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INTRODUCTION
From January 2006 to January 2007, ENTECH and Auburn performed a NASA Phase I STTR contract for NASA
Glenn, confirming the technical feasibility and quantifying the advantages of using the Stretched Lens Array (SLA)
to power Solar Electric Propulsion (SEP) missions. In May 2007, we began work on the follow-on Phase II STTR
contract with NASA Glenn. Under Phase II, we will perform ground tests using a special terrestrial high-voltage
solar concentrator array to direct-drive an electric thruster in a vacuum chamber. These ground tests will also
include plume interaction effects on SLA hardware. The special terrestrial concentrator array uses color-mixing
Fresnel lenses to focus sunlight onto multi-junction cells assembled into a high-voltage-endurance fully
encapsulated cell circuit. Although the special terrestrial concentrator array is based on a proven terrestrial
design, it incorporates several space-optimized features, including color-mixing Fresnel lenses, multi-junction
cells, and a fully encapsulated high-voltage-endurance cell circuit. This SPRAT paper presents our key Phase I
program results, and our Phase II plans and status.
SLA is ideally suited for SEP applications because of its unique portfolio of attributes, which include:
●
●
●
●
●
●
●
●
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High Areal Power Density (> 300 W/m ) Due to High-Performance Lenses and Cells
High Specific Power (> 300 W/kg) for a Full 100 kW Array Using ATK’s SquareRigger Platform
3
High Stowed Power (> 80 kW/m ) for a Full 100 kW Array Using ATK’s SquareRigger Platform
Highly Scalable Array Capacity to 100’s of kW’s as Required for Space Tug Applications
High-Voltage (300-600 V) Operation at Low Mass Penalty Using Super-Insulated Cell Circuit
Excellent Radiation Hardness at Low Mass Penalty Using Super-Shielded Small Cell Circuit
Much Lower Array Cost (>50% Savings) than One-Sun Array Due to 85% Cell Area Savings
Modularity & Mass-Producibility at MW’s per Year Using Existing Processes and Capacities

During Phase I, we refined our analytical model of SLA for SEP lunar cargo tug missions and we performed trade
studies and comparisons of SLA versus one-sun arrays for such SEP missions. Our model includes trajectory
calculations (including residual atmospheric drag, mass decrease with propellant usage, zero thrusting during
eclipse, etc.), array performance predictions (including radiation degradation effects), thruster performance
estimates (including efficiency and specific impulse), and a mass model for all elements of the SLA for SEP
system. The Phase I studies showed that SLA enables 50% more cargo delivery to the moon than a one-sun
array using the same triple-junction cell technology, SquareRigger platform, and SEP tug system.
In the following paragraphs, SLA for SEP technology is described, and the key results from Phase I and the
current status of Phase II activities are discussed. Recently delivered flight hardware for the Stretched Lens Array
Technology Experiment on TacSat IV (SLATE-T4) is also described. SLATE-T4 has been configured to
demonstrate SLA’s radiation hardness, which is critical for reusable SEP lunar cargo tugs which spiral slowly
through the Van Allen belts on their round trip journeys from low earth orbit (LEO) to low lunar orbit (LLO).

SLA FOR SEP TECHNOLOGY
As described in previous publications [1-3], SLA technology evolved from earlier ENTECH Fresnel lens
concentrator technologies, which had demonstrated excellent performance and reliability in space. Fig. 1 shows
this technology evolution in schematic form. Each new generation of concentrator array technology has provided
higher performance at lower mass and cost. The SLA-predecessor SCARLET array on Deep Space 1 showed
that Fresnel lens concentrators and multi-junction solar cells could together provide reliable power to SEP
systems for multi-year missions under a variety of operating conditions. For very large SEP applications like lunar
cargo tugs, SLA on ATK’s SquareRigger platform offers unprecedented performance metrics as summarized in
the bulleted list in the introduction above. The basic building block of the SquareRigger approach is the 2.5 m x
5.0 m rectangular bay element shown in the lower left photo of Fig. 1.
Space Fresnel Lens Photovoltaic Concentrator Evolution

Launched in 1994: MiniDome Lens Array on PV
Array Space Power Plus
(PASP-Plus) Provided Best
Performance and Least
Degradation of 12 Advanced
Solar Arrays

Stretched
Lens Array
Invented in
1998

Launched in 1998: Solar Concentrator
Array with Refractive Linear Element
Technology (SCARLET) Array on Deep
Space 1 Performed Flawlessly for 38Month Mission on First Spacecraft
Powered by Triple-Junction Cells

Developed in 1999-2000:
Flexible-Blanket Version of
Stretched Lens Array (SLA)
Developed in 2001-2002: Rigid
Panel Version of SLA
Developed in 2003-2007:
SLA on ATK SquareRigger with Unprecedented Performance Metrics

Fig. 1. ENTECH Space Concentrator Evolution.
SLA uses a unique color-mixing stretched Fresnel lens to focus sunlight onto a unique integral-diode multijunction cell, as shown in Fig. 2 and Fig. 3, respectively. The lens provides over 90% net optical efficiency
combined with an amazing tolerance for shape errors (more than two orders of magnitude better than competing
ENTECH’s Symmetrical-Refraction Color-Mixing Fresnel Lens

EMCORE 100 mm Germanium Wafer Showing 12 SLA MJ Cells
with Integral Diodes
SLA Cells

Enlarged
View of Lens

Incidence
Angle

Emergence
Angle

Every Other Symmetrical-Refraction Prism
Overlaps the “Blue” in Its Image with the “Red”
in the Neighboring Prism’s Image

Enlarged View of Focus
on Photovoltaic Cell

Diodes
U.S. Patents 4,069,812, 6,031,179, 6,075,200

Fig. 2. Symmetrical-Refraction Color-Mixing Lens.

Fig. 3. SLA Cells with Integral Diodes on Wafer.
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optical concentrators) [4]. The concentration ratio of SLA can be tailored to meet mission sun-pointing
requirements. For example, to provide + 2 degrees of sun-pointing tolerance about the critical axis, a geometric
concentration ratio of 8.5X is used, corresponding to a lens aperture width of 8.5 cm and a cell active width of
1.0 cm. The small aperture size of SLA enables excellent radiator thermal performance, maintaining the SLA cell
temperature within about 10C of competing one-sun array cell temperatures for any type of mission.
Due to the small size of the SLA cells, the cell string can be super-insulated to enable reliable high-voltage
operation, and super-shielded to minimize
SLA Receiver Cross Section
radiation degradation of the cells, both at a
very low mass penalty compared to one-sun
arrays.
High-voltage operation is very
important to SEP missions, since it minimizes
wiring size, mass, and power loss, and it
enables direct-drive operation of the electric
thruster, saving mass and power loss for the
power management and distribution (PMAD)
system [5]. Our approach for enabling reliable
high-voltage operation is shown in Fig. 4. The
SLA photovoltaic receiver is fully encapsulated
to minimize electrical interaction with its
surroundings, which include space plasma.
The dielectric layer thicknesses are selected to
provide long-term reliable operation by
maintaining the voltage stress (V/micron)
Single-Cell Test Sample
across the layers at reasonable levels to
prevent dielectric failure during long-term
operation. To guide our selection of dielectric
layer thicknesses, we have conducted longterm high-voltage underwater hi-pot tests on
various samples, as shown in Fig. 4. The
water provides a crude simulation of the space
plasma, and quickly exposes any pin holes or
other small defects in the encapsulation
system.
The hi-pot machine applies a
continuous voltage bias between the solar cell
Kapton HN Voltage Endurance Curve & SLA Data Points
circuit and the composite radiator.
Sample: 25 Micron Kapton HN (Red Curve)
Voltage Source: 50 Hz
Test Method: IEC 343
Data Sources: DuPont, ABB, and Siemens
Reference: http://www.dupont.com/kapton/products/H-54506-1.html

100.00

Dupont Kapton HN Data (AC Stress Across Kapton)

Time to Failure (Years)

The red curve in the plot of Fig. 4 is the voltage
endurance curve measured by DuPont, ABB,
and Siemens for Kapton HN film. The gold
data points are our measurements for the SLA
receiver configuration shown in the sketch and
photo of Fig. 4, with our voltage stress
calculated for the backside layers between the
cell and the composite radiator. We believe it
is coincidental that our data points are close to
the red curve which is shown just for
reference. Nonetheless, the key conclusion
from Fig. 4 is that voltage stresses in the
insulation layers for a photovoltaic cell circuit in
space should be maintained below 3 V/micron
for multi-year high-voltage space missions like
SEP missions. SLA can incorporate such thick
insulation layers with only a small fraction of
the mass penalty which a one-sun array would
experience.

SLA Sample Failure with Repaired Flex Lead (2,250
VDC Stress Across 300 Microns of Backside Layers)
SLA Sample Flex Lead Failure (2,250 VDC Stress
Across 300 Microns of Backside Layers)
SLA Sample Failure (2,250 VDC Stress Across 125
Microns of Backside Layers)
SLA Sample Failure (4,500 VDC Stress Across 240
Microns of Backside Layers)
SLA Sample with Repaired Flex Lead (3,000 VDC
Across 230 Microns of Backside Layers)
SLA Sample Flex Lead Failure (3,000 VDC Stress
Across 230 Microns of Backside Layers)
Design Voltage Stress for SLA Receiver at 600 V

10.00

1.00

0.10

Design Voltage Stress for SLA Receiver at 400 V

0.01
1

10

100

Voltage Stress (V/micron)

It's Just a Coincidence that Our
Gold Data Points Are Falling Close
to DuPont's Red Curve, Since
Different Materials, Voltage Types,
and Surroundings Were Used.

Fig. 4. Fully Encapsulated 600 Volt SLA Receiver
And Long-Term Underwater Hi-Pot Test Results.
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KEY PHASE I RESULTS: SLA FOR SEP MISSION MODELING
The SLA for SEP model refined under Phase I of the NASA STTR contract with NASA Glenn uses a Microsoft
Excel workbook with various worksheets devoted to supporting models (e.g., drag, accumulated radiation dose,
cell degradation as a function of shielding, etc.). A typical set of inputs and outputs from the model is shown in
Table 1 below for an example case of a reusable lunar cargo tug. This mission comprises a reusable lunar cargo
tug which carries 22 metric tons of cargo from LEO to the moon once a year for five years. A 600 kW SLA
powers a set of Hall-effect thrusters to provide the propulsion for the five round trips.
Input Parameters
Power
600,000 W

Array
Specific
Power
285 W/kg

ISP SEP
2,500 Sec

SEP
Power
Efficiency
60%

ISP Chem
400 Sec

SEP Delta V Chem Delta V
LEO to LLO LLO to Surface
8,000 m/s

2,000 m/s

Mass Ratio
Array Areal
LLO to
Power
Surface
1.67
298 W/sq.m.

Cargo
22,000 kg

Array Area
2013 sq.m.

LEO to LLO
Chemical
Fuel for
Solar Array
Lunar
Descent
17,972 kg
2,105 kg

Dry SEP
Tug Mass

Dry Lunar
Lander
Mass

7,000 kg

5,000 kg

Dry SEP
Tug Mass

Dry Lunar
Lander
Mass

7,000 kg

0 kg

Chemical
Fuel for
Lunar
Descent
0 kg

Thrust

Thrust

M-Dot

0.0294 kN

29.4 N

104 kg/day

Total Start
Mass

Total End
Mass

Xenon
Used

Minimum
Days in
Sunlight

Real Days

Plane
Change
Days

Total
Days

79,833 kg
LLO to LEO

57,593 kg

22,240 kg

215 days

261 days

12 days

273 days

Cargo

Total Start
Mass

Total End
Mass

Xenon
Used

Minimum
Days in
Sunlight

Real Days

Plane
Change
Days

Total
Days

0 kg

12,621 kg

9,105 kg

3,516 kg

34 days

41 days

2 days

43 days

Total Xenon
Used

25,756 kg

RT Time

316 days

0 kg

RT to
Outbound
Time Ratio

1.16

Xenon Start

Cargo

25,756 kg

22,000 kg

Solar Array

Xenon Start

2,105 kg

3,516 kg

Min SunDays Out

Min Sun-Days
Back

215 days

34 days

Difference

Table 1. Example SLA for SEP Case: Reusable Lunar Cargo Tug.

Radius from Center of Earth (km)

The outbound trajectory for this example case is summarized in Fig. 5. The lunar cargo tug starts at 400 km
altitude in low earth orbit (LEO), then slowly increases in altitude as it spirals out from the earth powered by the
SLA-SEP system during the illuminated portion of each orbit, arrives at the earth-moon distance, where a plane
change is performed to bring it into low lunar orbit (LLO). A chemical-rocket-powered lunar lander delivers the
cargo to the surface, and the reusable lunar tug returns to LEO to pick up another cargo load. At the starting

400,000

300,000

200,000

100,000

0
0

50

100

150

200

250

Outbound Trip Time (Days)
Fig. 5. Outbound Trajectory for Example Lunar Cargo Tug Case.
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300

point in LEO, residual atmospheric drag on the solar array is very important, amounting to more than 40% of the
thrust for the SLA under maximum atmospheric density conditions (solar max). As summarized in Fig. 4, SLA is a
very high-efficiency array with 298 W/sq.m. areal power output at end of life (EOL) after five round trips to the
moon. For a lower efficiency array (e.g., a thin film array), the drag on the array will be proportionally higher,
which could lead to a higher drag than thrust, meaning that the tug would fall to earth rather than spiraling
outward to the moon. For lower starting altitudes in LEO, this drag problem becomes even more severe. Thus,
SLA’s high efficiency is critical for all SEP missions beginning in LEO.
Fig. 6 shows the key performance parameters for the SLA for this example case as a function of solar cell cover
glass shielding thickness. Note that this case assumes the use of 2015-vintage multi-junction cells, which are
expected to be 38% efficient at 8 suns (equivalent to 34% efficient at 1 sun) at 25C cell temperature under
standard space sunlight (AM0). The SLA for SEP model includes the array power falloff at operating cell
temperature and other array power losses (lens transmittance, wiring/mismatch losses, packing factor losses,
etc.). The results shown in Fig. 6 can be used to optimize the shielding for the solar cells by picking the cover
glass thickness to match the peak end-of-life (EOL) specific power (red curve) for the array. This EOL power
includes the accumulated radiation degradation to the solar cells after five trips to the moon over a five-year
period, based on the results shown in Table 1 (including 316 days for the round-trip time).
Radiation Shielding Optimization for 5 Round Trips of the SEP Lunar Tug
with 2015 SLA Cells (38% BOL at 8 AM0 Suns)

0

EOL Specific Power (W/kg) or EOL
Areal Power Density (W/sq.m.)

400

250

500

750

1,000

1,250
2.00

350

1.75

300

1.50

250

1.25

200

1.00

150

0.75
EOL Specific Power (W/kg) on GEO
EOL Areal Power Density (W/sq.m.)
Total Array Areal Mass Density (kg/sq.m.)
EOL Power/BOL Power

100
50

0.50

EOL Power/BOL Power Ratio
(Dimensionless) or Total Array
Areal Mass Density (kg/sq.m.)

Cell Cover Glass Thickness (microns)

0.25

0

0.00
0

10

20

30

40

50

Cell Cover Glass Thickness (mils)

Fig. 6. SLA Performance Parameters for Example Lunar Cargo Tug Case.
The model was also used to analyze the same example case with a high-efficiency one-sun array substituted for
the SLA. The cell technology was assumed to be the same for both arrays, and the SquareRigger platform was
used to deploy and support both arrays (SLA and one-sun). Fig. 7 shows the comparison of EOL specific power
for the SLA and the one-sun array for the same lunar cargo tug mission. The cells and their shielding are much
lighter for the SLA than for the one-sun array due to the 85% smaller area of the SLA cells compared to the onesun cells. When the peak performance parameters (W/kg and W/sq.m.) for the one-sun array with optimal
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shielding are input into the same model summarized for SLA in Table 1, and the round-trip time is held constant at
316 days, the cargo must be reduced from 22 metric tons to 14.6 metric tons for the one-sun array case. This
cargo mass reduction is substantially more than just the array mass increase for the one-sun array compared to
SLA, since the heavier one-sun array must be transported back and forth each trip requiring significantly more
propellant.

End-of-Life (EOL) Specific Power After 5 Annual Lunar Round Trips
(For Both Array Types: Each Trip 316 Days , 28 degree Inclination, 400
W/sq.m. BOL, SquareRigger Platform)
Cell Cover Glass Thickness

EOL Specific Power

250
0 microns microns
300 W/kg

500
microns

750
microns

1000
microns

1250
microns

1500
microns

40 mils

50 mils

60 mils

250 W/kg
200 W/kg

SLA
One-Sun Array

150 W/kg
100 W/kg
50 W/kg
0 W/kg
0 mils

10 mils

20 mils

30 mils

Cell Cover Glass Thickness
Fig. 7. Comparison of EOL Specific Power for SLA Versus One-Sun Array for Example Case.
Economic analyses of SLA-powered SEP tugs have been conducted by a number of organizations, including
NASA, Orbital Sciences, Aerojet, and Ad Astra. Like our own analyses, these independent analyses show that
SLA-power SEP tugs can provide billions of dollars in savings (compared to conventional chemical propulsion
systems) in transporting cargo from the Earth to the Moon, or from the Earth on to Mars [6 and 7]. These
potential multi-billion-dollar savings could be critical in minimizing the costs of NASA’s bold plan for a sustained
program of exploration of the Moon, Mars, and the solar system.
With the advantages quantified above, the next step being taken in the SLA for SEP development under the
Phase II STTR program is a ground test of a high-voltage (600 V open-circuit) concentrator array using multijunction-cell technology to direct-drive an electric thruster. This test will build upon a similar test done a decade
ago by John Hamley of NASA Glenn using a similar concentrator array with silicon-cell technology to direct-drive
an electric thruster [5]. In addition to demonstrating the new high-voltage multi-junction-cell array direct-driving an
electric thruster, we will also perform plume interaction exposure tests on small SLA hardware samples. The
following section presents more information related to the high-voltage array, the electric thruster, and the
planned plume interaction tests.
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PHASE II PROGRAM STATUS AND PLANS
Fig. 8 shows a schematic of a typical SLA-SEP mission with the spacecraft in earth orbit. This SEP mission could
be the lunar tug mission discussed in the previous section, or a LEO-to-GEO orbit-raising mission for a GEO
communication satellite, or an orbit-changing maneuver for a military satellite, or a commercial space station
mission in LEO with SEP providing continuous drag compensation. For all of these missions, the array will point
toward the sun while the spacecraft orbits the earth, and some interaction will take place between the array and
the thruster plume, especially at the inner corners of the array as these move through the outer regions of the
plume. Thus, in addition to providing high efficiency, low mass, and radiation-hardness, the SLA must also
tolerate plume interactions with the thruster. In Phase II, which just began in late May 2007, we will perform
ground tests which will include a high-voltage concentrator array direct-driving a Hall-effect thruster with SLA
hardware coupons exposed to the plume of the thruster. These ground test results will help us refine our SLASEP mission models and provide a basis for future flight testing of SLA-SEP technology.

Thruster and Plume Are
Aligned to Orbital Path

Array Rotates to Face Sun With
Corners Moving Through Outer
Regions of Plume

Fig. 8. Typical Solar Electric Propulsion Mission Schematic.
The special high-voltage array shown in the left photo of Fig. 9 will be transported from ENTECH to Auburn where
it will be interfaced with the Hall-effect thruster in the large vacuum chamber shown in the right photo of Fig 9.
SLA coupons will be placed at various locations and orientations relative to the thruster plume, and direct-drive
experiments will be performed. The special solar array was developed by ENTECH, Boeing, and NASA for an
Special 600-Volt SunLine Array at ENTECH

Auburn Student Inspects Russian T-100 Thruster

Fig. 9. Solar Array, Thruster and Vacuum Chamber for Phase II Testing.
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earlier set of tests on Mount Haleakala in Hawaii in 2003 [8]. The array was relocated to ENTECH in 2005, and
has operated on-sun continuously since that time. The array uses two of ENTECH’s color-mixing lenses to focus
sunlight onto two photovoltaic receivers each using 240 series-connected triple-junction Spectrolab cells to
provide 600 V output at open-circuit conditions. The peak power point is around 500 V, and the total power
output of the array is over 1 kW under clear sky conditions. The photovoltaic receiver construction simulates the
design shown in the top sketch of Fig. 4. This SunLine array is on loan to ENTECH from NASA Glenn. Site work
at Auburn is underway to facilitate the relocation of this array from ENTECH to Auburn later this year.
The Russian thruster shown in Fig. 9, is a Model T-100 SPT, designed and constructed by the Keldish Research
Center (KeRC), and capable of operating up to 1.3 kW. This thruster is on loan to Auburn from NASA Glenn.
3

The 9.2 m stainless-steel vacuum chamber dimensions are approximately 1.8 m diameter by 3.6 m length.
Recent modifications funded by the NASA Center for Space Exploration Power Systems (CSEPS) have improved
the vacuum system quality for use in electric propulsion applications.
Phase II testing is currently scheduled to take place at Auburn from April through September of next year (2008).
SLA FLIGHT EXPERIMENT ON TACSAT IV
Under an MDA-sponsored Phase II STTR program, also being performed by ENTECH and Auburn, a near-term
SLA flight experiment has been fabricated and
delivered to ATK Space Systems in Goleta, California,
for integration into the main solar array for the Naval
Research Lab’s TacSat IV spacecraft, which is
scheduled to launch next year (2008). This flight
experiment is known as the Stretched Lens Array
Technology Experiment for TacSat IV (SLATE-T4).
SLATE-T4 is one of a number of solar array
experiments on TacSat IV, as fully discussed by
Phillip Jenkins et al. in another paper at this SPRAT
XX conference [9]. ENTECH recently delivered the
parquet-coated lens and the three-cell photovoltaic
receiver shown in Fig. 10. This lens and receiver will
be mounted to one of the four solar array panels on
TacSat IV to comprise the SLATE-T4 test hardware
[9].
TacSat IV will fly in a very high-radiation orbit, and the
SLA receiver shown in Fig. 10 therefore includes a
0.5 mm-thick ceria-doped cover glass (made by
QioptiQ) over the entire receiver. The three cells are
integral-diode
EMCORE
triple-junction
cells
(GaInP/GaAs/Ge) of the type shown in Fig. 3. The
receiver construction corresponds to the design
shown in the sketch at the top of Fig. 4. The lens
incorporates ENTECH’s proprietary thick parquet
coating, applied by Ion Beam Optics, to provide
protection from degradation for the silicone lens, not
only against solar ultraviolet radiation (UV) and atomic
oxygen (AO), but also against low-energy charged
particles [10]. Earlier exposure test results from
NASA Marshall and NASA Glenn, including combined
electron and proton exposure and combined near-UV
and vacuum-UV exposure, were used to select the
proper thickness of the coating for the SLATE-T4
mission [11].

Fig. 10. Parquet-Coated Stretched Lens
and Three-Cell Photovoltaic Receiver for SLATE-T4.
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CONCLUSIONS
SLA is particularly well suited for SEP applications because of its unique portfolio of performance attributes, which
include:









2

High Areal Power Density (> 300 W/m )
High Specific Power (> 300 W/kg)
3
High Stowed Power (> 80 kW/m )
Highly Scalable Array Capacity to 100’s of kW’s
High-Voltage (300-600 V) Operation at Low Mass Penalty
Excellent Radiation Hardness at Low Mass Penalty
Much Lower Array Cost (>50% Savings) than One-Sun Arrays
Modularity & Mass-Producibility

Over the next two years, ground testing of SLA and SEP hardware under the Phase II NASA STTR program, and
flight testing of the SLATE-T4 hardware developed under the Phase II MDA STTR program will provide critical
data for future large-scale applications of SLA-SEP systems for NASA, DOD, and commercial applications.
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