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ABSTRACT 

At present all space mission power requirements are 
met by integral, on-board, self-contained power 
systems. To provide needed flexibility for space 
exploration and colonization, an additional approach 
to on-board, self-contained power systems is needed. 
Power beaming, an alternative approach to providing 
power, has the potential to provide increased mission 
flexibility while reducing total mass launched into 
space. 

Laser-power beaming technology provides a viable 
power and communication infrastructure that can be 
developed sequentially as it is applied to power 
satellite constellations in Earth orbit and to orbital 
transport vehicles transferring satellites and cargos to 
geosynchronous orbit and beyond. Coupled with 
nuclear electric propulsion systems for cargo 
transport, the technology can be used to provide 
global power to the Lunar surface and to Mars' 
surface and moons. The technology can be 
developed sequentially as advances in power system 
and propulsion system technology occur. 

This paper presents stepwise development of an 
infrastructure based on power beaming that can 
support the space development and exploration goals 
of the Space Exploration Initiative. Power scenarios 
based on commonality of power systems hardware 
with cargo transport vehicles are described. 
Advantages of this infrastructure are described. 

INTRODUCTION 

The power system is a major component of a space 
system's size, mass, technical complexity, and hence, 
cost. In today's space systems, the energy source is 
an integral part of the mission satellite. Potentially 
significant benefits could be realized by separating the 
energy source from the mission satellite and 
transmitting the power to the end-user via an energy 
beam (power beaming) [1]. This concept parallels the 

terrestrial central generating station (energy source) 
and its transmission grid (energy beam). 

POWER BEAMING 

In a beam-power system, shown in Figure 1, the 
power system and end-user are separate. The central 
power system is coupled with a transmitter to send 
power to a remote user. The user replaces its power 
source with a receiver. The transmitter and receiver 
selection involves four parameters: 1) the transmission 
distance, 2) the transmission frequency, 3) the power 
level transmitted, and 4) the thermal rejection capacity 
of the various components. The power transmission 
distance is the key parameter determining the 
operating frequency because the ratio of power 
received to power transmitted is only a function of the 
transmitter and receiver aperture area, the 
transmission distance, and the operating frequency. 

Power Source-Transmitter -peceiver-End-User 

FIGURE 1. Power-Beaming Approach 

The two frequency options available for energy 
beaming are radio frequencies (a microwave system) 
and optical frequencies (a laser system). The 
microwave technology is currently available at 2.45 
GHz [2,3]. The solid-state laser technology (a 0.833 
/JD laser transmitter and photovoltaic receiver) is 
being developed and should be available early in the 
next century [4]. Both technologies are viable in the 
projected time frames being considered for transition 
to power beaming. Therefore, the system selection 
becomes a tradeoff of the specific mission or energy 
applications, the transmission distances, and the end-
use energy needs. In this analysis long distance 
applications suitablefor applying laser-power-beaming 
technology are investigated. 

The laser-based beam-power system considered in 
this analysis is based on aluminum-gallium-arsenide 
(AIGaAs) laser technology transmitting to a tuned 



gallium-arsenide (GaAs) photovoltaic cell. The system 
configuration is shown in Figure 2, with performance 
characteristics listed in Table 1. 

TRANSMITTER RECEIVER 

Laser Transmit 
System Optics 

Photovoltaic 
Conversion System 

FIGURE 2. Direct Conversion Laser-Beam-Power 

Transmission System 

TABLE 1. Transmission System Components 

Transmitter Receiver 
Solid state laser, AIGaAs 
Wavelength, 0.833 fjm 

Photovoltaic, GaAs 
Specific mass, 3 kg/m^ 

The combined laser-beam-powered transmission 
system efficiency range is 20% to 25%, from 
conversion of initial electric power generated by the 
prime power source to useful electric power delivered 
from the receiver. Present technology for laser diode 
arrays limits their efficiency to about 30%, yet 
individual diodes have demonstrated efficiencies to 
>50%. Arrays are expected to approach efficiencies 
of 50% in 10 to 15 years. The transmitter optical 
efficiency includes mirror reflectivities and central 
obstruction losses and should range from 80% to 
90%. The collection efficiency of 85% represents the 
energy within the central Gaussian lobe of the beam. 
Oversizing the receiver increases the Gaussian 
efficiency term. The GaAs solar array is matched to 
the AIGaAs wavelength and is expected to approach 
an efficiency of 60%. 

At present, the viability of laser power beaming does 
not depend on the receiver or transmitter technology 
but on the availability of a prime in-space power 
source. SP-100 technology should have the ability to 
provide compact, high energy density power systems 
with outputs from 25 kWe to as much as 1 MWe. The 
overall system efficiency could be increased from 5% 
for the current thermoelectric energy conversion 
system to 25% or more if a dynamic conversion 
system were used [5]. 

NEAR-EARTH APPLICATIONS 

Near-earth operations and activities are major drivers 
for the future space exploration missions. Near-Earth 
mission applications are a mix of both military and 
civilian systems operating from low Earth orbit (LEO) 
to geosynchronous Earth orbit (GEO) in equatorial to 
polar orientations. Laser-power beaming can be used 
to enhance the performance of a variety of activities 

focused in near-Earth orbit Satellites in LEO include 
remote sensing, intelligence gathering, and research 
satellites, while GEO spacecraft consist primarily of 
communications satellites [6]. In between are 
navigation satellites. These satellites typically are 
powered by solar panels and lightweight batteries. 

Space Power Generation and Distribution 

Space power generation and distribution (SPGD) 
describes a power-beaming based space power 
network consisting of satellites capable of beaming 
power to multiple user satellites. A fully operational 
beam-power satellite constellation providing global 
power coverage would consist of 12 beam-power 
satellites In equatorial orbit at an altitude of 24,000 to 
32,000 km (15,000 to 20,000 mi). Each beam-power 
satellite would be capable of supplying power to a 
maximum of 10 individual user satellites. 

Orbiting satellites are one of the first systems to 
benefit from the application of power-beaming 
technology. This technology can be applied to 
satellites using three techniques: 1) to backup the 
existing on-board power supply, 2) to augment the 
existing on-board power supply, and 3) to totally 
replace the existing on-board power system. 

For LEO systems, one of the primary limitations on 
satellite lifetime is the number of cycles available from 
the battery storage system. The lifetime of currently 
deployed satellites equipped with silicon-based 
photocells can be increased by using power beaming 
to provide backup for the on-board battery power 
supply. By supplying beam power to the satellite's 
photovoltaic panels when the satellite is in umbra, the 
number of times the satellite's batteries are cycled can 
be reduced, thereby increasing the satellite's life. In 
this application power beaming is used to backup the 
existing on-board power system. 

When a satellite's silicon photocells degrade past the 
lower limit required for mission success, laser beam 
power can be used to augment the power supplied to 
the satellite by supplying a higher intensity beam to 
the photovoltaic array, thereby providing additional 
power. In this application power beaming is used to 
augment the existing on-board power system. 

When the space power generation and distribution 
network is fully implemented, satellite designs can be 
optimized to accept this technology. Satellite 
receivers based on GaAs photocells could supplant 
current silicon-based photocells and battery storage 
would be eliminated or significantly reduced. These 
design changes would significantly decrease satellite 
mass and increase satellite lifetime. 



SPGD technology was applied to a variety of satellite 
constellations to quantify the benefit that power 
beaming would provide mission planners through 
decreased satellite launch costs and increased 
satellite lifetime. Results of this analysis are presented 
for the space sun/eillance and tracking system (SSTS) 
constellation, a constellation of 20 satellites located in 
high-Earth orbit [1,7,8]. 

I n this analysis transmitter and receiver apertures were 
varied to remain within the operating limits for the 
systems. The maximum allowable power density for 
a transmitter was 400 W/cm ; the receiver v^s limited 
to an incident energy level of 1.1 W/cm . These 
constraints set the SSTS receiver diameter at 1.8 m or 
greater. 

Each SSTS satellite requires 8 to 14 kW of continuous 
power; burst power requirements range from 5 to 15 
kW, with the maximum required power of 29 kW. 
Consen/atively, an overall beam-power transmission 
efficiency of 20% was chosen. The entire 
constellation would require a beam-power satellite 
system with a minimum power capacity of at least 925 
kW. This assumes that stationkeeping power is 
available during the entire orbit and burst power is 
available for one-quarter of the orbit. 

In this analysis two technology projections were con
sidered. In the near-term, an SP-100 reactor with a 
specific mass of 33 kg/kW was chosen for the power 
system. The far-term projection chosen was an 
advanced SP-100 reactor with a specific mass of 2 
kg/kW. Transmitter technology was also allowed to 
advance, while receiver technology was held constant. 

With the current approach for the entire satellite 
constellation, SSTS will require approximately 22,000 
kg of power system mass to be launched. By utilizing 
power beaming, the power system mass required is 
reduced by between 3,000 to 15,000 kg, from 32% to 
86%, depending on the technology level with respect 
to the specific mass assumptions for the power 
system. 

Earth Orbital Transport Vehicle 

A reusable electric propulsion Earth Orbital Transport 
Vehicle (EOTV) will be the workhorse of the SPGD 
and space exploration infrastructure performing 
missions of satellite deployment, satellite retrieval, 
remote satellite servicing and refueling, and orbital 
debris removal. In comparison to chemically 
propelled orbital transfer vehicles, electrically 
propelled EOTVs have a low thrust spiral trajectory 
that results in long payload delivery time; however, to 
its credit, the EOTV can effectively deliver large 
payloads using much less propellant than chemical 

transfer methods. To determine the feasibility of 
beam-powering an EOTV, an analysis was conducted 
to compare the performance of EOTVs powered by 
on-board nuclear power, solar photovoltaic power, 
and power beaming. The analysis investigated three 
types of EOTV electric propulsion: arcjet propulsion, 
ion engine propulsion, and magnetoplasmadynamic 
thruster propulsion [9]. 

The EOTV mission performance analysis was based 
on a reusable EOTV delivering a 5000-kg payload to 
equatorial geosynchronous orbit, starting from a 28.5 
degree inclination 330-km orbit. Because the EOTV is 
reusable it returns to low Earth orbit after delivering its 
payload. The EOTV was assumed to have continuous 
thrust while performing orbital change maneuvers. 
Performance comparisons for this analysis are shown 
in Figure 3. The total mass required initially in LEO to 
perform the mission includes payload, power system, 
propellant, and tankage for the round trip transfer. 
The mass is presented as a function of deployment 
time, the outward leg of the overall mission. 

POWSH aEAMING 

DEPLOYMENT TIME (D>ya> 

FIGURE 3. EOTV Performance Comparisons for 
5000-kg Payload Deployment 

An expendable chemically propelled upper stage 
requires 18,000-kg mass in LEO to complete this 
mission. In comparison, the nuclear electric and solar 
electric EOTV have deployment times greater than 200 
days to compete with chemical deployment. The 
beam-powered EOTV has less initial mass in low Earth 
orbit (IMLEO) than either the nuclear electric or solar 
electric EOTV for any given deployment time. The 
beam-power system mass is relatively independent of 
deployment time because the power system has a 
very low specific mass. 

Logistically a beam-powered EOTV is preferable to an 
on-board nuclear-powered EOTV. In the beam-
powered system the nuclear power system is located 
in a high Earth orbit; the power system orbit is fixed 
while the EOTV and laser beam receiver shuttle back 
and forth between high and low Earth orbits. 
Therefore, the nuclear power plant in the beam-power 



system does not approach Earth on a return 
trajectory; this would occur after every mission for an 
EOTV powered by an on-board nuclear system. 

EOTVs can be configured to support NASA's Space 
Exploration Initiative (SEI) performing tasks such as 
cargo satellite transfer from low to high Earth orbit, 
refueling and reloading cargo transfer satellites in higfi 
Earth orbit, performing remote maintenance on SEI 
satellites in high Earth orbit, transferring unmanned 
nuclear-powered satellites to high Earth orbit prior to 
start up, and salvage of failed satellites. 

Space Station Freedom 

Space Station Freedom's initial design required an 
average power of 75 kWe to conduct station activities 
associated with housekeeping, experiment modules, 
and attached payload requirements. This requirement 
was met using eight large arrays covering a total of 
over 2200 m^. If power requirements are reduced by 
half, over 1100 m of solar panel area will be needed. 
Utilizing power beaming, a 7.5-m diameter (44 m ) 
receiver could provide the station with 120kWe [1,10]. 
Configured with two 7.5-m diameter receivers, one 
would provide backup. To implement power beaming 
an SP-100 reactor producing 650 kWe would power 
a 325 kW laser transmitter. Three beam-power 
satellites, with 120-degree spacing in a 20,000-km 
orbit would provide the space station with continuous 
power. This configuration would allow the on-board 
batteries to remain fully charged and reserved for 
providing emergency power. Pointing the laser beam 
receiver at the sun would provide an additional 5 to 10 
kWe of emergency power per receiver. 

Dynamic conversion systems with 50-ft diameter solar 
concentrators each rated at 50 kWe are being 
developed to meet space station grovirth power 
requirements. Each unit would produce 25 kWe of 
usable power with 25 kWe available for recharging 
batteries. With continuous power beaming to the 
space station, the usable output power of each 
system would be effectively doubled to 50 kWe 
because battery discharge would not be required. 

LUNAR AND MARS APPLICATIONS 

The implementation of power beaming in Earth orbit 
is an innovative approach to space power generation 
and distribution and would develop a technology base 
with a very broad range of applicability [11]. Space 
power generation and distribution involves near-Earth 
operations and activities that are major technology 
drivers for the space exploration missions that follow. 
The near-Earth deployment of power beaming would 
accomplish two primary goals: advanced power and 
propulsion systems would be developed and space 

qualified, and a return on investment would occur 
because power beaming, as a space power utility, 
would be a highly profitable commercial venture. 

In the remainder of this paper, SPGD technologies are 
applied to Lunar and Mars activities of emplacement, 
consolidation, and utilization/demonstration. 

Lunar Exploration 

Lunar exploration and development is truly a viable 
link in the development path from Space Station 
Freedom to exploration and colonization of Mars. Our 
nearest celestial body provides unique opportunities 
to test space exploration strategies as well as to 
demonstrate a beam-power-based space power 
infrastructure. Focusing ahead toward exploration 
and colonization of Mars, the Moon could support 
manned demonstration and development activities. 

Siting a nuclear-power system on the Lunar surface 
may pose political as well as technical problems. A 
viable alternative to these challenges is to position a 
power source and transmitter at an appropriate Lunar 
libration point. 

To deliver initial materials and equipment to support 
a Lunar base a cargo vehicle is required. A nuclear-
powered electric orbital transport vehicle could be 
constructed based on the beam-powered EOTV and 
nuclear power satellite technologies developed for 
near-Earth applications. To provide Lunar surface 
power, the cargo vehicle would deliver its cargo to a 
lunar parking orbit, then reposition at the LI libration 
point 56,000 km (35,000 mi) above the Lunar surface. 
From this location a 10-MWe nuclear electric power 
system could provide up to 5 MWe for use on the 
Lunar surface [10]. This location would allow 
continuous power transmission to support a Lunar 
base. Depending upon the base construction 
schedule, the power source would be the same 
reactor used to power the electric propulsion 
transport craft that carried supplies and material to the 
Lunar base. In the event of power satellite failure, the 
surface receivers (based on photovoltaic technology) 
could use sunlight as a backup energy source. In this 
reserve capacity the beam-power receivers would 
produce about 200 W/m of deployed area [5]. 

With a beam-power satellite positioned at a libration 
point, continuous power is assured for all temporary 
or remote Lunar sites or outposts. Exploration is no 
longer limited to the range of the Lunar rover from the 
base. Using multiple power satellites or power 
transmission via a constellation of relay mirrors 
provides global power coverage. An advanced beam-
powered Lunar base is shown in Figure 4. 



FIGURE 4. Actively Cooled Beam-Powered Receiver 
Supporting an Advanced Lunar Base 

With the Lunar surface power resources available from 
power beaming, a Lunar base and associated 
materials processing activities will develop. Lunar 
oxygen will provide a cost-effective fuel for space 
transportation and a vital commodity for 
environmental systems. 

Earth-to-Moon EOTV 

The beam-power satellite will be able to power an 
electric Lunar orbital transporter vehicle able to shuttle 
payloads between various Lunar orbits. This 
capability is significant because products 
manufactured on the Lunar surface can be linked with 
cargos routed to the space station. Earth, or Mars. 
When linked with the SPGD power satellite 
constellation in high Earth orbit, the Lunar craft can 
transport between Earth and Lunar orbits. In this 
configuration, for an outbound leg, the beam-powered 
EOTV would be initially powered from the Earth-orbit-
based SPGD network. Upon leaving Earth's gravity, 
a coast phase would occur, then the beam-powered 
EOTV would receive power from the Lunar libration, 
L i , power station for the remainder of the mission. 
Revolutions around the Moon would be required to 
initiate the return to Earth orbit. 

Mars Exploration 

The Lunar/Mars Exploration Program Office [National 
Aeronautics and Space Administration (NASA) Lyndon 
B. Johnson Space Center, Houston, Texas] has 
published four draft white papers: "Expanding Human 
Presence Architecture", "Evolution Emphasis 
Architecture", "Exploration Emphasis Architecture", 

and "Human Expedition Architecture". Power beaming 
is listed as an option for providing power for 
exploration activities in all of these architectures. 

One way to integrate power beaming into these 
architectures is through a "split/sprint" mission. In this 
scenario the unmanned supply module is sent in 
advance of the manned transport vehicle. The supply 
module is powered by a nuclear electric propulsion 
system and is supplied with a beam-powered 
transmitter and receiver. Upon Mars arrival, the cargo 
and beam-powered receiver land; the nuclear electric 
propulsion system with its transmitter is stationed in 
Mars synchronous orbit, thus establishing a power 
and communications link with the Mars surface. 
Depending on the mission schedule, operability of this 
system can be confirmed prior to crew transport to 
Mars. The chemically powered crew module will 
rendezvous with the supply module either in Mars 
orbit or on the planet's surface. A second nuclear 
electric propulsion transport craft equipped with a 
transmitter and receiver would add a second node to 
the power/communications network, thus allowing 
exploration of Mars' moons or development of 
additional facilities on Mars' surface. 

To quantify the benefits of coupling power beaming 
with nuclear electric propulsion to provide an 
integrated Mars propulsion and power infrastructure 
an analysis of the Mars transportation architectures 
was completed based on the NASA 90-Day report. Of 
the first four missions projected to Mars, three are 
piloted and each provide 25 MT of cargo to Mars' 
surface; the fourth mission is a cargo mission, 
supplying 80 MT of cargo to Mars' surface. Using 
three transport technologies, chemical propulsion, 
nuclear thermal propulsion, and nuclear electric 
propulsion coupled with power beaming, the initial 
mass in low Earth orbit (IMLEO) required to 
accomplish these missions was calculated. The 
chemical baseline required an IMLEO of 21,000 MT; 
the nuclear thermal propulsion baseline required an 
IMLEO of 2,500 MT; and the nuclear electric 
propulsion coupled with power beaming baseline 
required an IMLEO of 1,500 MT. In the power-
beaming analysis the nuclear electric propulsion 
system was used to beam power to Mars' surface 
instead of landing a power system on the surface. 

Energy transmission from Mars synchronous orbit to 
Mars' surface differs from space-to-space or space-
to-Lunar surface transmission because Mars' 
atmosphere, which is composed mainly of carbon 
dioxide, is also particulate laden and replete with dust 
storms. Solar irradiance incident on the surface of 
Mars is composed of two components: the direct 
beam and the diffuse component. The direct beam 
irradiance is affected by scattering and absorption 



along the path. At the wavelength currently being 
proposed for laser energy transmission, 0.833 / jn, 
photon flux is relatively high; therefore, power 
beaming is a viable method of power transmission. 
Below 0.2 fjm, virtually no solar radiation reaches the 
surface because of absorption by carbon dioxide [12]. 

CONCLUSIONS 

Power-beaming technology provides a viable power 
infrastructure that can be developed sequentially as it 
is applied to power satellite constellations in Earth 
orbit via SPGD, and to power electric orbital transport 
vehicles transferring satellites and cargos to 
geosynchronous orbit. This approach reduces the 
initial mass in low Earth orbit and thereby lowers 
launch costs significantly. Because of systems 
commonality between space transportation and 
surface power, significantly lower development and 
deployment costs are incurred. In addition, coupled 
with nuclear electric propulsion systems for cargo 
transport, the technology can be used to provide 
global power coverage on the Lunar surface and on 
Mars' surface and moons. This increased surface 
power availability will enhance mission objectives. 
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