Fig. 15). The transmitting antenna of area At places its
beam on the receiving area Ar , which can be another antenna, a
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Fig. 15. Power-beaming schematic, transmitting and receiving areas separated by distance R.

microwave-to-electricity converter (rectenna or cyclotron-wave
converter [55]), or a target, such as a spacecraft. At the range R,
the beam, defined by its half-power beamwidth, will typically
be larger than Ar .
In an exact general treatment [56], the power-transfer efficiency for circular apertures is governed by the power-link
parameter
Z=

Dt Dr
λR

(19)

where Dt and Dr are the diameters of the transmitting and
receiving antennas, respectively, and R is the distance between
transmitter and receiver. For efficient transfer, the spot size must
be ∼ Dr and Z ≥ 1.
To understand the power-link relation, note that the power
received on a target is the power density integrated over the
target area. If the transmitting antenna has an isotropic radiation
pattern, then the power density S is just the power P distributed
over the surface area of a sphere through which the power
passes
S=

P
.
4πR2

(20)

The beam is focused by the antenna of gain G, enhancing the
power density to
S=

PG
.
4πR2

(21)

G=

4πεAt
λ2

(22)

The antenna gain is

where ε is the antenna efficiency, also called the aperture efficiency, and At is the transmitting antenna area. The efficiency
with which power is received is then roughly
" π #2 $ D D %2 " π #2
Pr
t r
=
ε
=
εZ 2 .
(23)
Pt
4
λR
4

The efficiency of transfer varies roughly with the square of Z.
This is very approximate, because this simple analysis does not
average over the target area or take into account the antenna
pattern and is invalid above Z ∼ 1. An exact treatment gives the
curve shown in Fig. 15. Power transfer can be made efficient by
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Efficiencies of aperture-to-aperture transfer from transmitter
to receiver > 80% have been demonstrated, although designs
typically compromise efficiency somewhat to improve other
factors, such as cost and ease of assembly and maintenance.
The diffraction-limited beamwidth is
θ = 2.44λ/Dt .

Fig. 16. Power transfer between distant apertures as a function of principal parameters, Z = Dt Dr /λR. Controlling SLR reduces side radiation but
broadens beamwidth.

proper choice of diameters and wavelength for a specific range.
Choosing Z = 2 gives high efficiency, but Z = 1.5 may well
be a more practical compromise to reduce aperture areas. An
approximate analytic expression, suitable as a rule-of-thumb,
for the exact solution in Fig. 15 is
Pr
2
= 1 − e−Z .
Pt

(24)

For comparison, for Z = 1 and uniform-aperture-amplitude
distribution, (23) and (24) give 62% efficiency, and the exact
solution gives 48%.
These efficiencies are for circular-polarization-matched
antennas; linear or dual–linear polarization can lead to additional losses. They also do not include losses due to propagation effects and intervening attenuations, such as that from
atmosphere.
Note in the inset shown in Fig. 16 the transmitting antenna
taper, defined as gradual reduction of amplitude toward the edge
of the transmitting antenna of the array, has a great influence on
efficiency. The abruptness with which the amplitude ends at the
edge of the antenna is closely related as to how much energy
is found in the sidelobes. In many cases, the power-transfer
efficiency is regulated by the desired sidelobe ratio (SLR), for
example, to avoid interference with other platforms. A 25-dB
SLR means that the first sidelobe is 25 dB down (reduction
factor of 316) from the main beam, and it requires a specific
amplitude taper be applied to the aperture. Higher SLR values
reduce the amount of power radiated in the sidelobes at the
expense of a broader beamwidth. A 25-dB SLR taper provides
a good compromise between low sidelobes and high powertransfer efficiency.
All the discussed cases can apply to array of radiators if the
elements are closely spaced, meaning less than a wavelength.
The alternative, a sparse or thinned array, is an array of small
antennas that sprays energy into sidelobes. If a transmitting
antenna is filled by an area fraction F (F < 1), then the power
that is lost by emission into sidelobes of the beam (and, hence,
is not directed into the main beam) is proportional to 1 − F .
The power-beaming relation scaling shown in Fig. 16
has been demonstrated many times and is well documented.

(25)

This is the diffraction-limited divergence, giving the first null
point of the Bessel function for a circular aperture and including 84% of the beam power. The spot size is just Ds =
θR = 2.44 λR/Dt . For example, a 2-m-diameter ground-based
transmitter at 35 GHz radiates to an aircraft 1 km away. For
a 7.5-m receiving aperture (or target size), Z = 1.75, and
83% of the beam is received. Beam width is 0.6◦ ; spot size
is 10.5 m.
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