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The present paper intends to link several disciplines in an attempt to describe an application of
optical systems slightly out of their mainstream applications. Back in the middle age, optics, then the
“science of light” has been fundamental in understanding our universe and changing our perspective
of our place in it. Optics in form of laser communication and the use quantum encryption are entering
the field of space telecommunication and might well reveal to be the single most enabling technology
for the introduction of secure and high bandwidth communication. In the present paper a different
application of optical links is discussed, using laser links not only as a communications channel but
also as a means to transfer energy without wires. Different concepts and applications of wireless
power transmission via laser are discussed, including terrestrial and space-based applications.

1. INTRODUCTION

While the science of light and vision has always
fascinated and influenced humans, the beginning of
modern optics might be traced back to the famous
"Book of Optics” by Ibn al-Haytham®, which for the
first time describes the theory of vision and light as
a ray theory, unifying geometrical optics with philo-
sophical physics. His book already described experi-
ments with lenses, mirrors, refraction, and reflection.
Modern scientific optics, with the invention of the
telescope in the 17*" century by Dutch and Italian
astronomers and mathematicians revolutionised our
way of viewing the universe and the place of Earth
and thus ultimately our own place within it.

Optics is already one of the most cross disciplinary
disciplines, spanning from physics, chemistry, mathe-
matics, electrical engineering up to architecture, psy-
chology and medicine. This paper intends to describe
the application of optics and light in an area where it
is traditionally only marginally present: energy trans-
mission.

2. WIRELESS ENERGY TRANSMISSION

The first attempts to transmit energy wirelessly
with the purpose of doing so are attributed to N.
Teslal at his laboratory in Long Island, New York
just 30 years after J. Maxwell* had predicted in 1873
the transport of energy trough vacuum via electro-
magnetic waves, validated in principle 15 years later
by H. Hertz}. [I]

* Ibn al-Haytham, 965-1040; also known under the names of
Alhacen or Alhazen
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¥ James Maxwell, 1831-1879

§ Heinrich Hertz, 1857-1894

Following the invention of the magnetron and the
klystron in the 1920 and 1930, the developments dur-
ing the second world war made microwave beams
available to a wider scientific community. The first
successful engineering approach to use microwaves for
effective energy transmission was done by W. Brown¥
in the 1960s, by powering among other devices a teth-
ered helicopter. [2]

The first power stations in Earth orbit, taking ad-
vantage of the absence of day-night cycles to harvest
the energy of the sun were described by the early
space pioneers K. Tsiokovski** and H. Oberthf. Pe-
ter Glaser is recognised as the first to combine the
visions of these early space pioneers with the practi-
cal advances in transmitting energy without wires by
W. Brown in his 1968 publication in Science, which
contained the first engineering description of a solar
power satellite (SPS). [3] It established a vision of a
sustainable, practically non-depletable and abundant
source of energy to meet world energy demands and
triggered the imagination of researchers around the
globe.

Since this pioneering article, several small and
larger scale studies and experiments have been per-
formed around the world in order to mature the con-
cept of solar power satellites further. For a descrip-
tion of how the concept had evolved since the 1968
publication, it is referred to [4]. While these stud-
ies and experiments were generally intensified during
times of high carbon fuel prices and received lower
attention during times of low oil and gas prices, the
idea was never considered mature enough to be put
on a larger industrial scale, but the general concept
of abundant, virtually CO5 emission free power gen-
erated in orbit and transmitted to where needed on

T William Brown, 1916-1999
** Konstantin Tsiolkovski, 1957-1935

T Hermann Oberth, 1894-1989



Earth has most of the time been considered as too
attractive to not pursue further. The most compre-
hensive study was done during 1979, when the US
DoE and NASA made a joint technical analysis (fre-
quently quoted as “SPS reference study”) on the op-
tions of SPS. [5]

Furthermore, all studied so far essentially con-
cluded that there were no principal technical “show-
stoppers” to the concept. On the other hand, with
each redesign cycle based on new technology, the to-
tal mass in orbit, cost and complexity of the entire
system decreased substantially, indicating a remain-
ing potential for further improvements. [5] [6] [7] [8]

The most daring concepts was probably proposed
by Criswell et al. in 1990: The proposed lunar
power stations would be very large installations on
the moon, generating energy from solar irradiation
on the moon to transmit it to Earth, passing via re-
lay stations and reflectors in Earth orbit. [9] [10]

Following the theoretical works in the 1950s and
the first presentation of a functioning laser in 1960,
the use of lasers as a means to transmit energy be-
came apparent. [I1] [I2] At the same time, the first
photovoltaic cells were mounted on spacecraft to com-
plement the energy provided by batteries to extend
the spacecraft operational life.

The much higher maturity level of microwave de-
vices and the resulting order of magnitude higher
overall efficiency has however prevented the con-
cepts of wireless energy transmission by laser to en-
ter into the mainstream SPS concepts for most of
the last 30 years. Recent exceptions include the pa-
pers of Brandhorst, Steinsiek, Cougnet, Fork, and

Luce. [13] [I4] [15] [16]

The present paper argues that advances in laser
technology and operational as well as engineering ad-
vantages of concepts based on laser power transmis-
sion provide ground for further interest in this con-
cept and a stronger involvement of the scientific laser
community.

This paper concentrates on technologies for long-
distance wireless power transmission technologies.
Short and medium range wireless power transmission
(e.g. via induction or evanescent wave coupling) are
not considered. [I7]

3. WIRELESS ENERGY TRANSMISSION
TECHNOLOGIES

In general, effective wireless energy transmission
concepts need to comply with a range of fundamental
constraints:

e possibility to transfer the energy though an at-

mospheret?; transparency of the atmosphere to
the used wavelength;

e possibility for directional emission;

e possibility to convert the energy from the form
of its source (solar, electric, heat) to a transmit-
table form (e.g. microwave, laser, accoustic);

e possibility to convert the transmittable energy
form back into a useful form of energy (e.g. elec-
tricity, hydrogen).

While this paper concentrates on laser energy
transmission, it is useful to compare its performances
and parameters with microwave energy transmission,
the most widely studied wireless energy transmission
technology. In principle, laser energy transmission
systems are very similar to energy transmission via
microwave technology: the power source (solar, elec-
tricity) is converted into an emitter or an emitter ar-
ray that generates the directional electromagnetic ra-
diation, which is subsequently absorbed in a receiver,
which transforms the energy back into a more useful,
transportable form, e.g. electricity, heat, hydrogen.

The key difference, the wavelengths used, im-
plies the major other differences between the laser
and microwave-based concepts: While most wireless
power transmission rely on microwave frequencies of
either 2.45 or 5.8 GHz (0.12-0.05 m; both in the indus-
trial, scientific and medical (ISM) frequency band),
laser energy transmission takes advantage of the at-
mospheric transparency window in the visible or near
infrared frequency spectrum. (Fig.
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FIG. 1: Transmission and absorption in Earth atmosphere.
(source: NASA)

 For simplicity, only terrestrial applications are considered for
the purpose of this paper. The principle remains of course
the same of wireless energy transmission between to objects
in space and from deep space to planetary surfaces.



The five orders of magnitude frequency difference
determine the sizing of the emitters and receiving de-
vices as well as the energy density of the transmission
beam according to standard optics principles. Similar
to the higher data rate achievable with optical data
links (Fig. , laser energy transmission allows much
higher energy densities, a narrower focus of the beam
and smaller emission and receiver diameters.
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FIG. 2: Classification of satellite communication systems by
beam divergence and data rate. (source: [18])

3.1. Wireless power transmission experiments

The principles of wireless power transmission as
considered for SPS and other applications has already
been demonstrated for both technologies: RF and
laser systems.

8.1.1.  Microwave-based experiments

Microwave-based experiments have demonstrated
so far the possibility to supply power to e.g. he-
licopters, baloon-based platforms, experimental air-
planes, experimental cars, rovers and cell phones.
The first experiment was conducted by W. Brown in
1964, when also the first “rectenna® and invented

88 A rectenna is a power conversion device from converting mi-
crowave to DC. The first rectenna developed by W. Brown
was composed of 28 half-wave dipoles terminated in a bridge
rectifier using point-contact semiconductor diodes. Later,
the point contact semiconductor diodes were replaced by
silicon Schottky-barrier diodes which raised the microwave-
to-DC conversion efficiency from initially roughly 40% to

and used.

The longest distances between emitting and receiv-
ing points achieved so far is in the order to hundred
kilometers. The largest amount of energy transmitted
so far was during an experiment by the US Jet Propul-
sion Laboratory in 1975, when 30 kW were transmit-
ted from a 26 m diameter parabolic dish to a 1.54 km
distant rectenna with 85% efficiency. [19]

The first energy transmission in space between two
objects was achieved by N. Kaya et al. in 1983. [20]
The first airplane powered by a ground based mi-
crowave emitter was launched in Canada in 1987 with
the aim to test a wireless power transmission tech-
nology to be used for powering high altitude, quasi-
stationary platforms. [2I] Similar experiments were
performed in Japan in 1993 and 1995, powering from
the ground a small airplane and a balloon respec-
tively. [22] [23] The electronic beam steering by phase
control of a microwave beam from space to Earth us-
ing a pilot signal has been demonstrated in a sounding
rocket experiment in 2006 by Kaya et al. . [24]

In a completely different power range and for com-
pletely different applications, also the power supply
to RFID chips are to be considered an application
of wireless power transmission by microwaves. Fur-
thermore, these generally use the same ISM frequency
band.

8.1.2. Laser-based experiments

While over the years, several laser-based wire-
less power transmission experiments and applications
have been suggested and described, only relatively
few actual experiments have been carried out com-
pared to the number and diversity of microwave-based
experiments described in the previous section.

Classified experiments involving laser power trans-
mission technology demonstration have been reported
to have taken place in the 1980s during the US Strate-
gic Defence Initiative. These seem to have been con-
ducted building on a heritage from the Apollo pro-
gramme that used ground-based lasers with reflectors
on the Moon to measure the Earth-Moon distance.
Once of the observatories involved has been the Air
Force Maui Optical Station (AMOS) located ontop
of mount Haleaki in Hawaii, US. The SDI concepts
would use ground based eximer lasers with adaptive
optics and a roughly 5 m mirror in GEO and an-
other mirror in a polar orbit at roughly 1000 km al-
titude. [25] [26] [27]

In 2002 and 2003, Steinsiek and Schéfer demon-

84%. [2] [19]



strated ground to ground wireless power transmis-
sion via laser to a small, otherwise fully indepen-
dent rover vehicle equipped with photovoltaic cells
as a first step towards the use of this technology
for powering airships and further in the future lunar
surface rovers. [28] The experiment was based on a
green, frequency-doubled Nd:YAG laser at only a few
Watts. It included the initiation and supply of the
rover including a micro-camera as payload as well as
the pointing and tracking of the moving rover over a
distance up to 280 m by applying active control loops.

(Fig. |3)

FIG. 3: EADS developed, fully laser powered autonomous
rover. (source: EADS)

Recently, similar experiments, however focussing
less on the beam control and beam steering as-
pects but rather on the total transmitted power lev-
els have been carried out in the frame of a context
related to space elevators, organised and co-funded
by NASA. Ground-based lasers have been used to
power small PV-covered “climbers” attached to a
tether with the objective to achieve maximum climb-
ing speeds. [29] [30]

One of the advantages of microwave power trans-
mission over the use of laser has been the possibil-
ity to avoid moving parts in space by using an elec-
tronic beam steering system based on the control of

the phase of a matrix of emitters. Recently, Schéfer
and Kaya have however demonstrated that a similar
system is in principle also possible for laser based sys-
tems by presenting a new concept for a retrodirective
tracking system. [31]

In the proposed concept, the power transmitter
utilises a receiver’s pilot signal to obtain information
about its direction by conjugating the signal’s phase
inside a nonlinear medium. The emitted power there-
fore transmitted back to the direction of the receiver
by the phase-conjugated signal beam. In this way,
power can be concentrated by an array of phase con-
jugators, which offer the possibility to provide a large
aperture in order to increase the intensity at the re-
ceiver’s photovoltaic panels. The control of the phase
and the direction of the readout beams provides con-
trol over the interference pattern, its position, and its
size, offering new possibilities for the design of space-
based power stations. [31]

3.2. Laser power transmission

Lasers generate phase-coherent electromagnetic ra-
diation at optical and infrared frequencies from exter-
nal energy sources by preferentially pumping excited
states of a “lasant” to create an inversion in the nor-
mal distribution of energy states. Photons of specific
frequency emitted by stimulated emission enter and
are amplified as standing waves in a resonant opti-
cal cavity. The most efficient DC-to-laser converters
are solid-state laser diodes commercially employed in
fiber optic and free-space laser communication. Alter-
natively, direct solar-pumping laser generation has a
major advantage over conventional solid state or gas
lasers, which rely on the use of electrical energy to
generate laser oscillation since the generation of elec-
tricity in space implies automatically a system level
efficiency loss of roughly 60%. To generate a laser
beam by direct solar pumping, solar energy needs to
be concentrated before being injected into the laser
medium. The required concentration ratio is depen-
dent on the size of the laser medium, the energy
absorption ratio and the thermal shock parameter
(weakness of the material to internal stress caused
by a thermal gradient).

3.2.1.  Laser selection

In principle, all lasers can be used for transmitting
power. Using the general conditions as described in
section[3]specifically applied for the selection of lasers,
these imply in addition constraints related to the

e efficiency of the laser generation process, and
the



e efficiency of the absorption and laser-to-electric
conversion processes.

Specifically for direct solar pumped lasers, there are
several types of materials suitable as laser medium:
From the standpoint of resistance to thermal stress,
sapphire seems the optimal material for the laser
medium. Since large sapphire crystals are very dif-
ficult to produce, most concepts rely on YAG (yt-
trium aluminum garnet) laser crystals. Concerning
the required energy densities, solar energy compres-
sion ratios of a few hundred times are required for
YAG lasers.

Applications in space or from space to Earth add
additional constraints regarding:

e laser generation system mass;

e laser generation temperature requirements
(preference for very high temperature opera-
tions in order to allow for a low radiative heat
rejection system mass and small size);

e absence of “consumables” and other potential
waste products;

e high laser beam quality to avoid the use of
lenses and achieve small receiving surfaces;

e control of the phase (arrays of matrices of differ-
ent laser, possibly used in order to form virtual,
large apertures).
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FIG. 4: Spectral output of several types of lasers.
(source: [32])

Scholars on terrestrial solar pumped lasers gener-
ally differentiate between two types of “solar pumped
lasers”: direct and indirect solar pumped versions. In
this classification, the “solar pumped” description re-
lates to the sun as origin of the power source, with
indirect solar pumped lasers first converting it via e.g.
PV panels into electricity which is then used for pop-
ulation inversion inside the gain medium. Direct solar

pumped lasers use the solar irradiation directly as en-
ergy source injected into the laser gain medium.

Under this classification, practically all space based
lasers would fall under the category of “solar pumped
lasers”. Therefore, literature related to space applica-
tions usually makes the distinction between standard
lasers (in the terrestrial laser power community called
indirect solar pumped lasers) and solar pumped lasers
(called direct solar pumped lasers in the standard lit-
erature on lasers).

8.2.2.  Standard indirectly pumped lasers

An analysis of the suitability of different laser types
has shown that for the visible frequency range, solid
state lasers are in general considered as the most suit-
able candidates for (space) solar power applications,
including diode lasers and diode-pumped thin disk
lasers. [33] Especially the later ones have achieved
very high power levels of up to kW and overcoming
some of the limitations of high power diode lasers, like
thermal lensing by reducing the thermal gradients in
the material. [34]

In general, these lasers rely e.g. on a laser diode or
on materials like Nd:YAG. Currently, the laser diode
is the most efficient laser, with an up to 80% plug-in
efficiency and an emitted wavelength in the range of
795-850 nm. The most important development effort
seems to be made for diodes emitting in the range of
950 nm (pumping of 1.55 pum fiber laser). For larger
scale space applications for wireless power transmis-
sion, large area emitting system with thousands of
individual diodes could be realised. In this case, the
main limitation is the thermal control of such diode
panels to maintain optical coherence.

Most of the solid state lasers are based on crystal
technology (Nd:YAG, Nd:Y20s3, Ruby, etc). These
lasers are optically pumped in the visible range. The
Nd:YAG laser (1.064 pm) is the most widely used;
it can be efficiently pumped by laser diodes or solar
radiation, emitting visible radiation at 0.532 ym. The
overall system efficiency for the laser diode pumped
concept is reported at about 15%. [33]

3.2.3.  Direct solar pumped lasers

Direct pumping uses sunlight as the source of the
pumping light in order to generate the laser beam.
In order to achieve the required power densities for
the inversion process, sunlight at 1 a.u. needs to be
concentrated from its natural 1387 W/m? to concen-
tration values between 200 and a few thousands de-
pending on the lasing medium. In order to avoid very
large collecting and concentrating surfaces (reflectors



or lenses), direct solar pumped lasers add additional
constraints to the selection process described above:

e low energy densities for the population inversion
in order to allow for practically achievable solar
energy concentration ratios;

e high temperature lasing rods able to be com-
bined in series;

e highly efficient hear removal systems.

The laser rods can be made of a variety of ma-
terials; many recent studies have focused on using
semiconductor materials. The power output of di-
rect solar pumped lasers depends fundamentally on
the overlapping between the standard solar emission
spectrum and the laser absorption one. The specu-
lated slope efficiency of this type of pumping is up to
2-3% [35]. The components of this system are a so-
lar collector, laser medium and on the receiving end
either photovoltaic panels or a heat-based conversion
system for the conversion of the laser beam back to
electricity. Alternatively, as for standard lasers, lasers
in the infrared wavelength region might be used to via
further concentrations to directly generate hydrogen
via the molecular dissociation process.

One of the most critical technical challenges is the
design of an efficient heat removal system from the
laser medium. Even with the reported very high con-
version efficiencies only part of the injected solar en-
ergy will appear as laser output. [36] The remaining
energy will generate heat. This energy increases the
internal energy of the laser medium but does not ap-
pear as laser output. It is therefore important to de-
sign the system so that those parts of the solar spec-
trum that do not contribute to the laser output are
filtered and don’t reach the laser medium in the first
place. One options could be polymer films with a
wavelength-dependent reflectance ratio.

Direct solar pumped lasers present some consider-
able advantages for space applications, making this
technology in principle more attractive for use in
space than on Earth:

e Since in space, the energy for laser pumping
needs to come from solar radiation¥¥ the effi-
ciency of the photovoltaic solar to electric con-
version system needs to be included in a laser
technology system analysis. Space PV system
efficiencies in the order of 30 to possibly 40%
are assumed to be achievable within the next
5 years. Therefore 15% efficient direct solar

99 For the purpose of this paper, applications based on the use
of nuclear reactors and pulsed ”one-time” high power defence
related laser applications in space are not considered.

pumped lasers would compete with laser sys-
tems with a 50% laser generation efficiency, not
accounting for other aspects.

e The elimination of the intermediate conver-
sion process from solar into electricity in space,
which eliminates the need for most of the elec-
tronics. Eliminating the electricity intermedi-
ate step also solves one of the potentially limit-
ing factors of “traditional” solar power satellite
concepts, namely problems due to high voltages
(e.g. arching,).

A fiber laser with optimised sun collector could be
an interesting alternative, but only a very small num-
ber of theoretical studies have been carried out to
date and it is difficult to currently quantify the ap-
plication of this technique for direct solar pumped
lasers.

8.2.4. Recent and ongoing research

Most of the very early solar power satellite sys-
tems were based on microwave power transmission.
But since the very early phases, laser power transmis-
sion was considered as an alternative. [5] Studies in-
cluded already in the late 1970s laser based SPS, their
economic rationale, their integration into a hydro-
gen economy and their potential interactions between
high power laser beams and the environment, in-
cluding the investigation of potential mitigation tech-
niques to minimize the environment effect by a judi-
cious choice of laser operating parameters. [37] [38]

The use of laser based wireless power transmission
was revisited in the early 1990s by Landis. [39] [40]
Since several years, the Japanese space agency JAXA
is pursuing a solid and targeted R&D programme to-
wards the development of space based solar power
stations, including as the two main technical options
the microwave and laser based concepts. New designs
and laser system options have been proposed.

The JAXA proposed laser based system is based on
direct solar pumped lasers using a Nd:YAG crystal. A
reference system has been designed, delivering in its
full configuration 1 GW. The entire system would be
built in a highly modular way, with individual mod-
ules of 100 m x 200 m primary mirrors and an equally
large radiator system as base unit delivering 10 MW
each and stacked to a total length of 10 km in orbit.
(Fig. [f] and Fig. [6) [41] [42]

In 2004, JAXA and the Osaka based Institute for
Laser Technology have reported an experiment with
direct solar pumped laser beam (using simulated so-
lar light and a fiber laser medium made from a
neodymium-chrome doped YAG (Nd-Cr:YAG) crys-
tal and disc type bulk crystal) with conversion ef-



ficiencies from the input power to the output laser
power with 37%. [36]***

FIG. 5: JAXA L-SPS 100x200 m reference unit delivering
10 MW via direct solar pumped lasers. (source: JAXA)

FIG. 6: JAXA L-SPS fully deployed reference system
delivering 1 GW via direct solar pumped lasers. (source:

JAXA)

*** Peer reviewed publications confirming the order of magni-
tude increase over previously reported highest efficiencies are
to the best knowledge of the author still pending.

FIG. 7: JAXA L-SPS system diagram. (source: JAXA)

In Europe, the European Space Agency (ESA) has
federated European research communities and indus-
try in 2002 into the European SPS Network. A multi-
phased programme plan provided the frame for sev-
eral studies related to laser based SPS.

As part of the first phase, together with EADS As-
trium the use of laser power transmission for space
to space applications were studied, including power-
ing surface elements on the Moon and Mars, Earth-
orbiting satellites and deep space missions. The lunar
surface application has been identified as the most
promising application.

The relatively conservative and compact design in-
corporated four parallel laser systems, connected to a
1.5 m diameter telescope capable of emitting 6 kW
power. The lasers are based on solid state diode
pumped technology. In order to allow the system in
lunar orbit to provide power to small lunar surface
elements, the system design required a pointing ac-
curacy of only 86.2 nrad. Going into some details on
the overall system aspects, a rover acquisition process
had been defined, which would reply on a small laser
beacon or corner cube implemented on the rover and
receiver optics on the orbiting SPS. Each telescope
would have to be actively controlled to achieve fine



pointing accuracy. The rover(s) receiver surface is
to be equipped with wavelength optimized solar PV
cells. The spot size dimensions at rover level mea-
sure 14.4 m in diameter and would thus be substan-
tially larger than the rover receiver area, but on the
other hand assure sufficient power during moving of
the rover and margins on the pointing accuracy. The
total power the rover was estimated to receive from
such a system was approximately 650 W. [15].

A satellite would be located in Earth-Moon La-
grange point LL1-L.2 at a distance of about 58,000 km.
The system could provide a permanent illumination
of any spot of roughly half the moon. The system
would use four Nd-YAG lasers, each with a 10 kW
rating and a 1 m diameter telescope. The SPS would
include one power system, one deployable radiator
(about 120 m?) per laser module and a receiver sys-
tem that measures 100 m? of PV cells.

Subsequent more recent work refined further the
detailed options on the choice of the positioning of the
laser based SPS in lunar orbits, confirming the large
advantage of laser based systems over microwave-
based systems for such lunar surface applications. [43]

As part of the same first phase of the European
SPS Programme plan, two studies were performed
assessing among other aspects the optimal way to
integrate space based with terrestrial solar power
plants, assessing the microwave as well as laser op-
tions. [44] [45] [13] [14]

To date, a number of laboratory-based experiments
have taken place, which have shown the promise that
this type of power transmission holds for the future.
An optical fibre design has been proposed by G.
Phillipps, in which an optical fibre to deliver the so-
lar radiation to a lens or to a lens system constructed
at the end of the crystal. [46] This lens or lens sys-
tem will concentrate the radiation and will direct it
onto the laser medium. In the case of Nd:Cr:GSGG,
the output power is 3.2 W with a collecting area of
0.41 m? from the input power of 200 W. The slope
efficiency of that system was found to be 1.6%.

An experiment to illustrate the difference between
two laser types: Nd:YAG and Nd:Cr:GSGG was car-
ried out by U. Brauch et al. [47] These laser types
were selected because of there physical properties.
This comparison indicated that solar pumped solid
state lasers, especially the Nd:Cr:GSGG laser, are the
best choice for space-power transmission.Their exper-
iments with direct solar pumped Nd:Cr:GSGG and
Nd:YAG lasers at 77 K and 300 K showed that cooling
the laser crystals to temperatures much lower than
300 K reduces thermal problems, increases efficiency
and improves beam quality. They have also shown
that the overall system efficiency can be increased by
splitting the solar spectrum into different parts for
conversion to laser power and to electrical power. The
estimated values were 17% for a laser/photovoltaic

system and 27% for a laser/solar dynamic system.

A two stage collector test was completed by P.
Gleckman, in which it was demonstrated that the
laser types Nd:YAG and Nd:Cr:GSGG, when end
pumped in a two-stage solar concentrator consisting
of 40.6 cm diameter primary which forms a 0.98 cm
diameter image, could produce 55 W of sunlight was
squeezed into a spot 1.27 mm in diameter with a
55% efficiency. With this efficiency, two-stage end
pumping of solid state laser rods had the potential
for an improvement on the previous direct pumped
solar laser. [4§]

4. OTHER APPLICATIONS OF
LASER-BASED WIRELESS POWER
TRANSMISSION

4.1. Planetary and lunar surface applications

Apart from the above presented large scale solar
power satellites for providing power to Earth or their
orders of magnitude smaller versions for space-to-
space energy transmission, relatively large-distance
laser power transmission are also considered to avoid
the complexity and mass of cables for planetary or lu-
nar installations in combination with a surface power
plant. Such a plant could either be solar powered
(e.g. small solar powered stations installed on spots
of permanent sunshine very close to lunar pole) or be
a small lunar surface nuclear reactor. [49] [50]

4.2. Powering tether “climbers” for a space
elevator

In the frame of the ongoing studies related to space
elevators [29], the power supply for the tether con-
struction and payload carrying “climbers” represents
a substantial challenge. Wireless power transmission
via lasers is currently the best option. In order to
advance the related technology, NASA is organising
and co-funding since several years competitions with
the aim to supply sufficient power from the ground
for “climbers” to reach a minimum speed. [30]

4.3. Wireless power driven propulsion

Laser or microwave-driven acceleration by photon
reflection has been proposed for propelling spacecraft
for science missions to the outer solar system and even
to nearby stars. In principle, such wireless beam-
driven probes have the advantage that energy is used
for the acceleration of only the payload (and the re-
ceiving/reflecting structure usually called a “sail”) but



not the propelling beam generator.

5. CONCLUSIONS

The present paper intended to provide an overview
over a relatively neglected are of research related to
lasers: using lasers to transmit energy over large
distances, and especially in and from space. Con-
cepts and candidate technologies have been pre-
sented. Laser power transmission systems are still
considered as less mature than microwave based sys-
tems. However, it is argued that due to recent ad-
vances in direct solar pumped lasers, the potential
integration of space and terrestrial based solar power
plants and potentially radical simplifications on the
space system design, laser-based wireless power trans-
mission concepts should be matured further in order

to represent a credible alternative.

Both microwave and laser power transmission sys-
tem are being considered, with laser systems offering
larger improvement capacities and potentially much
smaller systems. Among the most important chal-
lenges for the maturation of laser power transmission
technologies to industrial applications in space are the
following key ares:

Thermal Control: A key to large scale laser power
transmission is the thermal system design. The con-
centration factors and lasing efficiencies require the
efficient rejection of substantial amounts of heat.

Laser Rod Material: Research on the optimal laser
rod material to balance the frequency, temperature,
efficiency, modularity and stability requirements of
space based direct solar pumped lasers.
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