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Abstract. A preliminary demonstration of free-space electric power transmission has been conducted using non-coherent
laser diode arrays as the transmitter and standard silicon photovoltaic cell arrays as the receiver. The transmitter assembly
used a high-power-density array of infrared laser diode bars, water cooled via integrated microchannel heat sinks and
focused by cylindrical microlenses. The diode array composite beam was refocused by a parabolic mirror over a 10 meter
path, and received on a ~15 x 25 cm panel of thinned single crystal high efficiency silicon solar cells. The maximum cell
output obtained was several watts, and the cell output was used to drive a small motor. Due to operating constraints and
unexpected effects, particularly the high nonuniformity of the output beam, both the distance and total received power in
this demonstration were modest. However, the existing transmitter is capable of supplying several hundred watts of light
output, with a projected received electric power in excess of 200 watts. The source radiance is approximately 5 x 10°
W/m?-steradian. With the existing 20 cm aperture, useful power transmission over ranges to ~100 meters should be
achievable with a DC to DC efficiency of greater than 10%. Non-coherent sources of this type are readily scalable to
powers of tens of kilowatts, and with larger apertures can be used directly for power transmission up to several kilometers.
Future non-coherent diode laser sources may be suitable for power transmission over hundreds of kilometers. Also, the
experience gained with non-coherent arrays will be directly applicable to power beaming systems using coherent diode
arrays or other array-type laser sources.

INTRODUCTION

Wireless power transmission by laser has been proposed repeatedly, e.g., (Landis, 1994). The primary advantage of
coberent laser power transmission over microwave transmission is that the laser wavelength is much shorter, so
longer ranges can be achieved with smaller transmit and receive apertures. Unfortunately, the high cost, low
electrical efficiency, and limited selection of wavelengths of coherent laser sources has prevented their use in any
practical application, or even realistic demonstration, of power transmission.

However, laser power transmission also has other advantages over microwaves:
e Photovoltaic receivers may already exist on the desired platform, or may be easier to incorporate than rectennas

e Optical power can be transmitted where RF cannot: in RF-sensitive environments, through small apertures
(including optical fibers), through RF shields, etc.

e  Optical power can be concentrated to very high power density at a receiver

If the requirement for coherence is relaxed, high-power laser diode arrays can provide arbitrary optical power at
efficiencies of 40 to 50%, and wavelengths nearly ideally matched to both Si and GaAs photovoltaic cells, at
comparatively low cost.

With the development of densely-packed laser diode arrays and microlens focusing (1- or 2-dimensional lenses
mounted directly in front of individual laser diodes) the radiance (power per unit area per unit solid angle) available
from noncoherent diode arrays has reached ~10" W/m?-sr, three to four orders of magnitude higher than non-laser
sources such as high pressure arc lamps. This is sufficient for selected power beaming applications, including laser-
powered experimental aircraft and power transmission between co-orbiting spacecraft. Foreseeable technical




improveménts' can provide noncoherent radiances in excess of 10% W/m*-sr, which ig sufficient for power
transmission to or from Jow Earth orhit.

To gam an under%ndmg of the possibilities and difficulties of non-coherent laser power transmission, the authors
attempted to-assemble o small, short-range power beaming system using available hardware. To our knowledge, this
isthe ﬁrfs% demonstration of free-space power (ransmission using an noncoherent laser diode source.

'LAgmz SOURCE
The laser source used was a microchaninel-cooled diode array originally developed for diode pummng of solid :,t‘mf
lasér media, These arrays are described in detail in (Beach, 1990). ‘The array used consisted of 25 individual
“wafers”™; éach 0.1 x 1.x 1.5 cm wafer hdvmtf a laser diode bar along one edgeand a set of water cao’lmg ¢channels.
-The wafers are stacked between metal end blocks which provide both electrical contacts and water inlet and oatlet
connections, :

e bars, fabm,ated by LLNL produce approxxmate}y 25 watts CW, with an output divergence of, nominally,
“gi1ix 1 radians (Figure 2a). The cylindrical microlens converges this beam on the *“Wide™ axis 10 produce an output
beam with d;varéume mmmzﬁ}y 0.1:x°0.0 radians (Figure Zb)

“The ass*embly used for this exp&nmmt was built to puinp i hxgh average power sofid state laser (Camaﬁkﬁzy, 1‘9‘92)
and had previously been measured to operate at up to 578 watls al-an operating point of 60 A and 43.1 V, for an
efficiency (DCto Gpm.al I:s(:xwer) of 22:4% (Mitchell, 1997). Similar arrays ‘operate at efficiencies as hzgh 2545 -
50%. In this experiment, the source was operated from 4 regulated DC power supply at'a maximum voltage of 44
volts and a maximum current of 35 A. At these conditions the array optical power output was measured at 243 W,

as described below, for an efficiency of 16%. Power transmission tests were run:at 42 mhs/ﬁﬂ Asat ﬂwau
wndmons the Ldser power output Was- measured at'28, 6 W The assomawd effmmcy is 3. 4% This low eff i’“;'

FIGURE 1. Laser
N Assembly
thc mxrmr in ong dll‘iﬁ&lﬁ)ﬂ wﬂh the artay 1ocated near the fouai pmm The beam ﬁlummatmg tha :mxm)r was

beam i thc nam:)xv” dlru,tmn tofill (and t}ms efﬁcmnﬁy use) the mirrot,

! An dreay of single mode diffraction-limited sources has on<axis radiance PR, where P is the powerof a single sotrce. At 0.8 jim wavelength,
the array radiance teaches 101 Winbsr when individual sotreis -+ single mode dicdes or, ez, phase-locked subdrays -~ prodice gredter than
6.4 watls. Combining sources with different polatizations or wavelengths can also increase radiance.




a Withoit microfefgURE 4. PY sl recciver #ih demon
FIGURE 2. Diode array beam divergence,

A 30 emysquare plane first surface mirror with & gold overcoat for I'ugh infrarcd téflectivity was used to bounce the

baam to provide a nnger beam path within the available laboratory space. The overall Qpncal arrangﬁment s
sketched in Fi gure 3.

The bear profile atvariods points was maasumci using a diffuse w,rga.t (white paper) and
The CCD camera ptowd&e relative inténsity information across the beam, which was ana yzed mmﬁ a BVAMIO!
- the ‘array output

BeamView An alyzer from Big Sky Corp.. A Coherent Labmaster power meter placed directly 1
beam was Used to measure the absolute powet into a 1.8 cm diameter mrcuhr apmure and’ ihm'c il
$ENsoT. -

brate the pr(:‘fﬂa'

RF CEIVER

The receiver consisted of an array. ;)f 9 hxgh cfﬁmency thm ﬁim §i phmmrmltmc cﬁlis manufaemred hy Sunpower, :
Inc., with an active area of 3.8 x ‘7.9 em. These cells were grouped in two series strings, oné of 6 cells and orie 6f 3.
cells,-as shown in Figute 4. These cells had an efficiency in sunlight of 18%. - ‘hcy werg part of aTot originally
intended for use ina solar-»pf}wered du‘pid‘ﬂﬂ project, which was also the source of the demonstration regenerative
fuel cell used as'a test load (’Mﬁhtsky 1993) Tbew 3ar£ uhu cu’xis were iammated batween piac.t:c ﬁhacts of -

the expenmem 'I“hn cdis were mwrmnnecmd w:th soldered coppr“r rlbbcm

RESULTS
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FIGURE 3. Optical layout, viewed from above.




nonummrm ﬁux at th&, recewer sioce ihc array surf'mc is ot um?ormly bright, %mt that a ccm;yamtwdy smaﬂ
defocusing would blur the mrxpe pattern and yield a uniform spot. The degree of defocusmg available with this
small soutce and'short range was not large, however. Also, the umfonmty of the diode bars was poor, espama]ly at
the n&arwthmahald Opﬁ:mimg conditions, creating rlarge-scale variations in output across the transmitter surface.

However, the highpeak power observed in one section of the output pattern was entirely unéxpected. We believe
thig was duc to mmahgnmcm af tha mlcwlum on one (hod& lmr, wnh the’ rz%uit that its cutpm was directed about 2

""" d, this would cause
bcsth dx;; in ﬂux at the receiver where that bar shnuid h.:we xllummatﬂd aﬁc} a peai: where two har outputs

over appefd

Due to the nonuniformity, aperatmg the transmitter at even ~20 watts resulted in localized hot spots at the receiver.
Changes in the surface appearance of the receiver during operation suggested that the plastic cover and/or the low-
tentperature solder interconnections ‘were approaching melting. Pn)st«p&pz:nmmt examination of the weeiver
‘revealed a crack in ohE cell. Operation with 2 larger receiver area (a ~1 m* PV cell panel) and higher power was

:g;planaﬁd but not completed..

:Vm {opﬁ,n cireuit vult&ge) 1.93V (avemge teli fmm 1 99 0 L 8‘§ volta a8 the receiver was heated by tht., beam}
Isc (&é}or{ circuit current): 1.19A

Aasuhing p{)wcr facmr (ratm of Voe * # isa to ;mm,r mm a matchc,d o;&d) Of 85%, thc powcr cximcmbie bv a

-P
~1{)%, the optzca] pc«wer on'the 3- ce]] strmv was apprommately 5 7 W gwmg a cell afﬁcxency of 1815 7 = 32%:

There is some uncertamty about this wh;e, ds a similar integration estimates the fraction of the laser | power mtmng

the power meter aperture (2.6 ¢m®) as 0.0081; this would correspond fo total beam power at the receiver of
(.185%2.6/0.0081) ='59.5 watts, and thus a laser power of watls, significantly higher than the 28.6 W pm\musly
~measured at this Jaser ¢arrent. The source of the discrepancy is not known. The cmrcgpendmg PV cell cﬁ' iciency. i
this power estimate is cotrect is ~14%, which would be surprisingly low.
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FIGURE 5, Beam profile st receiver.




Fuel Cell/Motor Operation

The receiver was used to directly drive a small (1 W) electric motor with the 3-cell string, and to simultaneously
charge a demonstration-sized regenerative fuel cell with the 6-cell string. The fuel cell, operating as an electrolyzer,
developed bubbles indicating significant gas production at a laser current between 18 and 20 A.

DISCUSSION

This effort was unfortunately cut short after the first “power transmission”. As a result, the overall efficiency and
power transmitted were both low and poorly measured. The estimated efficiency and power are shown in Table 1.

However, the required steps to improve this efficiency in the existing experimental setup are clear:
1. Operate at substantially higher transmitter power to improve transmitter efficiency and uniformity.

2. Improve the uniformity of the beam at the receiver. At a minimum, the worst-misaligned diode bar may be
blocked off to reduce the severest “hot spot”. Some types of “beam scramblers”, including the lens ducts used to
couple diode array outputs to solid-state laser media, are nearly radiance-preserving, and can be used to generate a
more uniform output.

With these two improvements, we would anticipate being able to transmit in excess of 100 watts over ~30 meters,
with an end-to-end efficiency of approximately 10%, using a larger (~1/2 meter square) receiver array

A third upgrade would use an anamorphic lens or prism to fill the available focusing reflector aperture, rather than
using only a narrow strip. This would extend the usable range to 60 to 100 meters, which would exceed the
available laboratory path and require moving the tests outdoors or to a larger facility.

Since the range is linearly proportional to the transmitting aperture, larger optics could significantly extend the
useful range. Using a 1 meter aperture (of substantially less than telescope quality), the existing transmitter could
send useful power (nominally defined as received flux * PV efficiency > sunlight flux * PV efficiency in sunlight)
over approximately 1 km.

There are few fundamental limits to increasing the transmitter fluence substantially. In particular, higher power
diode bars with 1- or 2-dimensional microlens arrays can clearly provide one more order of magnitude in fluence in
the foreseeable future. Arrays of single-mode diodes, which can be accurately focused on both axes, can potentially
provide 106 steradian divergence from diodes on <1 mm centers; at 1 watt per diode, such arrays could exceed 10*
W/m?-sr.

The problem of uniformity will be automatically reduced in larger systems, because the number of individual diode
bars will be greatly increased. In the current system, defocusing the system sufficiently to significantly smooth the
received flux also spread the overall beam substantially; this would be much less true in a system with 100 or more
individual diode arrays. Alternatively, large systems may use multiple small transmitting apertures, since the
received flux is independent of the distribution of the transmitting aperture area; in this case many individual

TABLE 1. Demonstrated and Projected Efficiencies of Noncoherent Power Beaming
Demonstrated Projected® Achievable®
Power, | Effic- | Cumu- | Power, | Effic- Cumu- | Power, | Effic- | Cumu-
w iency, | lative W iency, lative W iency, | lative
% Eff., % % Eff., % % Eff., %
DC power 860 100 1540 100 2000 (nominal) 100
Diode array output 28.6 34 3.4 243 16 16 900 45 45
Transmission 25.7 | 90 3.1 | 219 90 144 | 810 [ 90 41
Receive area/beam 5.7 22 0671 109 50 72 650 80 33
area :
Cell efficiency 1.8 32 0.21 35 32 2.3 260 40 13

® Using the existing source and PV cells in a follow-on experiment
b Using currently-available laser diodes and PV cells




nonuniform patterns would be averaged. However, this will remain a key issue for noncoherent array transmissions,
and further analysis and experiments on the effect of such nonuniform illumination on PV cell arrays is needed.
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