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Since 1986, ENTECH and NASA

have been developing and refining

space photovoltaic arrays using

refractive concentrator technology.1

Unlike reflective concentrators, these

refractive Fresnel lens concentrators can

be configured to minimize the effects of

shape errors, enabling straightforward

manufacture, assembly, and operation on

orbit. By using a unique arch shape, these

Fresnel lenses provide more than 100X

greater slope error tolerance than either

reflective concentrators or conventional

flat Fresnel lens concentrators. 2

In the early 1990’s, the first refractive

concentrator array was developed and

flown on the Photovoltaic Array Space

Power (PASP) Plus flight test that includ-

ed a number of small advanced arrays.3

The refractive concentrator array used

ENTECH mini-dome lenses over Boeing

mechanically stacked multi-junction

(MJ) cells (GaAs over GaSb). The mini-

dome lenses were made by ENTECH

from space-qualified silicone (DC 93-

500), and coated by Boeing and Optical

Coating Laboratory Inc. (now JDS

Uniphase) to provide protection against

space ultraviolet (UV) radiation and

atomic oxygen (AO). The thin-film coat-

ing developments will be discussed in

Section 3. Figure 1. shows the mini-dome

lens array which flew on PASP Plus.

This array performed extremely well

Figure 1. Mini-Dome Lens Array for the

PASP Plus Flight Test (1994-1995).
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throughout the year-long mission in a high-radiation, 70-degree

inclination, 363 km by 2,550 km elliptical orbit, validating both

the high performance and radiation hardness of the refractive

concentrator approach.3 Indeed, the mini-dome lens array pro-

vided the highest performance and the lowest degradation of all

12 advanced arrays on the PASP Plus flight test.3 In addition, in

high-voltage space plasma interaction experiments, the refrac-

tive concentrator array was able to withstand cell voltage excur-

sions to 500 V relative to the plasma with minimal environ-

mental interaction. 3

In the middle 1990’s, ENTECH and NASA developed a new

line-focus Fresnel lens concentrator, which is easier to make and

more cost-effective than the mini-dome lens concentrator. Using

a continuous roll-to-roll process, 3M can now rapidly mass-pro-

duce the line-focus silicone lens material in any desired quanti-

ty.

In 1994, ABLE Engineering (now ATK Space) joined the

refractive concentrator team and led the development of the

SCARLET® (Solar Concentrator Array using Refractive Linear

Element Technology) solar array. 4 SCARLET used a small (8.5

cm wide aperture) silicone Fresnel lens to focus sunlight at 8X

concentration onto radiatively cooled triple-junction cells.

Launched in October 1998, a 2.5 kW SCARLET array powered

both the spacecraft and the ion engine on the NASA/JPL Deep

Space 1 probe, shown in Figure 2.

SCARLET achieved over 200 W/m2 areal power density and

over 45 W/kg specific power, the best performance metrics up

to that time.5 The SCARLET array was the first solar array to fly

using triple junction solar cells as the principal power source for

a spacecraft. With SCARLET working flawlessly, Deep Space

1 had a spectacularly successful rendezvous with the comet,

Borrelly, in September 2001, capturing the highest-resolution

images of a comet to that date and other unprecedented comet

data.

At the end of the 38-month extended mission, in December

2001, SCARLET’s power was still within ± 2% of predictions.

The SCARLET array won the Schreiber-Spence Technology

Achievement Award in 1999 and the NASA Turning Goals into

Reality (TGIR) Award in 2001.

Over the past four years, the team, now including Auburn

University, EMCORE, Ion Beam Optics, and Texas A&M

University, has developed an ultra-light version of the flight-

proven SCARLET array, called the Stretched Lens Array

(SLA), with much better performance metrics, as described in

the following paragraphs. 6

STRETCHED LENS ARRAY (SLA)

The Stretched Lens Array (SLA) is an evolved version of

SCARLET, retaining the essential power-generating elements

(the silicone Fresnel lens, the multi-junction solar cells, and the

composite radiator sheet) while discarding many of the non-

power-generating elements (the lens glass arch superstrates, the

lens support frames, the photovoltaic receiver support bars, and

most of the honeycomb and back face sheet material in the pan-

els). Figure 3 shows the near-term, low-risk, rigid-panel version

of SLA.

The defining feature of SLAthat enables the elimination of so

many elements of the SCARLET array is the stretched lens opti-

cal concentrator (Figure 4). By using pop-up arches to stretch

the silicone Fresnel lens in the lengthwise direction only, these

lenses become self-supporting stressed membranes.

SCARLET’s glass arches are thus no longer needed, eliminat-

ing their complexity, fragility, expense, and mass in the new,

patented SLA.7 With this substantial lens-related mass reduc-

Figure 2. SCARLET Array on NASA/JPL Deep Space 1 Probe

(1998-2001).

Figure 3. Rigid-Panel Stretched Lens Array (SLA) Prototype Wing.

Figure 4. Stretched Lens Approach.
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tion, the supporting panel structural loads are reduced, making

ultra-light panels practical for SLA. This cascading mass-reduc-

ing effect of the stretched lenses continues throughout the SLA

wing structure, resulting in unprecedented performance metrics.

Because of its 8.5X geometric concentration ratio, SLA saves

over 85% of the required area, mass and cost of the multi-junc-

tion solar cells per Watt of power produced. Significantly, the

total combined areal mass density (kg per m2 of sun-collecting

aperture area) of the lens material, the radiator sheet material,

and the fully assembled photovoltaic receiver is much less

(about 50%) than for a one-sun multi-junction cell assembly

alone (unmounted). Thus, SLA has a substantial inherent mass

advantage over planar, one-sun multi-junction-cell solar arrays.

Similarly, due to its 85% cell area and cost savings, SLA has a

substantial inherent power cost advantage ($/W) over such pla-

nar multi-junction-cell arrays.

All three refractive concentrator arrays discussed above, the

mini-dome lens, SCARLET, and SLA, use Fresnel lens optical

elements based on the same symmetrical refraction principle,

shown schematically in Figure 5. Solar rays intercept the

smooth convex outer lens surface and are each refracted by the

curved outer surface by one half the angular amount needed to

focus these rays onto the solar cell. The other half of the required

refraction is performed as the rays leave the inner prismatic lens

surface. Thus, the solar ray incidence angle at the smooth outer

surface equals the solar ray emergence angle at the prismatic

inner surface for every ray, as shown in the enlarged view of the

lens in Figure 5.

This symmetrical refraction (angle in = angle out) condition

minimizes reflection losses at the two lens surfaces, thereby pro-

viding maximal optical performance, while also offering

unprecedented error tolerance for the mini-dome, SCARLET,

and SLA lenses.2 The mini-dome lens array uses a point-focus

(3D) version of the symmetrical refraction lens, while both

SCARLET and SLA use a line-focus (2D) version of the sym-

metrical refraction lens. The multitude of prisms in the sym-

metrical-refraction lens allows the individual prism angles to be

tweaked to tailor the photon flux profile over the solar cell, both

spatially and spectrally. For example, a patented optical innova-

tion incorporated into the SCARLET and SLAlenses is an alter-

nating-prism color-mixing feature that is critical to the optimal

performance of monolithic multi-junction cells placed in the

focus of such lenses.8

Built and successfully tested in 2002, the rigid-panel SLA

prototype wing in Figure 3 included several complete photo-

voltaic receivers, each 0.5 m long and containing 14 series-con-

nected triple-junction solar cells. The solar-to-electric conver-

sion efficiency of each lens/receiver assembly was measured in

a state-of-the-art solar simulator, using NASA Lear-Jet-flown

reference cells for calibration. The net aperture area efficiency

of the best lens/receiver assembly was 27.5% under simulated

space sunlight (AM0 spectrum) at 28°C cell temperature.9 This

net efficiency corresponds to 31% cell efficiency times 90%

lens optical efficiency, and also matches separate NASA Lear

Jet measurements on lens/cell units.

On geostationary earth orbit (GEO), the operating cell tem-

perature for SLA cells of this efficiency will be about 75°C,

resulting in a cell efficiency reduction factor of about 91%.

Combining this factor with the geometrical packing loss factor

(95%) and a wiring/mismatch loss factor (95%), the net SLA

efficiency at operating temperature on GEO at beginning of life

(BOL) will be about 23%, corresponding to a wing-level areal

power density well above 300 W/m2. At a 7 kW wing size,

which is typical of current GEO communication satellites, the

corresponding specific power is over 180 W/kg (BOL) at oper-

ating temperature.

In addition, the well insulated photovoltaic receivers in the

prototype SLA wing of Figure 3 were wet hi-pot tested for pos-

sible leakage current with a 500 V potential applied between the

cell circuits and the panel, and the measured leakage current was

less than 1 micro-Amp for each receiver. 9 SLA’s high-voltage

capability is facilitated by the small size of the photovoltaic

cells, which allows super-encapsulation of the cell circuits at

low mass penalty.

In addition to the near-term, low-risk rigid-panel version of

SLA, an advanced version of SLA is also under development.

The advanced version is a flexible-blanket SLA, similar to the

small prototype array shown in Figure 6.

For this SLA version, the lenses form one flexible blanket

while the radiator elements, containing the photovoltaic

receivers, form a second flexible blanket. Both blankets fold up

into a very compact stow volume for launch, and automatically

deploy on orbit. One of the most efficient platforms for deploy-

ing and supporting the flexible-blanket version of SLA is the

SquareRigger platform, developed by ABLE Engineering (now

ATK Space).10 A full-scale The SquareRigger prototype bay is

shown in Figure 7. This prototype bay has undergone a series

Figure 5. Schematic of Ray Trace through Silicone Fresnel Lens

Figure 6. Flexible-Blanket Stretched Lens Array (SLA) Prototype.
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of successful tests, including automatic deployment of the struc-

ture and blankets and launch vibration testing. On GEO orbit,

this bay would provide about 4 kW of power output. The mass

of the bay is about 10 kg.

The central problem that needed to be addressed in the devel-

opment of the flexible blanket solar array was the requirement

to apply an optical coating onto the silicone lenses to protect

them from UV degradation in the space environment. Since the

silicone lenses are extremely flexible and will be folded into a

launch configuration, the coating must be mechanically stable in

order to withstand acute bending without loss in optical perfor-

mance. It is only with advent of energetic deposition processes

such as Ion Assisted Deposition that this extremely difficult

coating requirement could be achieved. 

COATING DEVELOPMENTS

Ironically, the Ion Assisted Deposition (IAD) technology that

is used in this process and other space component coating pro-

jects was originally developed during the 1960’s by the Soviet

Union and NASA as ion thrusters for space propulsion. The

Kaufman gridded ion generating source was adaptively

designed in the 1970’s for thin-film depositions.11-13 Early depo-

sition work with a modified gridded ion source proved that

lower voltages and higher beam currents were most suitable for

Ion Assisted Deposition (IAD) applications.14

The need in thin-film deposition application for lower volt-

ages and higher currents led Kaufman to adapt the close-drift

ion source to make the gridless end-Hall ion source.15 The

author, M. L. Fulton, had the privilege of putting the first

Kaufman and Robinson end-Hall ion source into production at

Optical Coating Laboratory Inc. in 1985. It is a fair statement to

say that the introduction of the gridless end-Hall ion source into

the production of optical thin-film coatings has revolutionized

the industry, permitting the use of new materials and processes

for a whole host of unforeseen applications, including DWDM

filters for telecommunications. 

The various attributes of the IAD technology for thin-film

coatings have been published extensively for the last twenty

years. Summarizing generally, it has been demonstrated that

bombardment of a growing film with energetic ions enhances

the performance of the thin-film properties for optical filter

applications. Improved film adhesion is achieved by ionic bom-

bardment of the substrate prior to film deposition. Densification

of the film, deposited on either heated or unheated substrates, is

achieved with IAD. Other film properties may be positively

influenced by this technique, such as: residual stress modifica-

tion; surface morphology modification (crystal orientation,

smoothing, and grain size); enhanced optical performance (sta-

ble refractive indices and low-absorption); and durability.16, 17

Practically speaking, the end-Hall source has two crucial

attributes that make it particularly suitable for the specific appli-

cation of coating the UV blocking filter on the silicone DC93-

500 Fresnel lenses. First, the broad ion beam (30° half-angle)

produces a substantially uniform ion density over a large sub-

strate plane. In addition, the gridless end-Hall ion source has a

water-cooled anode permitting depositions on temperature sen-

sitive substrates such as the silicone Fresnel lenses used in the

space power concentrator arrays.

As was alluded to in the abstract, the central problem in coat-

ing a dielectric thin-film stack on the exterior surface of the sil-

icone DC93-500 Fresnel lens is that it is analogous to pouring a

thin layer of concrete over the surface of a bowl of “Jell-O.” The

result is that the thin layer of concrete will crack as it mechani-

cally adjusts to the fluidity of the Jell-O substrate. In the case of

the thin-film coating on the silicone we observed two compet-

ing influences that must be controlled if the coating is to be suc-

cessful: differential in the coefficient of thermal expansion

(CTE) between the coating materials and the substrate (Silicone:

~3.2 X 10-4 cm/cm/°C; Dielectric Oxides: ~ 4.0 X 10-7

cm/cm/°C); and the process dependent intrinsic stress of the

coating materials. The complexity in the conditions that govern

the interaction between these two dependent variables required

a succession of empirical investigations to converge on an

acceptable process for production.   

During our early work at The Boeing High Technology

Center an IAD process was utilized to demonstrate the proof of

concept for coating dielectric materials onto the surface of sili-

cone lens material. However, for the PASP module experiment

we were able to achieve a reasonable result on the dome lenses

after a succession of trial runs using the MetaMode process at

Optical Coating Laboratory Inc.  During the development phase

we experienced numerous failures, exhibiting acute crazing due

to either compressive or tensile stress relief in the coating struc-

Figure 7. SLA SquareRigger Full-Scale Prototype Bay.
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In the original design we had used Ta2O5 and SiO2 coating

materials in the UV rejection stack for reflecting the damaging

UV away from the silicone lenses. In order to get sufficient UV

protection we had to use about eighteen layers in the design.

However, the intrinsic stress of this material combination was

compressive, resulting in a coating failure. Through consider-

able effort, we developed an acceptable solution by using an

additional material in the design, Al2O3, which exhibits tensile

intrinsic stress. By using the Al2O3 as the first layer in the design,

the sum of the coating material stress in the design tended

toward neutral. It is not simply a case of tailoring the process

parameters to yield a stress sum of zero, because the competing

CTE influence of the substrate is not in linear relationship with

the process parameters that govern the mechanical performance

of the coating.

In order to reduce the number of layers and simultaneously

provide UV protection to the silicone lens, a new high index

material would be needed to replace Ta2O5. It was further deter-

mined that the actual UV wavelengths that did the damage to the

lens was predominately below 200nm. Therefore, we substitut-

ed Nb2O3 (Niobium Oxide) for the tantalum layer which gave us

a higher refractive index and an intrinsic absorption of UV

below 200nm. This material was tested by NASA in a single

ture on the surface of the silicone lenses. These failures were

unequivocally dependent upon the differential in CTE between

the silicon and the coating materials. An example of one of the

compressive stress failures is seen in Figure 8. Our use of

numerical calculations was of limited value in correlating the

observed failures with the process parameters, coating materi-

als, and the substrate temperature.

Later work was done using a batch system with a planetary

rotary motion substrate holder. The complexity of the design (18

layers); selection of coating materials; and control of process

parameters (IAD, deposition rate, and substrate temperature)

made the control of the acute crazing across the surface of the

silicone lens extremely difficult to maintain. However, enough

success was realized in this effort to provide the program with

testable coatings that performed reasonably well. At the incep-

tion of the coating development project there was a great deal of

effort committed to analyzing the magnitude and dimension of

the coating stress (tensile or compressive) in the coated lens sys-

tem. By controlling the intrinsic stress with IAD and maintain-

ing strict control over the substrate temperature the process

yielded some positive results that gave impetus to the program

after the samples passed the UV testing at NASA.

Work done by the author over the last three years, using a spe-

cially configured IAD process at Thin Film Technology Inc. has

yielded the best results to date. The chamber in which this work

was done can be seen in Figure 8 & 10.

The chamber configuration depicted in Figure 10 was

designed to successfully coat the silicone lenses with a UV

blocking filter in a process that can be scaled for volume pro-

duction in larger chambers. Other chambers at TFT have a sim-

ilar configuration but with 8 ft. diameter drums allowing for a

substantial number Fresnel silicone lenses to be coated when the

demand for this technology reaches the projected volumes.

Designing the latest coating involved a number of considera-

tions following on the test results from our previous effort. First,

it became abundantly clear that we had to reduce the number of

layers in the design in order to lessen the impact of the CTE dif-

ferential between the coating materials and the substrate.

Second, we had reduced the number of layers to ameliorate the

effect of the intrinsic stress of the coating materials. However,

the only way these two criterions could be actualized was to

change the coating material combinations.

Figure 8. shows the compressive stress relief of the early coating

work in 1991.

Figure 9 Process Chamber: Thin Film Technology, Buellton, CA

Figure 10. Inside view of Thin Film Technology chamber with

Fresnel Lenses
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layer form to verify the optical properties of the film.  The

design then could be reduce to 5 layers, including the Al2O3 base

layer to balance the intrinsic stress of the coating. A graph of the

measured performance of the coating on the silicone Fresnel

lens is depicted in Figure 11.

COATING TEST RESULTS

A statistically significant number of Fresnel silicone lenses

(DC93-500) have been successfully coated using the new 5

layer design and tested for UV degradation. The new lens coat-

ing very effectively blocks vacuum ultraviolet (VUV) wave-

lengths in space sunlight from reaching and possibly damaging

the silicone lens material beneath the coating. The graph in

Figure 12 shows the spectral transmittance of a coated silicone

samples before and after more than 1,000 equivalent sun hours

(ESH) of space sunlight VUV exposure by SLASR team mem-

ber, NASA Marshall. This coated Fresnel lens has also been

subjected to 200 thermal cycles (-170°C to +70°C) without any

apparent loss t of optical or mechanical performance. 

This thin lens coating will provide adequate lens protection

for many missions (e.g., LEO, GEO, or Deep Space). For very

high radiation missions (e.g., belt flyers or space tugs flying

between LEO and lunar orbit) a thicker coating would be desir-

able to reduce the charged particle radiation dose reaching the

silicone. Dose-depth profile calculations show that a coating

thickness up to 5 microns could be desirable for such missions.

Such a thick coating will be relatively rigid, making it in incom-

patible with the normal stretched lens approach. However, by

using a parquet approach in the coating deposition process, the

thick coating can be separated into small regions, allowing the

lens as a whole to remain flexible enough to stow and deploy as

a stretched lens. The new process uses a mesh screen during

coating application to provide the patterned parquet geome-try,

as shown in Figure 12. The SLA module in Figure 12 demon-

Figure 11. Measured spectrum of silicone Fresnel lens, providing UV

blocking and high transmission

Figure 12. Mission-Tailorable Thick Parquet Lens Coating.

Table 1. Estimated Performance Attributes of SLA on ABLE’s (ATK

Space’s) SquareRigger Platform.

Time Frame �5 Years 5-10 Years

Power L Capability (kW) 100 1,000

BOL Specific Power (W/kg) 330 500

Stowed Power (kW/m3) 80 120

Voltage 1,000 TBD
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strated predicted performance for a 1-micron-thick parquet

coating on a stretched lens focusing onto a triple-junction solar

cell, showing the practicality of the new process.

STRETCHED LENS ARRAY SQUARERIGGER

(SLASR)

The SquareRigger platform was originally developed by

ABLE Engineering (now ATK Space) under funding from the

Air Force Research Laboratory for use with thin-film photo-

voltaic blankets in space. However, with the much higher effi-

ciencies achievable with SLA compared to thin-film photo-

voltaics, the marriage of SLA and SquareRigger provides

unprecedented performance metrics, summarized in Table 1.18

Significant development of the SLA SquareRigger (SLASR)

technology, through full-scale prototype bay testing  (Figure 7),

has recently been completed by the SLA team under several

NASA contracts.10 All of this development work is directed

toward the SLASR array approach shown schematically in

Figure 13.  Analysis of this type of SLASR system led to the

near-term and mid-term performance metric estimates of Table

1.  Note that SLASR enables giant space solar arrays in the 100

kW to 1 MW class, with spectacular performance metrics (300

to 500 W/kg specific power, 80 to 120 kW/m3 stowed power,

and operational voltages above 1,000 V) in the near-term (2010)

to mid-term (2015).

In the longer term (2020-2025), with constantly improving

solar cell efficiencies and incorporation of new nanotechnology

materials into the lens and radiator elements, SLA’s technology

roadmap leads to 1,000 W/kg solar arrays, as shown in Figure

14.19 Indeed, SLA is unique among all solar array technologies

in its portfolio of attributes, which include world-record-level

solar-to-electric conversion efficiency (high W/m2), ultra-light

mass density (low kg/m2), spectacular stowed power density

(kW/m3), highly scalable power (kW to multi-MW), high-volt-

age capability (kV), modularity (individual lens/cell building

blocks), mass-producibility, and cost effectiveness. 20 SLA’s

unique portfolio of attributes matches the critical requirements

for space power systems for many planned NASA Exploration

missions, as discussed in the following paragraphs.

SLASR FOR EXPLORATION MISSIONS

Electrical power is a critical need for all space exploration

missions, and the SLASR’s unique portfolio of attributes

enables it to meet the needs of many exploration missions.

Figure 15 shows some of SLASR’s applications to near-term

space exploration missions in the Earth-Moon neighborhood.

These include power on Earth orbit to support NASA’s planned

Crew Exploration Vehicle (CEV), and earth-orbiting depots and

stations. SLASR applications also include power for cislunar

operations and for solar electric propulsion (SEP) space tugs to

deliver cargo from Earth orbit to the lunar orbit in support of

robotic and human exploration missions to the Moon. SLASR

applications at the Moon include power for orbiting spacecraft

and surface power. 

One important class of missions mentioned above relates to

SLASR-powered SEP tugs. These tugs are envisioned as

reusable cargo carriers from low earth orbit to lunar orbit, trans-

porting materials needed for sustained exploration of the Moon.

The most efficient and lowest mass approach to SEP tugs

involves the direct-driving of electric thrusters by high-voltage

solar arrays, operating around 600 V.

To operate reliably for many years at high voltage, the photo-

voltaic cell circuit must be extremely well insulated, to prevent

electrical interaction with the space plasma or with the ground-

ed solar array structures. SLASR will use a robust fully encap-

Figure 13. Stretched Lens Array SquareRigger (SLASR) Schematic.

Figure 14. Long-Term Technology Roadmap for the Stretched Lens

Array (SLA).

Figure 15. Near-Term SLASR Applications for Space Exploration in

the Earth-Moon Neighborhood



56 vtcmag@optonline.net February 2007 • Vacuum Technology & Coating

sulated photovoltaic receiver circuit sample for a 600°V oper-

ationversion of SLASR infor such an SEP mission.21

For a typical LEO or GEO mission, the total Stretched Lens

Array SquareRigger (SLASR) array mass breakdown for a

100 kW array is summarized in Figure 16.10 Note that the total

areal mass density for the full SLASR array is only 0.85 kg/m2,

with 70% of this mass in the lens and cell/radiator blanket ele-

ments. This mass breakdown is for a SLASR optimized for a

typical geostationary orbit (GEO) mission. For a higher radia-

tion mission, more shielding of the solar cell will generally be

needed, as discussed below.

A number of recent trade studies of SEP tug missions have

been performed, with typical results for one such mission shown

in Figure 17. This mission study was based on a 2008 technol-

ogy freeze, including an expected one-sun solar cell efficiency

of 34%, which equates to an 8-sun solar cell efficiency of 38%,

based on the measured performance gain with concentration for

SLA cells from both Spectrolab and EMCORE, the two leading

suppliers of multi-junction solar cells. The key parameter plot-

ted in Figure 17 is the end-of-life specific power, after radiation

degradation of the solar cells due to the 13 slow spiraling tran-

sits of the earth’s radiation belts. The peak point of the SLA

curve (about 280 W/kg) corresponds to the optimal amount of

cell radiation shielding. (More shielding adds to array mass

more quickly than it reduces array power degradation.) The

same is true for a planar multi-junction cell array, which is also

shown in Figure 17. Note that the planar array peaks at approx-

imately 80 W/kg. Note also that the peaks occur at wing-level

areal mass densities of about 1 kg/m2 for SLAand about 3 kg/m2

for the planar array.

For comparison, a highly idealized thin-film solar cell array

is shown by a single triangular data point in Figure 17. For

this idealized array, a cell efficiency of 10%, with zero cell

mass and zero radiation degradation, was assumed. Note that

this idealized thin-film array provides about 90 W/kg at about

1.3° kg/m2 areal mass density. All three array types were

assumed to utilize the same SquareRigger platform and the

same fully encapsulated high-voltage insulation system with

an optimal amount of added cover glass shielding for the SLA

and high-efficiency planar array. In summary, for this impor-

tant exploration application, SLA offers an advantage over

planar arrays of more than 3X in end-of-life specific power.

Furthermore, SLA offers substantial advantages in cost effec-

tiveness, due to its use of much less expensive solar cell mate-

rial than the planar arrays.

Figure 16 Mass Breakdown for 100 kW Stretched Lens Array SquareRigger (SLASR) System.

Figure 17 Results of SEP Mission Study for Space Tug with 7 Annual

Trips from Low Earth Orbit to Lunar Orbit, Including 6 Return Trips

(13 Total Transits of the Earth’s Radiation Belts).
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More recently, another SLASR-powered SEP mission has

also been analyzed, with key assumptions and results shown

in Figure 18. A 600 kW class SLASR-powered tug was ana-

lyzed for a mission involving five round trips from low earth

orbit (LEO) to low lunar orbit (LLO), with one round trip

being made each year. For each trip, 22 metric tons (MT) of

cargo was delivered to the lunar surface, as shown in Figure

14. Chemical thrusters were assumed for delivering the cargo

from LLO to the lunar surface, and the mass of the required

chemical fuel was included in the analysis.

A comparison was made between the SLASR-powered

SEP cargo delivery versus conventional chemical propulsion

cargo delivery, and the results are summarized in Figure 18.

Note that the SLASR-powered SEP tug offers a savings of

more than 300 MT for initial mass delivered to LEO, which

corresponds to about $3 Billion in launch cost savings alone.

Additional savings are offered by the need for fewer space

vehicles. Higher mission reliability is also offered by reduc-

ing the number of needed launches substantially.

SLASR offers similar substantial advantages for a variety

of other space exploration missions, including those shown

in Figure 10 for near-term lunar robotic and human explo-

ration missions. SLASR’s advantages for space exploration

missions include a set of unprecedented performance met-

rics and features:

• Areal Power Density = 300-400 W/m2

• Specific Power = 300-500 W/kg for Full 100 kW

Solar Array

• Stowed Power = 80-120 kW/m3 for 100 kW Solar Array

• Scalable Array Capacity = 100’s of W’s to 100’s of kW’s

• Super-Insulated Small Cell Circuit = High-

Voltage Operation

• Super-Shielded Small Cell Circuit = Radiation Hardness

• 85% Cell Area Savings = 75% Lower Array Cost 

per Watt

• Modular, Scalable, & Mass-Producible at MW’s per Year

Using Existing Processes and Capabilities

With this unique portfolio of attributes, SLASR will be able

to contribute not only to the exploration missions in the Earth-

Moon neighborhood shown in Figure 10, but also to later

exploration missions to Mars, other planets, and asteroids in

the solar system.

CONCLUSIONS

Development of a new solar array technology called

Stretched Lens Array SquareRigger (SLASR) is proceeding

well. SLASR offers unprecedented performance metrics and

other attributes that make it applicable to a wide range of space

exploration activities, including near-term missions in the

Earth-Moon neighborhood, and longer term missions to Mars

and beyond. 

Without the development of the high performance UV

blocking filter coating that we use on the silicone Fresnel lens-

es, the scope and success of this program would have been

severely limited. It took over fifteen years to find the right

combination of materials and process conditions to yield a

thin-film coating that is both optically and mechanically suit-

able for this application. Once the program matures to the

level when production quantities of the lens coating are

required, this process will be readily scalable to meet our

future major space programs.

In the future, the use of concentrators for space power appli-

cations could offer a significant technical advantage over con-

ventional flat panel arrays. The coating developed for UV pro-

tection of Fresnel silicone lenses could also be applied after

deployment in space on other UV radiation sensitive surfaces.
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