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Abstract  —  At the past two PVSCs, our team presented recent 

advances in our line-focus space photovoltaic concentrator 

technology.  In the past year, under Phase II and Phase II E SBIR 
programs and other programs funded by NASA, our team has 
extended the technology to point-focus concentrators as well, and 

has made much additional progress in the development of this new 
family of space photovoltaic concentrators.  Both versions use flat, 
robust Fresnel lenses, high-efficiency 4-junction cells, and 

innovative graphene radiators.  This paper presents the latest 
advances in this technology. 

Index Terms  —  concentrator, Fresnel lens, multijunction cells, 
ultralight, graphene. 
 

I. INTRODUCTION AND SUMMARY  

As discussed in our team’s papers at the last two PVSCs 

[1]-[2], we have been working for the past several years on 

advanced space photovoltaic concentrator technology using 

three key elements: 

• Ultralight, robust, color-mixing, flat Fresnel lens 

optical elements to collect and focus the sunlight 

onto multijunction solar cells.  The latest lenses are 

strengthened with either: 

1. robust superstrates to support the silicone 

prisms forming the lens, or 

2. embedded metal mesh in the silicone lens 

itself. 

• Advanced inverted metamorphic (IMM) solar cells 

with at least 4 junctions to enhance conversion 

efficiency. 

• Waste heat radiators made from graphene, a new 

material with unprecedented in-plane thermal 

conductivity.  The latest radiators also have silicone 

coatings on both surfaces to maximize emittance for 

waste heat radiation to deep space. 

This paper presents technology advances in the past year for 

both the line-focus and the point-focus concentrators, which use 

different prismatic patterns in the lenses, different 

configurations for the cells and receivers, and different 

thicknesses for the radiators. 

II. DESCRIPTION OF THE CONCENTRATOR MODULES 

Fig. 1 shows the 4X line-focus concentrator module and Fig. 

2 shows the 25X point-focus concentrator module.  The robust 

lenses can use either a thin glass superstrate supporting the 

silicone prisms on the bottom side of the lens, or an embedded 

mesh in the silicone lens.  Properly designed 4-junction IMM 

cells are used in the focal line or focal spot of each lens.  Coated 

graphene radiators provide waste heat rejection in space. 

 

 

Fig. 1. 4X line-focus concentrator module. 

Fig. 2. 25X point-focus concentrator module. 
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III. IMPROVED APPROACH FOR COLOR-MIXING LENSES 

The prismatic patterns of the new lenses (both line-focus and 

point-focus) are optimized to provide exceptional color-mixing 

to avoid chromatic aberration power losses in the 4-junction 

IMM cells used in the new concentrator modules.  In the 

original patented color-mixing lens approach [3], every other 

prism across the lens had its angle tweaked to overlap the short 

wavelengths of its refracted rays with the long wavelengths of 

refracted rays of its adjacent prisms.  This two-part, every other 

prism, color mixing was adequate to minimize chromatic 

aberration power losses for 2-junction and 3-junction cells.  But 

more sophisticated 4-junction and 6-junction cells require 

better color mixing, and the latest approach uses triplets of 

prisms across the lens to overlap short, medium, and long 

wavelengths of refracted solar rays to provide much better color 

mixing and much smaller chromatic aberration power losses.  

Fig. 3 shows the well matched current generation profiles for 

all four junctions in the latest point-focus lens. 

Tooling to produce the point-focus lens described above has 

recently been developed, and prototype lenses have been 

produced and evaluated.  Fig. 4 shows a prototype lens focusing 

light from a distant lamp onto a simulated solar cell.  The dark 

square represents the 2 cm x 2 cm solar cell, which also 

corresponds to the blue squares in Fig. 3.  Note that the focal 

spot is intentionally much smaller than the cell to accommodate 

sun-pointing errors up to 2 degrees in any direction.  The focal 

spot will drift toward the edge of the active area of the cell when 

such sun-pointing errors are present, but negligible amounts of 

light will fall off the cell below this 2 degree error tolerance.  

This same point-focus lens can be used with a smaller solar cell 

for missions requiring smaller sun-pointing tolerance.  For 

example, a 1.4 cm x 1.4 cm cell can be used to provide 1 degree 

of sun-pointing tolerance at 50X geometric concentration ratio. 

As described in our last PVSC paper [2], we have already 

produced and tested line-focus lenses which perform well (over 

90% net optical efficiency with 4-junction IMM cells in 

outdoor testing with direct terrestrial sunlight).  Fig. 5 shows a 

recent prototype of the line-focus concentrator module of the 

basic building-block size shown previously in Fig. 1. 

Fig. 4. Prototype point-focus lens with embedded 

stainless mesh in silicone lens.  

Fig. 3. Current concentration profiles for each of the 4 

junctions in the IMM cell for the point-focus lens. 

Fig. 5. Prototype line-focus concentrator module 

with 2 lenses and 2 receivers using IMM cells. 



 

 

The line-focus concentrator of Fig. 1 and Fig. 5 at 4X 

geometric concentration ratio tolerates sun-pointing errors of 

±2 degrees in the critical lateral direction and ±50 degrees in 

the longitudinal direction, with a slight seasonal receiver 

articulation to accommodate the latter with single-axis sun-

tracking.  A new U.S. Patent [4] describes the novel space 

concentrator technology in greater detail. 

IV.  GRAPHENE RADIATOR DEVELOPMENT 

The latest graphene radiator for the line-focus concentrator 

uses a 25-micron-thick graphene sheet, strengthened on both 

sides with mesh, and coated on both sides with 25 microns of 

silicone to increase the emittance of the sheet from 33% bare to 

70% coated, as discussed in our last PVSC paper [2].  The same 

approach is used for the point-focus concentrator, except the 

graphene sheet thickness is increased to 40 microns to better 

spread the heat over the radiator area from the central focal spot.  

Both 25-micron and 40-micron graphene sheets are 

commercially available at low cost.  Fig. 6 shows the 

temperature profile over half of the line-focus radiator on GEO 

with the waste heat deposited in the central 1/10th of the radiator 

width.  The temperature profile over the other half of the 

radiator is identical.  Fig. 7 shows the temperature profile over 

one quadrant of the point-focus radiator on GEO with the waste 

heat deposited in the central 1/25th of the radiator area.  The 

temperature profile over the other three quadrants of the 

radiator is identical. 

In the mid-1990s, we developed a point-focus space 

concentrator using mini-dome Fresnel lenses to focus onto 2-

junction mechanically stacked solar cells (GaAs over GaSb, 

made by Boeing), which flew on PASP+ [5].  At the time, the 

best radiator material identified by Boeing was aluminum.  Its 

thermal conductivity limited the size of the lens aperture (and 

therefore the waste heat amount) to 3.7 cm x 3.7 cm, for an 

aluminum radiator thickness of 250 microns.  With the new 

graphene material, which has a thermal conductivity almost a 

full order of magnitude higher than aluminum, we can now 

make the lenses and radiators 7.3 times (100 sq.cm./13.7 

sq.cm.) larger in area while using a radiator thickness 84% 

(40µ/250µ) smaller.  This improvement dramatically reduces 

both parts count and mass per unit power. 

V. IMM CELL DEVELOPMENT 

Development of the point-focus IMM cell has not yet started, 

but development of the line-focus IMM cell has been 

successfully completed.  On a cell active area basis (not 

including the edge busbar and tabs), the prototype cells 

measured about 33% efficient at one-sun (AMO) before 

interconnect tabs were attached.  Three-cell receiver circuits 

measured slightly lower about 31% after interconnecting the 

cells.  We saw similar slightly lower cell performance in the 

lens-cell concentrator module discussed below.  We are not yet 

certain of the cause for the reduction in cell performance after 

adding interconnects. 

VI. SMALL CONCENTRATOR MODULE TESTING 

Our team has done much testing over the past year, including 

outdoor testing of lens optical performance with 4-junction 

IMM cells under terrestrial direct sunlight.  One of our 

prototype concentrator module test units is shown in Fig. 8.  

This small module is sized (with less than 11 cm diameter) to 

fit inside the cylindrical test tube on the NASA airplane flight 

test facilities, which fly above 80% of the atmosphere for near-

space measurements.  Results of these innovative tests include 

extrapolation from higher air mass (AM) values (between AM0 

and AM1) at different altitudes to AM0 above the atmosphere 

in space.  Prior to delivery to NASA, the prototype test unit 

shown in Fig. 8 was tested in large-area pulsed solar simulators 

(LAPSS) at SolAero, as shown in Fig. 9.  This LAPSS testing 

proved to be very challenging due to the need for both a well 

collimated light source for the concentrator to focus well, and 

exceptional solar spectrum fidelity for each junction in the 4-

junction IMM cell. 

Fig. 6. Radiator temperature profile for line-focus module. 

Fig. 7. Radiator temperature profile for the point-focus 

module. 



 

 

 

SolAero first performed testing in one LAPSS facility, but 

this first test provided unusable results, with clearly 

problematic current-voltage (IV) curves.  Fortunately, the small 

concentrator module configuration allowed diagnosis of the 

problem.  The cell was rotated outside of the lens and tested at 

1 sun irradiance in the LAPSS facility, again with clearly 

problematic results in the IV curve.  We at first thought the cell 

had been damaged.  But we had earlier IV measurements in a 

cell solar simulator on the cell and we decided to remove the 

cell from the concentrator module and test it again in the cell 

simulator, where it performed well with a normal IV curve.  

These two tests showed that cell was good but that the LAPSS 

spectrum was inadequate for 4-junction cell testing.  A second 

LAPSS test in a different simulator provided good results, 

summarized in Fig. 10.  Separate IV curves were measured with 

the cell in the focus of the lens (red curves) and with the cell 

rotated out of the concentrator module and exposed to 1 sun 

irradiance (blue curves).  These test results are close to expected 

results based on the calculated geometric concentration ratio of 

the cell using the total cell area less the combined area of busbar 

and interconnect tabs.  The alignment, collimation, and spectral 

fidelity of the concentrator module and light source were not 

perfect, and we would not be surprised to see slightly better 

results in a future NASA aircraft test facility flight test. 

The prototype test unit shown in Fig. 8 and Fig. 9 was 

equipped with a one-sun reference cell prior to delivery to 

NASA for later testing on one of NASA’s airplane test 

facilities, as shown in Fig. 11.  This will allow the relative 

performance of both cells to be measured under the same near-

space sunlight conditions.  We used a similar approach several 

years ago to obtain good NASA Lear Jet measurements of the 

lens optical efficiency for the earlier mini-dome lenses.  The 

module is also equipped with an offset 4-bar-linkage 

mechanism to allow for additional testing to demonstrate 

receiver articulation for large beta angle tolerance, or to rotate 

the lower cell beyond the lens and structure for direct one-sun 

irradiance in ground simulator testing.  This feature has already 

proven useful in testing at SolAero, as discussed above. 

Fig. 8. Small concentrator module testing outdoors. 

Fig. 10. Measurements in SolAero’s LAPSS test facility. 

Fig. 9. Small concentrator module LAPSS testing. 



 

 

 

VII. LILT AND HIHT MITIGATION FOR DEEP SPACE MISSIONS 

Over the past year, NASA has been supporting the 

development of the point-focus concentrator shown in Fig. 2 

and Fig. 4 for deep space missions under the Game-Changing 

Technology Development Program for Extreme Environments 

Solar Power [6].  These future missions envision a spacecraft 

trajectory that involves of course a launch from Earth, followed 

by solar electric propulsion (SEP) flight toward Venus, and then 

a fly-by of Venus to provide a gravity-assist acceleration 

toward Jupiter or Saturn or one of the moons of these planets.  

The near-sun portion of the trajectory offers an extremely 

challenging high-intensity high-temperature (HIHT) 

environment since the solar irradiance at Venus is 

approximately twice the solar irradiance at Earth.  When the 

spacecraft moves outward to Jupiter, the irradiance falls to less 

than 1/25th the solar irradiance at Earth, introducing an 

extremely challenging low-intensity low-temperature (LILT) 

environment. 

The 25X point-focus lens concentrator offers outstanding 

advantages for the LILT portion of the mission, since the 25X 

concentration results in a solar irradiance on the small solar cell 

equivalent to 1 sun at 1 astronomical unit (AU) near Earth.  

Furthermore, the lens serves as a thermal radiation shield on the 

front of the concentrator, raising the operating temperature of 

the radiator and cell by about 20⁰C compared to one-sun cells 

near Jupiter, mitigating the low temperature problem. 

The 25X point-focus lens concentrator also offers 

outstanding advantages for the HIHT portion of the mission.  

Since the lightest type of platform for deployment and support 

of the point-focus concentrator array is a dual flexible blanket 

array with the top blanket comprising the lenses and the bottom 

blanket comprising the radiators (with solar cells mounted on 

the radiators), the distance between these blankets can be 

changed during the mission.  By changing this distance, some 

of the focused sunlight can be directed to miss the solar cell and 

instead intercept solar-reflective radiator area, thereby reducing 

the absorbed solar irradiance and lowering the operating 

temperatures of the radiator and the cell.  This simple yet 

effective way of overcoming the HIHT problem is shown in 

Fig. 12. 

 

VIII. SPACE ENVIRONMENTAL EFFECTS TESTING 

At the last PVSC, we provided information about high-

energy and low-energy charged particle exposure testing, which 

showed the new robust lens to be durable for space missions 

from 15 years on GEO to 1 year on the high-radiation TacSat 4 

orbit.  Eight different lens material approaches were tested with 

high-energy (2.7 MeV) protons through the backside (to deposit 

the protons near the frontside) at 5x1012 p+/cm2 with no loss in 

transmittance.  Samples of the silicone lens with embedded 

metal mesh were also tested with low-energy protons (30 KeV) 

at various fluences (from 1x1013 p+/cm2 to 1x1016 p+/cm2) 

through the frontside.  While some yellowing occurred only at 

the very highest fluence, these samples were uncoated and our 

team believes that the UV-rejection coating (multiple layers of 

ceramic materials), which we have successfully flown in space 

in the past [5], would absorb most of these low-energy particles 

to mitigate such yellowing of the silicone below. 

In the past year, we have also conducted thermal cycling 

testing of the silicone lens with embedded metal mesh, again 

with positive results (no tearing of the silicone lens).  The 

thermal cycling test comprised 516 cycles from -175⁰C to 

Fig. 11. Small concentrator module delivered to NASA. 

Fig. 12. Solving the HIHT problem by moving the radiator 

and cell closer to the lens during near-sun portion of mission. 



 

 

+125⁰C plus 1484 cycles from -160⁰C to +125⁰C (to allow test 

completion on schedule).  One of the samples had previously 

been exposed to 1x1015 p+/cm2 of 30 KeV protons, and none of 

the samples suffered tearing of the silicone.  We believe that the 

radiation testing and thermal cycling testing show that the new 

robust lenses will be durable in the space environment. 

 

IX. PERFORMANCE METRICS AND COST SAVINGS 

As we gather experimental performance data and as we refine 

our performance and cost models, we are confirming that the 

new concentrator technology offers exceptional performance 

metrics and cost savings compared to conventional one-sun 

solar arrays.  For example, the 25X point-focus concentrator 

saves about 95% of the sophisticated and relatively expensive 

IMM cell area and cost compared to a one-sun array.  The mass 

of cell radiation shielding (front and back) is also reduced by 

about 95% for the 25X point-focus concentrator.  For the 4X 

line-focus concentrator, the cell area and cost savings are about 

75%, and the cell radiation shielding mass is also about 75% 

less for the same amount of shielding compared to a one-sun 

array.  These cost and mass savings are particularly important 

for high-power missions (e.g., solar electric propulsion) and 

deep space missions (to Jupiter and beyond). 

Fig. 13 and Fig 14 summarize the mass breakdowns for the 

key optical, thermal, and electrical elements of the 4X and 25X 

concentrator blankets, respectively, including the lenses 

(silicone with embedded stainless mesh), the silicone-coated 

graphene radiators, and the photovoltaic receiver assemblies.  

These mass breakdowns do not include the wiring harnesses, 

deployment and support structures, or the solar array drive 

assemblies.  Note that the expected specific power for the 

combined mass of these three elements is excellent at 

> 1,200 W/kg for the 4X concentrator with 150 micron (6 mil) 

equivalent cover glass cell shielding (front and back), and 

> 1,400 W/kg for the 25X concentrator with 350 micron 

(14 mil) equivalent cover glass cell shielding (front and back). 
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Fig. 13. Areal mass density of 4X concentrator blankets. 

Fig. 14. Areal mass density of 25X concentrator blankets. 




