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Abstract 

This dissertation explores optical systems with meter-scale mirrors intended for 

large laser beam projection for high speed space travel, solar energy generation, and radio 

astronomy. The size of these optics pose unique challenges for fabrication, alignment, and 

metrology. Additionally, these systems would use thousands of modules which limit the 

unit cost of the optics.  

Considering these challenges, this dissertation discusses the design, manufacturing, 

mounting, alignment, and metrology of these mirrors and their optical systems. 

Specifically it includes a system design for a laser beam projector using a super array of 

laser blocks and mirrors with discussions on the theory of aligning thousands of mirrors 

across kilometers of aperture. It also discusses two solar energy concentrators, one that 

splits the solar spectrum with a large dichroic mirror and another that uses a fly’s eye lens 

array to divide sunlight onto small, high efficiency photovoltaic cells. Included are details 

of the innovative manufacturing process of the 0.3 m curved lenslet array. Finally a new 

method is demonstrated for forming large aluminum reflectors for radio telescopes.  
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 Meter Scale Optics for a Kilometer Scale Laser Beam  Chapter 1

This chapter includes theoretical modeling and analysis of various aspects of the 

Breakthrough Starshot Initiative (Starshot), which aims to launch a spacecraft using a 

ground based laser array pushing on a light sail on the spacecraft. Topics covered include 

shaping the laser beam, the possible precision in measuring relative phase across the large 

aperture of the laser array, and how the required beam efficiency constrains the beam 

launcher design. 

1.1 Background 

Starshot is an effort to design a mission to send a spacecraft to the Proxima 

Centauri system (the nearest known star to the sun) and send back pictures of the star and 

its planet(s). The destination is approximately 4 light years from earth, which is 

Figure 1-1 An artist’s depiction of a laser beam accelerating a spherical sail towards Proxima Centauri. 

Note that Proxima Centauri is in the southern sky and the real beam launcher needs to be located in the 

southern hemisphere. Image source, Shankland 2018 
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unreachable by traditional propulsion systems. The Parker Solar Probe is the fastest 

humanmade object ever flown reaching over 1,500 kilometers per second [Drury 2018]. 

At that speed it would take over 6000 years to reach Proxima Centauri. Instead of the 

historical approach, Starshot plans to launch a 4 g “nanocraft” and accelerate it to 0.2 

times the speed of light. At that rate, it will reach its destination in 20 years. In order to 

accelerate the nanocraft, Starshot plans to push on it with a high power laser beam. As 

laser light reflects off the craft’s sail, momentum will be transferred to accelerate the craft. 

Preliminary system models describe a 4 m diameter light sail that receives 8 GW/m
2
 of 

laser light. The baseline design uses a laser wavelength of λ = 1.06 µm [Parkin 2018] and 

accelerates the craft for 10 minutes until it reaches a velocity of 1/5 the speed of light at a 

distance of 18 Gm from earth. The size of the needed array can be calculated as follows: 

In the far field limit, the angle, θ at which the first null ring in the diffraction pattern 

occurs is: 

Equation 1-1    sin 𝜃 = 1.22
𝜆

𝐷
 

 where λ is the wavelength of monochromatic light and D is the diameter of the diffracting 

aperture. From geometry we can calculate thatsin 𝜃 = 0.5
𝑑

𝑧
 where d is the diameter of the 

diffraction spot and z is the distance from the aperture to the spot. Combining these 

equations, the equation to determine the size of the required laser array is 

Equation 1-2   ` 𝐷 = 2.44
𝜆𝑧

𝑑
. 

To have a diffraction-limited spot 4 m in diameter at a distance of 18 Gm, the array of 

lasers must be 12 km across. This is the extreme limit to have the first nulls of the 

diffraction pattern at the edge of the sail at the farthest distance. Current system models 
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have optimized the trade between laser array cost and beam efficiency to determine an 

array of approximately 4 km diameter [Parkin 2018]. This size will be used in the analyses 

below. 

There are many layers of complexity to this effort. This chapter focusses on three: 

Shaping the beam to maintain a sail stable in its trajectory, maximizing the projector fill 

factor to increase the efficiency of the beam, and cophasing subapertures across the array. 

1.2 Beam Shaping 

According to the Starshot baseline design, the nanocraft will experience 

acceleration starting at 14,900 g’s and decreasing to 2,500 g’s over 9 minutes [Parkin 

2018]. It is not possible to prevent all irregularities in the beam or in the sail surface. Also, 

the craft will encounter interstellar particles during acceleration, which could cause the 

sail to fall out of the launch beam. While the beam can be modulated to steer the craft, it 

cannot be done with closed-loop active control. Because of the speed of the craft, it is not 

possible to see the position or orientation of the craft from the ground and compensate 

with the beam in time. The sail must be self-stabilizing. Early studies explored conical 

sails that are concave towards earth. These were found to be unstable [Manchester 2017]. 

Figure 1-2 An example lobed beam profile created by summing the intensity of four offset Gaussian beams. 



27 

 

Manchester suggests a spherical sail be launched with a beam where the intensity profile 

has a low spot in the center. Manchester suggested a lobed Gaussian beam profile 

comprised of four offset Gaussian beams (See Figure 1-2.) and found it to maintain a 

spherical sail in a stable trajectory.  

A shaped intensity profile can be formed by modulating the phase of the lasers in 

the launch aperture. Ryan Luder developed a method using vortex or spiral phase 

gradients in the launch array to create a donut-shaped beam profile [Luder 2019]. A four 

lobed beam profile can be generated by dividing the laser array into four quadrants and 

modulating the lasers in adjacent quadrants to be π out of phase in a Secchi pattern. Figure 

1-3 shows a flat circular aperture (with no phase modulation) and its corresponding point 

spread function (PSF). It also shows a vortex phase aperture that creates a donut shaped 

psf PSF on the sail and a Secchi pattern phase aperture with its four-lobed PSF. Finally 

The last phase pattern uses a linear gradient to steer the outgoing beam slightly off center. 

By rapidly flashing the beam between four locations in a circular pattern around the sail, a 

time averaged net force on the sail could be achieved that is similar to that of a shaped 

four-lobed beam. 

The donut and the four-lobed beam profiles maintain a spherical sail oscillating 

about the center of the beam, however, they come with a cost: The PSF is larger than that 

of a flat circular aperture. This means that the power pushing on a 4 m diameter sail is 

less.  
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Figure 1-3 Beam aperture phase plots (left) and their corresponding point spread functions at the 

spacecraft sail (right). Note that the color scales on the PSF plots are not the same. The bottom PSF plot 

is the sum of four PSFs each generated by a phase distribution rotated 0, 90, 180, 270 degrees 

respectively from the one shown on the bottom left. Ryker Eads and Ryan Luder collaborated on the code 

to generate these plots. 
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Figure 1-4 shows the encircled energy of the four beam profiles. For the modulated 

profiles, relatively little power hits the 2 m radius sail. In order to shrink the size of the 

PSF, the laser array aperture would need to grow proportionally. Using a shaped beam is 

possible, but requires a trade optimization with the size of the laser array. 

  

Figure 1-4 Encircled Energy of the four beam profiles shown in Figure 1-3 
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1.3 Aligning Laser Phase Across the Aperture 

In order to shape the beam profile, the relative phase of the laser light across the 

aperture must be tightly controlled. Maintaining a diffraction limited beam across such a 

large aperture will be a challenge. To accomplish this, all the lasers in the array must be in 

phase within a fraction of a wavelength. In order to co-phase an array of lasers, the 

outgoing beams can be sampled. Light from pairs of lasers may be interfered with each 

other or with a master oscillator to determine the phase difference between them. Adjacent 

beams may be sampled according to the schematic below:  

The Keck telescopes require similar phase measurements with 36 meter-scale 

apertures that need to be phased for infrared observation. The literature discusses the 

physical procedure of measuring phase differences between adjacent apertures in some 

detail [Chanan 1998]. Another relevant analog is radio telescope arrays such as the Very 

Large Array (VLA). This array of 27 independently steerable apertures combines the 

signals for interferometric observations. To computationally interfere the signals, the 

central computer needs to precisely know the phase difference between each pair of 

Figure 1-5 A schematic diagram showing fiber optics sampling two laser beams and combining the 

samples to measure the phase difference between them. 
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antennas. The phase is adjusted in several ways including a system that adjusts the phase 

based on the pointing angle. As the earth turns, the antennas change their pointing angle to 

compensate. This changing angle elongates the optical path length of some subapertures 

with respect to others. The individual antennas communicate with the central computer 

through wave guides, which are analogous to the fiber optic samplers in the laser beam 

launcher. The VLA central computer sends a signal to ping each antenna. By measuring 

the phase change after the round trip, it can remove any phase difference caused by the 

lengths of the wave guides [Thompson 1980]. Similar methods could be used while 

measuring the phase differences between laser beam launcher sub apertures. 

Theoretically fibers from any two subapertures in a large array could be brought 

together and the phase difference measured. The problem is that building a structure to 

hold the sampling fibers that is rigid on the order of fractions of a wavelength across large 

distances (kilometers) is not feasible. However, the phase difference between adjacent 

lasers could be reasonably measured. Differences could be added along a path of 

consecutive aperture boundaries to calculate the phase difference between a pair of two 

lasers that are separated by a long distance. This is a path-following algorithm, and is 

similar to quality guided flood fill unwrapping techniques used in phase retrieval for 

fringe projection measurement of three dimensional surfaces [Kavuluru 2015]. The 

problem with this approach is that errors will compound across a large numbers of steps. 

The random error could be reduced by averaging multiple paths between the two distant 

lasers. However, systematic error will simply add. Systematic error could be caused by 

deflections or rotations in the structure that holds the sampling fibers. Assuming these 

errors could be minimized, the question remains: to what degree does multiple paths 
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mitigate the random error stack-up as phase differences are summed across a laser array? 

The following statistics exercise explores this question.  

Figure 1-6 shows four sample paths across an n x m (4 x 6 in this case) laser array. 

Assume that the phase difference between adjacent lasers (or sub-apertures) can be 

estimated (measured) and that the random error of each measurement is independent. In an 

n x m rectangular array, the two most distant lasers are in opposite corners. Starting at the 

top left laser, the phase difference at each step along the path to the bottom right laser can 

be added to get the total phase difference between the opposite corner lasers. If the paths 

are limited to only moving down or right, there is a finite number of unique paths and each 

path has the same number of steps. The number of steps in each path is  

𝑁𝑠 = (𝑛 − 1) + (𝑚 − 1). The total number of number of paths between opposite corners 

is 

Equation 1-3   𝑁𝑝 = (
𝑁𝑠

𝑛 − 1
) =

𝑁𝑠!

(𝑛−1)!(𝑁𝑠−𝑛+1)!
 

However, some paths are redundant. For example, the purple path (with large 

dashes) in Figure 1-6 does not include any measurements that are not already included in 

the other paths. The minimum number of paths that includes all measurements is 𝑁𝑝 = 𝑁𝑠, 

Figure 1-6 A schematic 4 x 6 array. White boxes are subapertures. Black lines are boundaries between 

subapertures. Colored lines are paths or sequences of boundary measurements that can be added to get a 

total phase difference between the top left aperture and the bottom right aperture. 
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indexed by 𝑖 = 1,2, … , 𝑁𝑝. It is important to note that this number of paths applies only to 

extreme corners of the array. Smaller (n’ x m’), internal subarrays were n’<n and m’<m 

can be crossed using paths that go outside of the n’ x m’ subarray. This provides more 

information and decreases the uncertainty of the phase measurement between internal 

subapertures.  However, this section only addresses the worst case of the extreme corners. 

Assuming that phase differences (Δℎ) can only be measured between adjacent 

lasers (not diagonal), the total number of boundaries between adjacent lasers is 𝑁𝑏 =

𝑚(𝑛 − 1) + 𝑛(𝑚 − 1) indexed by ℎ = 1,2, … , 𝑁𝑏. Let the variance (standard deviation 

squared) of all such measurements be the same (𝜎Δ
2). The i

th
 estimate of the total phase 

difference between the opposite corners (𝜙𝑖) is the sum of the phase differences across 

each boundary crossed by the i
th

 path. �̂�𝑖 = ∑ Δℎ
𝑁𝑠
ℎ∈𝑃(𝑖)  where P(i) is the set of all 

boundaries (h’s) crossed by the i
th

 path. It is worth noting that �̅�𝑖, the mean of each �̂�𝑖 is 

the same and equal to the mean of the set of all �̅�𝑖. The true mean is equal to the actual 

phase difference between the opposite corners. Let �̂� be an Np x 1 vector containing all 

�̂�𝑖, and �̅� be an Np x 1 vector containing all �̅�𝑖. The variance of each path (sum of 

measurements) is 𝜎ϕ
2 = 𝑁𝑠

2𝜎Δ
2. Let 𝑘𝜙 be the covariance matrix of the vector �̂�. Each 

element of the covariance matrix is given by 𝑘𝑖𝑗 = 〈(�̂�𝑖 − 〈�̂�𝑖〉)(�̂�𝑗 − 〈�̂�𝑗〉)〉, which 

simplifies to 𝑘𝑖𝑗 = 𝑠𝜎Δ
2 where s is the number of steps (measurements) that are common 

between paths i and j. Because the paths (and therefore the estimates of phase difference) 

are not completely independent, a simple average is not the most accurate estimate of the 

true value. The optimal maximum likelihood estimate of the mean is calculated as follows: 

Assume that that �̂� is normal with mean �̅� and variance 𝜎ϕ
2. The probability of �̂� is 
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𝑝𝑟(�̂�) =
1

(2𝜋)
𝑁𝑝

2 det (𝑘𝜙)

exp [−
1

2
(�̂� − �̅�𝑒)

𝑡
𝑘𝜙

−1(�̂� − �̅�𝑒)]. In order to find the maximum 

likelihood estimate, find the value of �̅� that maximizes 𝑝𝑟(�̂�). 

Equation 1-4     �̂̅�𝑜𝑝𝑡𝑖𝑚𝑎𝑙 =
𝑎𝑟𝑔𝑚𝑎𝑥

�̅�
 [𝑝𝑟(�̂�)] 

=
𝑎𝑟𝑔𝑚𝑎𝑥

�̅�
 {𝑙𝑛[𝑝𝑟(�̂�)]} 

=
𝑎𝑟𝑔𝑚𝑎𝑥

�̅�
 [−

1

2
(�̂� − �̅�𝑒)

𝑡
𝑘𝜙

−1(�̂� − �̅�𝑒)] 

=
𝑎𝑟𝑔𝑚𝑖𝑛

�̅�
 [(�̂� − �̅�𝑒)

𝑡
𝑘𝜙

−1(�̂� − �̅�𝑒)] 

=
𝑎𝑟𝑔𝑚𝑖𝑛

�̅�
 [�̂�𝑡𝑘𝜙

−1�̂� − 2�̅�𝑒𝑡𝑘𝜙
−1�̂� + �̅�2𝑒𝑡𝑘𝜙

−1𝑒] 

In order to find the value of �̅� that minimizes the expression in square brackets in 

Equation 1-4, set the derivative of the expression equal to zero and solve for �̅�.  

𝛿

𝛿�̅�
= −2𝑒𝑡𝑘𝜙

−1�̂� + 2�̅�𝑒𝑡𝑘𝜙
−1𝑒 = 0 

Equation 1-5    �̂̅�𝑜𝑝𝑡𝑖𝑚𝑎𝑙 =
�̂�𝑡[𝑘𝜙]

−1
𝑒

𝑒𝑡[𝑘𝜙]
−1

𝑒
 

 In this equation, e⃗⃗ is an Np x 1 vector containing all ones.  

The variance of  ϕ̂̅optimal is 

σϕoptimal

2 = 〈(ϕ̂̅optimal − ϕ̅)
2

〉 

σϕoptimal

2 =
1

e⃗⃗[kϕ]
−1

e⃗⃗
 

Equation 1-6       𝜎𝜙𝑜𝑝𝑡𝑖𝑚𝑎𝑙

2 =
1

∑[𝑘𝜙]
−1 
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where ∑[𝑘𝜙]
−1

 is the sum of all of the elements of the inverse of [𝑘𝜙]. If 

redundant paths are included, [𝑘𝜙] is singular and cannot be inverted. 

The variance of the maximum likelihood estimate was calculated for square n x n 

matrices from 2 x 2 to 100 x 100.  The results are in Figure 1-7.  

For example the variance of the estimate of the phase difference between the 

opposite corner lasers in a 60 x 60 array is 10 times the variance of the individual 

measurements between adjacent lasers. In other words, the standard deviation of the 

estimate across the array is √10 times the standard deviation of the measurement between 

adjacent lasers. To calculate this value for large arrays without having to invert large 

matrices, a function was found that approximates this relationship for large values of n. 

Equation 1-7   𝜎𝜙
2 ≈ (√2𝑁𝑏

4 − 1)𝜎Δ
2 
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Figure 1-7 Variance of the maximum likelihood estimate of the phase difference across an n x n array 
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Figure 1-8 shows the accuracy of this approximation. 

Applying this calculation to the Starshot beam launcher, assuming an individual 

subaperture size of 1 m x 1 m, the 4 km x 4 km array would have 4,000 x 4,000 

subapertures. If the phase difference between adjacent subapertures can be measured with 

a standard deviation of σΔ, then the phase difference across the entire aperture can be 

calculated with a standard deviation of 9.4 σΔ. In order to have the entire array phased to 

0.01 wavelengths, adjacent subapertures must be measured within a standard deviation of 

0.0011 wavelengths (1.1 nm).  

With the Keck instrumentation, the phase difference between two adjacent 

subapertures can be measured with a repeatability (accuracy) of ±20 nm. Higher precision 

was attained by repeating each measurement multiple times. The standard deviation of the 

estimate decreases by the square root of the number of measurements. To know the phase 

difference across each boundary within 1.1 nm, the ±20 nm precision measurement would 

have to be repeated 36
2
 times at each boundary. If these repeated measurements were 
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Figure 1-8 A comparison of an approximation and the calculated values of the variance of the estimated 

phase difference across an n x n array. As can be seen in the right panel, the difference between the 

approximation and the actual value rapidly approaches zero for large values of n. 
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made at each boundary of the Starshot laser array with the precision of the Keck 

measurements, the required repeatability could be attained to measure the phase difference 

across the entire array with uncertainty better than 0.01 wavelengths. 

For comparison’s sake, the method described in this chapter of adding successive 

measurements along a path through subapertures to calculate the phase difference across a 

full aperture, and optimally averaging multiple paths to reach a more precise value can be 

applied to the aperture configuration of the Keck telescopes. Figure 1-9 shows the 36 

mirror segments (subapertures). The small circles indicate boundaries where the phase 

difference between adjacent subapertures is measured. The circles on the outer edge of the 

full aperture were used for aligning a mask, and were not used in this study. In order to 

map the phase across the aperture, Keck creates a system of equations of all the measured 

phase differences between adjacent segments and solves for the full aperture phase map 

[Chanan 1998]. This is a global algorithm, which is much more computationally intensive 

than a path-following algorithm [Kavuluru 2015]. Apparently the relatively small number 

of subapertures makes this process manageable. For comparison’s sake, the 

path-following algorithm was applied to the Keck configuration. 
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To calculate the phase difference between mirror 19 and mirror 28, twenty-six 

unique paths of 9 steps each were traced between the mirrors 19 and 28 so that at least one 

path passed through each measured boundary. The variance of the maximum likelihood 

estimate is 1.56 times the variance of one measurement between adjacent mirrors. This is 

significantly lower than an equivalent 4 x 7 rectangular array, where the variance of the 

calculation of phase difference across the diagonal would be 2.55 times the variance of 

one measurement between adjacent mirrors. The low error stack-up across the Keck array 

Figure 1-9 The aperture of the Keck telescopes. The 36 numbered hexagons represent mirror segments. The 

small circles indicate boundaries where the phase difference between adjacent sub apertures is measured. 

Image credit: Chanan 1998. 
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is especially impressive considering that several boundary measurements are not possible 

in the center of the Keck array. This indicates that a hexagonal subaperture allows higher 

phasing precision across a large aperture. To be clear, the shape of the subapertures itself 

does not affect the precision of the calculation, but rather having more boundaries per 

aperture. A similar gain could be made by measuring between diagonally adjacent 

apertures in a rectangular grid configuration. For example, if the phase difference is 

calculated between apertures A and B in Figure 1-10 by averaging the sums of the phase 

differences along each green dotted path, then the variance of the difference between A 

and B is equal to the variance of one measurement between adjacent apertures. However, 

if the phase can also be measured diagonally between A and B (the red dashed line), that 

measured value can be averaged with the sum of the phase differences measured along 

each green dotted path. This average value has a variance that is less than (5/9 times) the 

variance calculated using the green paths only.  

In addition to phasing the array by making local boundary measurements, the array 

could also be phased by directing the beam onto a screen on an orbiting satellite. This 

approach remains to be explored in detail.  

  

Figure 1-10 A sample square grid aperture. When the diagonal (red) path is included, the variance of the 

maximum likelihood estimate of the phase difference between aperture A and aperture B decreases by 5/9. 
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1.4 Laser Launcher Configuration for High Beam Efficiency 

System models have specified that the maximum required power from the laser 

array is 200 GW. Based on laser technology projected to be available in the near future, 

models calculate that the laser array will be on the order of 4 km x 4 km. The irradiance 

needed at the sail to accelerate the nanocraft is 8.7 GW/m
2
 [Parkin 2018]. For a sail with a 

circular shadow of radius 2 m, that comes to 109 GW of power on the sail. That assumes 

that 55% of the power leaving the laser array hits the sail. This section discusses 

subaperture spacing requirements to attain that efficiency as well as a design configuration 

that can meet those requirements.  

  

Figure 1-11 Early graphic of a laser array beam launcher. Image courtesy of breakthroughinitiatives.org. 
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Early concepts of the laser beam launcher showed a field of isolated lasers that are 

each aimed individually (Figure 1-11). Ignoring other nonscientific aspects of the image, it 

is important to note that this approach is problematic because the gaps in the aperture act 

as a diffraction grating, diverting significant amounts of energy away from the central 

Ideal Filled Aperture 20% Gaps 40% Gaps 

   

81% Power in the Central Beam 58% Power in the Central Beam 43% Power in the Central Beam 

a b c 

 
d 

Figure 1-12 (a)An ideal filled aperture. (b)An aperture with 20% spacing between subapertures. (b)An 

aperture with 40% spacing between subapertures. (d) A plot of the irradiance cross sections of the 

diffraction patterns of the apertures shown in (a),(b), and (c). 
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beam of the launcher. Error! Reference source not found. shows how increasing the gap 

between subapertures quickly decreases the efficiency. For the spaced, inefficient 

apertures, the power has been increased so that the peak irradiance matches that of the 

ideal plot. Their higher side lobes (lost power) can be seen in the irradiance cross section 

in Error! Reference source not found.d.  

In order to minimize diffraction loss, a continuous, uniform aperture is ideal. A 

major difficulty in achieving this is that a solid 4 km x 4 km laser block would be difficult 

to access for alignment and maintenance. Also, high power lasers require power and 

control wiring, as well as liquid cooling. As a baseline, assume that individual 10 cm 

lasers will be clustered into meter-sized blocks, each with ~ 70 kW output. The technical 

challenge is to find a practical architecture to combine these outputs with high filling 

factor (70% filled aperture) in order to put > 60% of the energy into the diffraction-limited 

core. Also, the output beams must be steerable to keep the beam directed at the sail despite 

the earth’s rotation. This requires a range of 70° to 90° in elevation and ±10° in azimuth. 

These engineering problems are complicated by Starshot’s very low cost targets. Two 

possible solutions follow. 

First, a beam expander can be used on each meter sized laser block that quadruples 

the area of the outgoing beam. This allows for mechanical access to each laser block and 

allows for individual blocks to be removed for maintenance. Beam expanders could use 

off axis confocal paraboloidal mirrors to expand each 1 m collimated beam into a 2 m 

beam. The exit pupils of the system can be tens of centimeters apart, yielding relatively 

low diffraction loss [%]. Mirrors in the system can also be used for wavefront correction 

and steering. A conceptual design is shown in Figure 1-13.  By using a convex smaller 
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mirror, the expander can be more compact and avoid passing the high -powered laser 

beam through a focus.  

The concept is to combine the outputs from fixed blocks of lasers using stationary 

beam expanding and correcting optics followed by steering flats, as shown in Figure 1-13. 

This model supposes that each laser block (6) is 1 m square and delivers power of 70 kW. 

A flat adaptive mirror (1) directs the beam expander optics (mirrors 2 and 3) will double 

its size to 2 m x 2 m. The articulated flat (mirror 4) allows the beams to be steered 30° in 

elevation and ± 30° side-to side.  

The large ends of the laser beam expander units have 0.5 m spaces between them 

in the N-S direction, and 0.3 m E-W gaps, yielding the beam profile shown in Figure 1-14 

with filling factor of 70%, when pointed at zenith. A rectangular grid geometry has 

advantages over hexagonal such as better access with straight line N-S paths, as shown 

also in Figure 1-14. 2.8 million units, each delivering about 70 kW of laser power, will 

Figure 1-13 Six projector units, each with a fixed laser block and 2x beam expander where light passes 

through a focus, seen from the west. The 3 steering flats on the left direct the beams to the zenith, those on 

the right to 65° elevation. Mirror 1 is a segmented 
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make up a 4 km
2
, 140 GW beam. If the 1 m square block has a 10x10 array, then each 10 

cm beam will need to deliver 700W.  

Optical Design 

 The beam expander design uses a concave/convex pair of confocal paraboloids. 

This off-axis Mersenne optical design yields a collimated output beam. This configuration 

has the advantage of delivering uniform collimated output power when the input power is 

Figure 1-14 Top: the beam pattern for a 3x3 group (zenith pointing) as seen from the spacecraft. 

Bottom: a view of the beam expanders looking south 
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also collimated and uniform. The beam is simply magnified, with no distortion. Thus 

when the input power is uniform across the square entrance aperture, the output power is 

also uniform over a square exit aperture. The output beam must be uniform on all scales as 

any periodic fluctuation will cause diffraction losses. The beam expander optics, along 

with the laser block, are fixed in position.  

There are two flat folding mirrors, one fixed (1) and one (4) steerable. The first, 

fixed fold mirror reflects the vertical, 1m square beam from the laser block into the beam 

expander. This mirror could be an adaptive wavefront control element. The design has as 

its last element a 2 m steering flat (mirror 4), with a targeted motion of 15° of tilt in any 

direction from nominal. The Starshot requirements of 70° to 90° in elevation and 180°±5° 

in azimuth lie well within this range. Figure 1-13 shows two orientations of the steering 

flat to produce beam elevations of 65° and 90°. 

Mechanical Supporting Structures 

The smaller elements, the laser cluster blocks (6) and the adjustment flat (1) and 

convex first mirror (2) of the beam expander, are arranged in 1m wide rows, with 1.5 

meter wide access corridors between. The larger fixed beam expander mirrors (3) and 

articulated beam steering mirrors (4) are above, with little room between for access. These 

mirrors will be supported on columns from the floor. Initial placement of these larger 

mirrors, row by row, will be straightforward, however, later access of mirrors in the 

completed array for service or cleaning could be accomplished from a series of bridge 

cranes that pass above the array, each straddling several rows. Mirror 3 could be mounted 

to and with mirror 4 of the adjacent expander. These assemblies could be lifted out by the 
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crane or lowered to the floor by moving the laser block and smaller mirrors (1 and 2) to 

one side.  

If the large curved beam expander mirrors, are ~25 mm thick, they can be 

supported to high accuracy on three points only, with the 6 degrees of freedom adjusted by 

three tangent arms and three axial rods. This takes advantage of the fact that they remain 

in fixed position, and the fact that a small fraction of the deformable mirror stroke can be 

used to correct moderate errors of low and medium orders. Also, shell stiffness provided 

by the curved shape significantly resists deformation. 

Because the steering mirror (4) does change its orientation, it will need support at 

multiple points to limit changing bending under gravity. Because orientation changes are 

limited to ~ ± 15° and some correction with the deformable flat (1) will be possible, the 

mount can be much simpler than is needed for mirrors in conventional telescopes.  

Protecting the projection array against the weather, including dust, rain and wind, 

is a challenge. The optics could be mounted on an internal structure. A structurally 

independent external building would protect the mirrors and lasers from wind and other 

elements, analogous to telescope housings. This outer structure could have hinged roof 

hatches (5) that can be lowered in inclement weather and can pivot when open to align 

with the outgoing beam (see Figure 1-13). 

Another important consideration for the beam-launch optics is that the atmospheric 

distortion of the wavefront needs to be measured across the entire aperture so it can be 

compensated for. The beam expander optics can also serve as telescopes to receive light 

from a beacon, guide star, or reflected from the nanocraft itself. A dichroic reflector can 

be inserted that allows the outgoing laser light to pass through while diverting the 
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incoming light for wavefront sensing. The baseline design wavelength of the laser beam is 

1064 nm. Light from a beacon (for example mounted on the spacecraft that releases the 

nanocraft into the launch beam) could be at a different wavelength. The launch laser light 

reflected by the nanocraft sail will be increasingly red-shifted as the nanocraft accelerates. 

Ryker Eads designed a multilayer coating that will pass 99.9% of the laser light and reflect 

>95% of the return light at longer wavelengths (>1064.7 nm). The dichroic mirror (7) 

could be located as shown in Figure 1-15.  

Literature shows that a curved dichroic does not have a large impact on the 

transmitted light, but will change the size, shape, and location of the spot imaged with the 

reflected light. [Prabhat] This would be especially problematic for wavefront sensing, 

which often depends on spot location to measure the slopes of the wavefront. A flat 

dichroic could be used, which would require an additional focusing element.  

This beam expander design addresses the need of easy access to laser blocks while 

maintaining a high fill factor in the outgoing beam aperture. However it does introduce 

Figure 1-15 Using the beam expander optics to receive a signal for atmospheric correction by inserting a 

dichroic mirror (7) between the laser block (5) and the beam expander optics. 



48 

complexity. The 7 additional mirrors (including the two expander mirrors, the fold flat, 

steering flat, dichroic flat, and signal focusing mirror) add to the material cost. Also, the 

effort required to align millions of these modules increases with each additional optic. 

Future trade studies between this and other approaches will determine the best solution. 

1.5 Conclusion 

The Breakthrough Starshot Initiative poses several complex challenges. Computer 

simulations of the launch laser beam show that by modulating the phase of the 

subapertures, the beam can be shaped into multiple beam profiles that have a central 

depression. These profiles can maintain a spherical sail oscillating about the axis of the 

launch beam while accelerating it along that axis. However, by using phase modulation to 

shape the beam, the size of the beam at the sail grows requiring either higher power or a 

larger aperture at the laser array to compensate. Modulating the phase also requires precise 

knowledge of the relative phase across the array. This can be achieved by measuring the 

phase differences at the boundaries between adjacent subapertures. However, even with 

averaging multiple paths of consecutive apertures, the uncertainty of the relative phase 

across the aperture grows with the aperture dimension. This can be partially mitigated by 

averaging repeated phase measurements. Also important to maintaining a tight PSF is 

minimizing gaps between subapertures. Beam expanders can be used to allow access to 

the laser blocks while maintaining a nearly continuous outgoing beam aperture. Many 

challenges remain in the Starshot project. The information in this chapter will hopefully 

provide helpful constraints to those efforts.   
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 Measuring Flux from a Tandem Solar Collector Chapter 2

This chapter discusses a novel solar concentrator that uses a dichroic mirror to 

reflect parts of the solar spectrum to generate heat, and transmits light that is ideal for 

electricity generation to silicon solar cells mounted on the back of the mirror. In order to 

measure the efficiency of this new technology, the energy output needed to be measured. 

This chapter primarily focusses on the development and use of a calorimeter to measure 

the power in the light reflected by the dichroic mirror. The final calorimeter design used 

the incident flux to heat water as it flowed through, and measured the temperature of the 

water before and after. In order to calibrate this instrument, it was illuminated by known 

amounts of concentrated sunlight while recording the water temperatures. Transfer 

functions of the calorimeters allowed for measuring the efficiency of novel tandem solar 

power modules. 

2.1 Background 

Currently the solar power industry is dominated by flat-panel photovoltaic (PV) 

systems that use arrays of silicon cells to generate electricity from sunlight. Commercially 

available panels have maximum power conversion efficiencies of 22% [Cousins 2016].  

Much of the loss is due to the fact that silicon cells only absorb a portion of the solar 

spectrum. 
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Concentrated solar power (CSP) is another technology, which uses optics to focus 

light onto a thermal receiver. The concentrated sunlight heats a medium.  The heat is then 

converted to electricity. There are various CPV geometries (Figure 2-1). A parabolic 

trough concentrator uses large curved mirrors to focus sunlight onto a pipe. Thermal fluid 

that flows through the pipe absorbs the light and converts it to heat. Turbines then use the 

hot fluid to generate electricity. Parabolic trough CSP can have a sunlight-to-electricity 

power efficiency of 13% [Meng]. Because CSP systems such as parabolic troughs reflect 

light to certain locations (the receiver), they can only utilize direct sunlight. Diffuse 

Figure 2-1 CSP geometries. Image credit: Richter 2009. 
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sunlight such as that scattered by clouds does hit the mirrors, but it has a large range of 

incidence angles and cannot be focused onto a receiver. By contrast, flat PV panels do use 

diffuse sunlight because the angle of incidence is not critical for the photoelectric effect. 

Therefore, PV systems can operate on cloudy days, but CSP systems require direct 

sunlight and must track to follow the sun.  

 In order to develop a solar module with higher efficiency, a tandem system was 

designed that could exploit more of the solar spectrum than PV, and also utilize diffuse 

light. Dr. Zachery Holman of Arizona State University, supported by the Steward 

Observatory Solar Lab developed the system consisting of a large parabolic mirror whose 

reflectivity is provided by a dichroic film laminated on the back surface of the glass. The 

film transmits light in the wavelength band that is usable by silicon cells and reflects other 

wavelengths to a receiver. Silicon cells are laminated to the back of the film to convert the 

transmitted light to electricity. The reflected light is focused onto a pipe as in standard 

trough CSP systems. By splitting the spectrum and converting different bands of light with 

processes that are better suited for their respective wavelengths, higher efficiencies can be 

Figure 2-2 Parabolic Trough CSP. Schematic (left) and photo of SEGS power plant in California (right). 

Image credits: Richter 2009. 
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obtained. The system is called PVMirror. A schematic of the spectrum splitting is shown 

in Figure 2-4. 

 

Figure 2-4 The spectral response of a silicon cell laminated behind a dichroic mirror (PVMirror). 

Graphic by Brian Wheelwright. 

Figure 2-3 The solar spectrum reflected by a PVMirror. The top, orange curve shows the solar spectral 

irradiance. The lower, green curve shows the amount of sunlight that is transmitted to the PV cells. The 

shaded region indicates the light that is reflected to the calorimeter (theoretically 54.4% if the solar 

power). 
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2.2 Efficiency of the PVMirror 

The efficiency, η of solar power systems is typically calculated using the following 

equation: 

Equation 2-1   η =  
Power Generated

Power of Incident Sunlight
 

In order to calculate the efficiency of the PVMirror system, the irradiance of the 

incoming sunlight and the power generated by the system must be measured using the 

equation below.  

Equation 2-2  ηPVMirror =  
Electricity from PV cells+Heat reflected to the receiver

Power of Incident Sunlight
 

The National Renewable Energy Laboratory (NREL) operates a weather station on 

the University of Arizona campus that measures the direct normal irradiance (DNI) of 

sunlight and provides the data for real-time download. These data provide the power of 

sunlight incident on the system. 

The power generated has two components: the electric power generated by the PV cells 

and the power absorbed by the receiver. The power generated by the PV cells  can be 
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calculated by measuring the current generated at various voltages. A plot of these values is 

called an I-V curve.  Figure 2-6 shows a typical I-V curve (in blue) and a power-voltage 

curve (in red). The power at V=Vmpp is the maximum power that can be generated by the 

measured system. To measure the power of the PVMirror, a scanning resistive load was 

connected to the PV cells. The current generated was measured as the load repeatedly 

scanned through the voltage, creating I-V curves, and power measurements over time. 

This is standard practice for measuring PV cell efficiency. Based on the transmittance of 

the dichroic film and the external quantum efficiency of the PV cells, it was predicted to 

be 12.9%. Based on the reflectivity of the dichroic film, the PVMirror is expected to 

reflect 54.4% of DNI to the calorimeter. A method was needed to measure the light 

actually reflected onto the receiver in order to quantify the performance of the PVMirror.  

2.3 Calorimeter Design 

In order to quantify the efficiency of the solar modules, the power reflected by the 

dichroic film onto the thermal collecting tube needed to be measured. Multiple approaches 

Figure 2-6 A typical I-V curve. The blue curve plots the current generated through a load of varying voltage. The 

red curve plots the power (P = V x I). The maximum power point is indicated. Image credit: seaward-

groupusa.com 
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to measure the total power of the reflected light were investigated. The first attempt used a 

solid copper bar of known mass (Figure 2-7).  

 The bar was blackened so it would absorb as much light as possible. The back of 

the bar was then instrumented with a sensitive thermocouple. To use this instrument, the 

bar was placed at the focus of the PVMirror. To begin the process, the bar must be 

shielded from incoming light and allowed to cool to ambient temperature. After removing 

the shield, the temperature of the bar is recorded continuously as it heated due to the 

concentrated light reflected from the PFMirror. The slope of the temperature versus time 

graph gives us the rate of change in temperature with time (dT/dt). Given the specific heat 

of copper (c) and the known mass of the bar (m), the power absorbed by the bar can be 

calculated using the following equation: 

Figure 2-7 A specific heat calorimeter that uses a copper bar (a) that is blackened on the front side (right) 

with a thermocouple attached (b) on the back side (left) and power resistors for calibration (c). The back of 

the bar and power resistors were covered with thermal insulation (d). 

a  

b  

c  

d  
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Equation 2-3    𝑃 = 𝑐𝑚
𝑑𝑇

𝑑𝑡
 

In order to verify this calculation, a calibration system was built into the 

calorimeter. As seen in Figure 2-7, power resistors were mounted on the back of the bar 

with thermal epoxy and the resistors were surrounded with thermal insulation.  By putting 

a known voltage across the resistors, they can generate a known amount of heat power in 

the bar. The change in temperature of the bar caused by a known input power will verify 

the analytical calculation.  

This calorimeter design worked theoretically, however, it had several drawbacks.  

Firstly, the blackened bar was not absorbing 100% of the incident light. An attempted soot 

coating was fragile and would wear off on contact. This was replaced with flat black paint. 

No matter how good the coating was, the percent of the incident light that was absorbed 

was not well enough known. Also, the power resistors themselves were thermally 

connected to the bar and would absorb heat, affecting the rate of change in temperature of 

the bar. Thirdly, in order to gather enough data to calculate the slope of the dT/dt curve, 

the temperature had to be measured for several minutes. Between measurements, the bar 

cooled to returned to ambient temperature, which took additional time. Even with 

accelerating the process by water cooling the bar between measurements, this only 

delivered a data point every 15 minutes. Ideally, we would have continuous power 

measurement from both parts of the tandem generator. 

In order to record more continuous power measurements, various methods were 

explored to measure the temperature change of fluid heated as it flows through a 

calorimeter. A peristaltic pump was used to ensure a constant and precise flow rate. By 
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continuously measuring the inlet and outlet temperature of the fluid (water) the power 

absorbed by the water, and thus, the power incident on the calorimeter, P(t) was calculated 

using the following equation:  

Where c is the specific heat of water; Q is the volumetric flow rate of the water; ρ 

is the density of the water and ΔT is the difference between the inlet and outlet 

temperature at a given time t; 

 Some systematic error is introduced by this method of calculating ΔT, as the outlet 

temperature of a given parcel of fluid is measured sometime after the inlet temperature is 

measured. This is problematic if the inlet temperature is not constant. The system recycled 

water, passing it through a radiator to cool it to ambient temperature before sending it 

back into the calorimeter. Comparing the inlet and outlet temperatures of the calorimeter 

at a given time would yield a systematically smaller temperature difference if ambient 

temperature was rising, which was often the case during morning experiments. To 

compensate for that, the time required for a parcel of fluid to pass through the calorimeter 

was measured by injecting colored dye into the stream at the point the inlet temperature 

was measured and recording the time it took the dye to reach the location that the outlet 

temperature was measured. A time offset (∆𝑡) could be added to the data while calculating 

the temperature delta using the following equation:   

Equation 2-4    𝑃(𝑡) = 𝑐𝑄𝜌𝛥𝑇(𝑡)  

Equation 2-5   ∆𝑇(𝑡) =  𝑇𝑜𝑢𝑡(𝑡) − 𝑇𝑖𝑛(𝑡). 

Equation 2-6   ∆𝑇(𝑡) = 𝑇𝑜𝑢𝑡 (𝑡 +
∆𝑡

2
) − 𝑇𝑖𝑛 (𝑡 −

∆𝑡

2
) 
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One calorimeter design iteration used 3D printed manifolds to direct water through 

extruded aluminum heat sinks that had internal channels for water flow. The heat sinks 

would be illuminated by the incident light reflected by the dichroic mirror. In addition to 

providing continuous power measurement, the new design aimed to decrease the power 

lost to reflection from the surface. Two heat sinks were angled so that incident light 

reflected by one of the surfaces would be directed towards the other surface.  

Each time a ray hits a surface the percentage of reflected light is small. With a 45-

degree angle between the faces of the calorimeter, incoming light would be reflected four 

times before exiting, and the amount of light lost would be negligible. See Figure 2-9. 

Figure 2-8 A calorimeter design that passes water through aluminum heat sinks that have internal 

channels for fluid to flow through. 

Figure 2-9 A schematic showing a ray being partially reflected by the front 

surfaces of a wedge shaped calorimeter. 
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Also, thermal radiation from the front surface of the calorimeter has a greater likelihood of 

being reabsorbed. 

Multiple versions of this calorimeter were built in effort to prevent water leaks and 

to prevent heat loss. An important requirement for accurate results is that the water 

flowing through be heated evenly. The heat sinks had several separated channels for water 

to flow through, which impeded mixing and heat transfer in the water. The calorimeter 

shown in Figure 2-10 uses copper, which has higher thermal conductivity than aluminum 

and passes water through a large single channel to allow mixing. However, the large 

channel would have eddies and dead spots in the water flow that would affect the power 

absorption and therefore the accuracy of the data.  

The calorimeter in Figure 2-11 ensures even heating of a constant flow by using a 

single, constant diameter copper tube that is soldered to a copper V-shaped collector plate. 

The tube is otherwise thermally insulated as is the back of the receiver plate. Power 

Figure 2-10 A calorimeter where water flows through one large channel. 
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incident on the plate is absorbed into the water as it passes through the copper tube. The 

temperature of the inlet water and outlet water is then measured by a pair of thermisters. 

This was the final design of the calorimeters at this phase of the project. Two were 

built that could measure 320 mm x 320 mm PVMirrors. The solar modules and 

calorimeters were mounted on a 2-axis sun tracker to keep them pointing directly at the 

sun during testing. Despite best efforts, there was heat loss in the calorimeter system and 

the calculated power using equation was less than the expected incident power. The 

following method was developed to calibrate the calorimeter.   

2.4 Thermister Calibration  

First the intrinsic offset of the thermistors was determined by measuring the 

temperatures throughout the night when there was no light on the calorimeters. Multiple 

data sets were recorded: some with the pumps running forward and some with the pumps 

running backwards. The pump speed for all of these calculations was 200 ml/min. The 

plots in Figure 2-12 show the data recorded. There are a few notable aspects of these plots. 

First the temperature deltas do not change significantly due to a change in pump direction. 

They also do not change day to day. (These two plots were made a month apart.)  

Figure 2-11 a calororimeter using a constant diameter copper channel soldered to a copper front surface. 
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There is a clear correlation between the high frequency noise in the two deltas, 

which means there is a systematic effect that changes the output temperatures. This is 

likely due to wind convection or other heat transfer over the distance the water travels 

between the inlet thermistor and the outlet. In order to correct for this systematic effect 

while measuring a PVmirror, the two calorimeters were used simultaneously–one 
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Figure 2-12 Plots of temperature deltas on two different nights. The blue lines show the intrinsic difference 

between the inlet and outlet temperature measurements of Calorimeter 1. The red lines show the same for 

Calorimeter 2. 
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measuring light from the PVMirror, and one measuring the light from a silvered mirror of 

known reflectivity. By comparing the results from the two calorimeters, this systematic 

effect can be removed. However, the standard deviation is small (~0.03 C) and by 

averaging data over several minutes, an accurate power value can be calculated. 

 

Figure 2-13 Top: Calorimeters with the focus from a PVMirror on the upper one and the focus from a 

silvered mirror on the lower one. Bottom: a silvered mirror on the left and a PVMirror on the right mounted 

in a frame with the calorimeters on a 2-axis sun tracker.  
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2.5 Calorimeter Calibration 

In addition to power resistors, silvered mirrors can be used to calibrate the 

calorimeters. A known amount of power can be shone on the calorimeter by focusing 

sunlight of a known DNI with a silvered mirror of known area and reflectivity. Heating 

with a mirror gave different results from the power resistors. The silvered mirror 

calibration is more true to the measurement process, but the DNI is within a relatively 

narrow range throughout the day and the flux reflected by a silvered mirror is significantly 

higher than that reflected by a PVMirror of the same size, so the calibration did not cover 

the range of power used in a PVMirror measurement. In order to calibrate the calorimeters 

over a broader range of power, calorimeter data was recorded while progressively 

stopping down the mirror aperture.  

Figure 2-14 shows silvered mirrors with several felt masking dots, which decrease 

the incident power on the calorimeter. By adding progressively more dots, the effective 

Figure 2-14 Progressively masking silvered mirrors by adding felt dots to develop a response function of the 

calorimeters over a broad range of input power. 
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mirror area (and therefore power incident on the calorimeter) decreased in controlled 

steps.  

2.6 Response Function Results 

The DNI and temperatures were measured during the progressive masking as 

shown in Figure 2-15.  

The calculated temperature deltas and the mirror aperture over time are shown in 

Figure 2-16.  

780

800

820

840

860

880

900

920

24

26

28

30

32

34

36

38

8
:0

9

8
:2

4

8
:3

8

8
:5

2

9
:0

7

9
:2

1

9
:3

6

9
:5

0

1
0

:0
4

1
0

:1
9

So
la

r 
D

N
I 

(W
/m

2
) 

D
eg

re
es

 C
 

Time 

Temperatures and DNI 

CAL1 IN CAL1 OUT CAL2 IN CAL2 OUT Ambient DNI

Figure 2-15 Inlet and outlet temperatures measured for two calorimeters with silvered mirrors focusing 

sunlight on them. 



65 

 

Because the DNI was increasing that morning, the power decrease with decreasing 

aperture would not be visible on the plot, so the temperature differences are scaled using 

the concurrent DNI data.. These deltas are also corrected for the intrinsic thermistor 

differences shown in Figure 2-12. In order to derive a response function for the 

calorimeters, the temperature deltas verses incident power are plotted in Figure 2-17. Also 

plotted is the theoretical value of the power calculated using Equation 2-4   

 𝑃(𝑡) = 𝑐𝑄𝜌𝛥𝑇(𝑡). Given the water flow rate of 200 ml/minute, the specific heat 

of water (4.184  joule/gram °C) the theoretical curve for both calorimeters is Incident 

Power2 (W) = 13.953(ΔT). Based on the best fit curves of the calibration data, the 

calibration curve for calorimeter 1 is: Incident Power1 (W) = 22.245(ΔT) – 21.157 and the 

calibration curve for calorimeter 2 is:  Incident Power2 (W) = 16.162(ΔT) – 14.15.  

Figure 2-16 The mirror area and temperature deltas for two calorimeters throughout the measurement. The 

temperature deltas are scaled to 1000 W/m
2
. 
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The calibration data does not match the theoretical relationship, but does provide a 

linear response. The high frequency noise does decrease the precision of the measurement. 

This noise is partly due to the fact that during testing, the back of the calorimeters and the 

tubing are heated by the sun and cooled by the wind. The illuminated tubing can be seen 

in the top of Figure 2-13. The temperature delta curves of the two calorimeters in Figure 

2-16 have the same shape, which indicates that these environmental factors are systematic 

and cause effects on both calorimeters. 

These systematic errors were removed by calibrating the two calorimeters as 

described above, and then using one to measure the PVMirror under test, and using the 

other to simultaneously measure power reflected by a silvered mirror of known 

reflectivity. The noise (difference between the known power and measured power) of the 

Figure 2-17 Response functions of the two calorimeters (blue and red) and the theoretical relationship 

between power and temperature difference based on the specific heat and flow rate of the water (Equation 

2-4    𝑃(𝑡) = 𝑐𝑄𝜌𝛥𝑇(𝑡)). 
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silvered mirror measurement was subtracted from the measured power of the PVMirror to 

provide a clean measurement of the power reflected by the PVMirror.  

2.7 Using the Calorimeters to Measure the Efficiency of PVMirrors 

After this calibration method was developed, it was used throughout the 

development of PVMirror. Figure 2-18 compares the modeled output power and 

efficiency to the experimental results measured with the calorimeters. The average 
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measured thermal efficiency (percent of incoming sunlight reflected to the calorimeter) 

was 50.3%, which is 4.1% less than the modeled value. This difference is likely doe to 

reflected light missing the calorimeter because of alignment or shape errors in the reflector 

surface. The measured DC efficiency of the solar cells varied between 12.6% and 13.4%, 

confirming the modeled value of 12.9%. 

2.8 Larger Calorimeters for 1.6 m PVMirrors 

Later work used glass calorimeters like the one shown in Figure 2-19 in an effort 

to reduce heat loss. This glass calorimeter fabricated at the University of Arizona 

consisted of two concentric glass tubes. The air between the tubes was removed with a 

Figure 2-19 A later model glass calorimeter that uses concentric tubes of glass separated by vacuum to 

reduce heat loss.  
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vacuum pump to reduce heat loss. The inner tube was coated with black paint to absorb 

the concentrated sunlight and heat the water that flowed through the inner tube. 

Eventually, larger (1.65 m x 1.65 m) PVMirrors were fabricated and twin trackers 

were designed and built to measure their efficiency. For these full-size prototypes, 

commercial receiver tubes designed for solar power plants were purchased. The 

calibration process described in this above of progressive masking was used to 

characterize these calorimeters as well. However, the solar eclipse on 21 August of 2017 

was a unique opportunity to calibrate the large calorimeters with a full mirror aperture. 

The eclipse provided a large range of DNI within a relatively short time period. The data 

recorded are shown in Figure 2-21. Sunrise and sunset also provide a range of DNI, 

Figure 2-20 Large (1.65 m x 1.65 m) silvered mirrors on sun calibrating large glass calorimeters. 
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however, the solar spectrum changes when the sun is at these low altitudes due to 

Rayleigh scattering. Also, the railing and other buildings begin to shadow the mirrors 

when the sun is at low altitudes. This can be seen in Figure 2-21 as the outlet temperature 

drops off sharply just before 6 PM. The eclipse provided a gradually masked source for 

continuous calibration. Unfortunately only one of the two trackers was operational on the 

day of the eclipse so one set of data is shown in this section. 

Figure 2-21 Temperature measurements of a large calorimeter before during and after a solar eclipse on 21 

August 2017. The eclipse reached a maximum at 10:36 AM local time in Tucson, Arizona. 
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The temperature data between 10 PM and midnight (after the eclipse) was used to 

find the intrinsic temperature difference of the thermistors (-0.982 
o
C). In these large 

calorimeters, it was critical to adjust for the time for a given packet of water to flow 

between the inlet and outlet temperature measurements (12 minutes and 17 seconds). The 

decrease and then increase of DNI shows the importance of this time delay. Figure 2-22 

shows the incident power on the calorimeter verses the difference in measured inlet and 

outlet temperatures. For the plot on the left, the temperature difference was calculated 

using simultaneous temperature measurements for inlet and outlet according to Equation 

2-5   ∆𝑇(𝑡) =  𝑇𝑜𝑢𝑡(𝑡) − 𝑇𝑖𝑛(𝑡). The plot on the right used the flow time 

correction according to Equation 2-6   ∆𝑇(𝑡) = 𝑇𝑜𝑢𝑡 (𝑡 +
∆𝑡

2
) −  𝑇𝑖𝑛 (𝑡 −

∆𝑡

2
). The calorimeter response functions were determined using the process described in 

section 2.5 except instead of progressively masking the mirror, the moon gradually 

masked and unmasked the sun.  

Figure 2-22 The incident power vs measured temperature change using the simultaneous inlet and outlet 

temperatures (left) and using the flow time correction (right). 
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Figure 2-23 shows the power measured by the calorimeter compared to the DNI. 

The important take-away from this plot is that the calorimeter provides a clean linear 

measurement (R
2
=0.993) over a large range of input irradiance (600 W/m

2
).  

2.9 Implications for PVMirror 

Once the calorimeters were calibrated, they were used to measure large 

(1.65 m x 1.65 m) PVMirrors. The average thermal efficiency of this PVMirror was 

57.5%, which is higher than the modeled value of 54.4%. The DC efficiency of the PV 

cells with respect to the global irradiance was 10.19%. This is lower than that of the 

smaller prototypes.  

Measured efficiencies were incorporated into a system model. The cell model 

includes a 95% DC/AC conversion efficiency. The CPS model includes 14% tracking 

Figure 2-23 The power measured by the calibrated calorimeter during the solar eclipse Data clearly shows 

the linear response of the instrument with R
2
=0.993. 
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loss, 7% optical loss, 5% reflection loss, 8% radiation loss, 12% convection loss and 9% 

storage loss [Yu 2015]. Based on the data and model, a PVMirror power plant could have 

16.9% efficiency while a comparable trough CSP plant would only have 13.25 efficiency. 

Detailed financial models compared a PVMirror plant to having a trough CSP plant next 

to a flat panel PV plant. With both the PVMirror and side-by-side system producing the 

same dispatchable and total electricity, it was found that the PVMirror plant would be 

more expensive. For more details, see the forthcoming publication by Meng, et al. 

  

Figure 2-24 (a) A photo of a functioning full-sized PVMirror. Note that the outdoor measurements were 

done without the calorimeter shading the mirrors; (b) IV and power curve of the DC output of the PVMirror.  
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 Solar Concentrated Photovoltaic Generator with a Dish Chapter 3

Reflector and Fly’s Eye Receiver  

Like the previous chapter, this one explores a method to improve the efficiency of 

solar power generators by dividing the solar spectrum so it can be optimally converted to 

electricity. This time the spectrum is divided by triple layer photovoltaic (PV) cells. These 

cells have much higher efficiencies than standard PV panels, but the cost per unit area is 

also higher. To better utilize their efficiency, optics can be used to concentrate the sunlight 

so that a small, high-efficiency cell can do the work of a large panel.  

This chapter discusses the design and prototype fabrication of a solar concentrated 

photovoltaic generator with a dish reflector and fly’s eye receiver. A large primary mirror 

focuses light into a receiver. A lens array (similar to that in a fly’s eye) further focusses 

the light onto an array of high-efficiency solar cells. A physical prototype was designed 

and built. The first version achieved 28.7% power conversion efficiency with a 

theoretically possible 39.4% target. 
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3.1 Background 

As mentioned in the previous chapter, the solar power industry is dominated by 

flat-panel PV systems that use arrays of single junction silicon cells. Triple junction PV 

cells can use light from a broader range of wavelengths at higher efficiency. When light 

hits a triple junction cell, the top layer of semiconductor material absorbs the high energy 

(small wavelength) photons. Photons that are not energetic enough to excite electrons in 

the top layer pass through to the next layer, which requires a lower energy to free an 

electron. There they will excite electrons if their energy exceeds the threshold for the 

second layer. The third layer requires even less energy to excite electrons and create 

current. Using all three bands yields lower thermalization loss and lower transmission 

loss.   

Figure 3-1 The spectrum absorbed by a single-junction solar cell (left) and the spectrum of each layer of a 

multi junction cell (right) compared to the solar spectrum at sea level. Figure by Fraunhofer ISE. 
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The manufacturing process for multi-junction cells is more complicated than for 

single-junction, and the industry is not as mature and large-scale as the silicon cell 

process. As a result, multi-junction cells are significantly more expensive per unit area 

than single-junction cells and they are primarily used for space applications where high 

efficiency in a small area is critical. However multi-junction PV cells, used at high 

concentration, are more efficient and are less expensive in terms of $/watt than silicon 

cells. For example, for multi-junction cells at a 2015 cost of $35,000/m
2
 [Horowitz 2015], 

working at 950x concentration in a system with 31% overall efficiency [Didato 2018], the 

per-watt cost is $0.12. Improved manufacturing methods, including 5x reuse of substrates 

[Horowitz 2015], are projected to reduce cell cost to as low as $6,000/m
2
, or $0.02/watt. 

The field of concentrated photovoltaics (CPV) concentrates sunlight onto high-efficiency 

multi-junction cells to reduce the total system cost of solar power generation.  

Traditional commercial CPV systems have used an array of Fresnel lenses each of 

which concentrates light from a larger aperture onto a small multi-junction cell. Often 

there is a small secondary lens over the cell that images the Fresnel lens aperture onto the 

cell, which helps to correct for system pointing errors. CPV systems must point the system 

entrance pupil axis directly towards the sun. Historically CPV systems have used a metal 

enclosure to protect the optics and electronics from contamination. Figure 3-2 shows a 

field of traditional CPV modules with such enclosures. The size of the enclosure is 

determined by the area of the entrance pupil (the front of the box) and the focal length of 

the Fresnel lenses (the depth of the box). This large metal enclosure that must be pointed 

accurately towards the sun adds significant cost to the system.  
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Light can also be concentrated onto PV cells using dish mirrors. Previous work has 

been done using on-axis paraboloidal mirrors (Stalcup 2012). This requires a small 

receiver to minimize the shading of the primary mirror. The compact receiver requires 

water cooling to remove the heat from such a small space. 

 

Figure 3-2 A traditional CPV system. Photo credit: Rodolfo Peon. 

Figure 3-3 A REhnu CPV system using on-axis paraboloidal dish mirrors focusing sunlight to a small 

receiver. Photo Source: REhnu.com 
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Dr. Roger Angel developed a new CPV system that seeks to improve on the cost 

per watt of both PV systems, and traditional CPV technology. The system uses high 

efficiency multi-junction cells and a relatively small receiver enclosure. It uses an off-axis 

mirror, which means that the receiver does not shadow the primary mirror and can be 

large enough to use forced air cooling. The design could significantly reduce the cost of 

solar power generation. The author managed a project to design, construct, and test a 

prototype of this concept. This chapter describes the process and results of that effort.  

3.2 The Concept 

The system optical design is shown in Figure 3-4a. Sunlight enters the primary 

mirror, which is an off-axis paraboloid. A field lens images the primary mirror onto an 

array of lenslets (referred to as the “fly’s eye” array). This array evenly divides the light 

and further concentrates it. A second array of field lenses (referred to as “dome lenses”) 

images the lenslets onto an array of multi-junction PV cells. Because the optics direct the 

sun’s rays, the system must ride on a sun tracking machine that points the mirror directly 

at the sun throughout the day during all seasons of the year.  

    (a)                                          (b)                                                  (c)      

Figure 3-4 Schematics of the optical design showing the overall system (a); receiver components and mispointing 

correction by the field lens (b), and a section of the fly’s eye array and mispointing correction by a dome lens (c). 
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In addition to Dr. Roger Angel and the author of this dissertation, Brian 

Wheelwright, Dima Reshidko, and Nicholas Didato contributed to this concept (See 

Wheelwright 2015) and are also inventors on the filed patent [Angel 2018]. Dima 

Reshidko and Galen Vincent created an initial model of the optical system in raytracing 

software. The author refined this model using real, physical dimensions and optimized the 

design of the fly’s eye lenslet array and the placement of the dome lenses and solar cells. 

Figure 3-5 shows the computerized optical design of the fly’s eye concentrator system.  

Primary Mirror 

One challenge in this project was designing to an existing primary mirror. Large 

(1.65 m x 1.65 m) paraboloidal mirrors with the optical axis at a corner remained from a 

previous project. The new system was designed to use one of these existing diagonally 

focusing mirror. However, to ensure that the system receiver did not cast a shadow on the 

Figure 3-5 A computer model of the optical design with rays traced through it. 
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primary mirror, the optical axis of the primary mirror needed to be moved 50 mm away 

from the corner in the x and y directions. Section 3.3 explains how this was accomplished 

with the physical mirror. The change was much more straight forward in the computer 

model. Also, the author changed the primary focal length to match that of the existing 

mirror. 

Field Lens 

 The field lens images the primary mirror onto the fly’s eye array. This 

compensates for pointing error of the sun tracker. Figure 3-6 shows a ray trace of light 

entering the receiver. The dark blue rays represent on axis light coming straight into the 

system. Each of the other four ray bundles (green, pink, yellow, and red) show the light 

Figure 3-6 A ray trace through the system. The dark blue ray bundle represents on-axis light. The other four 

ray bundles (green, pink, yellow, and red) enter the system at +/- 0.75 degrees in the x and y directions to 

simulate mispointing of the sun tracker. 

Field Lens 

Fly’s Eye Array 

Dome Lenses 
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that would enter the system if the sun tracker were pointed 0.75 degrees away from the 

center of the sun in various directions. The field lens brings the off-axis rays back towards 

the center so that the outline of the ray bundle matches the fly’s eye array aperture even 

with tracking errors. The field lens was designed, as a meniscus to minimize distortion. 

The author iterated with a local lens manufacturer and modified the lens design slightly to 

use existing tooling.  

Fly’s Eye Array 

After altering the primary mirror and field lens designs, the author updated the 

system model and customized a macro to computationally locate each of the 144 lenslets 

in the fly’s eye array. In order to locate the solar cells on a nearly continuous surface, the 

fly’s eye lenslets all had the same focal length. The lens array had several design 

requirements. First, to minimize aberrations, the axis of each lens should be as normal as 

possible to the incoming wavefront. Second, the primary mirror should be sharply imaged 

onto the array to minimize loss at the edge of the array. Previous students had created a 

macro to place the lenslet vertices on a spherical surface at equal distance from the 

primary focus of the system. This distance was manually determined by trial and error to 

bring the image of the primary mirror into best focus on the fly’s eye array. Because the 

primary mirror is paraboloidal, outer points are farther from the field lens than points near 

the optical axis. Therefore, for the image of the primary mirror to be in focus on the array, 

the outer lenslets need to be closer to the field lens than those near the optical axis. A 

spherical array would not accomplish this. The new macro code calculated a unique 

distance to each lenslet from the system focus.  
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To avoid high current and its associated losses and heat, solar cells are usually 

wired in series. Therefore, the cells in this concept should generate nearly identical current 

to optimize efficiency. If a cell has relatively low current it either decreases the current of 

the whole system or it is bypassed, decreasing power output either way. This requires that 

the array divide the incoming light evenly. As the primary mirror is paraboloidal, the flux 

on the lenslets near the optical axis is lower than the flux on the other lenslets. In order to 

have equal power pass through each lenslet, the subapertures near the optical axis of the 

primary mirror need to be larger than those farther away. To accomplish this, the primary 

mirror as seen by the sun was divided up into 144 equal area squares. An incoming ray 

was reflected off the center of each of these subapertures. Each lenslet was then oriented 

to be normal to and centered on these chief rays at the distance required to be in focus as 

Figure 3-7 A computer model of the fly's eye array. The red numbers show the area of the corresponding 

lenslet in square millimeters. The top left corner is nearest the optical axis of the primary mirror. 
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discussed above. Figure 3-7 shows a computer model of the lenslet array where five 

subapertures are labeled with their area illustrating how the subaperture area varies across 

the aperture. This model is essentially a non-sequential illumination optimization. 

 The intersections of the curved front surfaces of neighboring lenslets naturally 

formed the subaperture boundaries of the fly’s eye array. It was unknown whether these 

natural boundaries would evenly divide the light, but this would be the preferred solution 

because discontinuities in the front surface of the lenslet array could cause losses for off 

axis light. To verify this array design, 5,000,000 rays with a wavelength distribution to 

match the solar spectrum were passed through the optical system model including on and 

off axis rays as seen in Figure 3-6. The model then calculated the power that passed 

through each subaperture in the fly’s eye array and onto its respective solar cell. Figure 

Figure 3-8 A map of the power (in watts) passed through each lenslet in the fly's eye array. The top left 

subaperture is closest to the optical axis of the primary mirror. 
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3-8 is a map of the power incident on each lenslet subaperture and Figure 3-9 shows a 

histogram of the same data. The standard deviation for the power across the array is 

0.234 W (1.4% of the mean). The low power in the corners and other power variations 

across the aperture are likely caused by aberrations.  

The dome lenses, which come after the fly’s eye array and are mounted on the 

solar cells, were located behind their respective fly’s eye lenses also centered on the chief 

ray.  

Once the optical design was accepted, Matt Rademacher designed and modeled the 

mechanical aspects of the system. Christian Davila designed a rooftop sun tracker with 

controls by Frank Sodari to keep the system aimed at the sun within +/- 0.5 degrees. 

Despite this accuracy, the field lens mount and receiver housing were designed to have 

sufficient thermal conduction to survive the hot spot of concentrated sunlight in case of 

severe tracker mispointing. 
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Figure 3-9 Histogram of the Power Distribution over the Fly’s Eye Array as measured 

by the power incident on each solar cell in an optical system computer model. 
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3.3 Building the Prototype 

A prototype was built to prove the concept. The paraboloidal primary reflector was 

made for a previous solar project and has a square aperture of area 2.41 m
2
 with one 

corner near the paraboloid vertex. The other optics were custom ordered. The prototype 

used cells made by Azur Space (model 3C44A) with nominal efficiency of 42% at 25 
o
C. 

The cells were mounted on an aluminum bowl that is thermally connected to heat sinks 

with forced-air convection. The prototype was designed to use 144 multi-junction cells. 

The test reported here was made by populating the receiver with 10 cells, the remaining 

cell locations were blackened with soot to absorb the light into the heat sink. The data 

presented in this paper were measured by these cells.  

Figure 3-10 The prototype solar collector with a fly's eye receiver. The primary mirror on the right 

reflects and concentrates sunlight into the receiver at the top left. The field lens is glowing at the apex 

of the conical receiver housing. Cooling fins are visible on the back of the receiver. 
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The Sun Tracker 

Previous solar tracker solutions have been proposed to drive dish based CPV 

arrays [5,6,7] attempting to maximize the ratio of optical aperture area to ground area. For 

this generator, some modifications to a rooftop CPV tracker [Davila-Peralta 2018] were 

made to adapt it to the fly’s eye receiver. Christian Davila designed a hexapod using finite 

element analysis to align and focus the position of the receiver. Initial tests using closed 

loop feedback showed that the tracker can follow the sun to an accuracy of 0.30° rms 

under calm conditions (2 m/s wind speed moving average). The prototype was tested on 

the rooftop of Steward Observatory, a 5-story building at The University of Arizona. 

The Primary Mirror 

The primary mirror was made by slumping, a process developed by Dr. Roger 

Angel wherein a sheet of float glass is set on a curved mold and heated to a temperature 

below the softening point of the glass, but hot enough so that the glass sags and conforms 

to the mold.  

Figure 3-11 A 1.65 m x 1.65 m dish mirror slumped in an oven against a metal mold. 
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As mentioned above, an existing mirror was used for the primary reflector. In 

order to ensure that the receiver did not cast a shadow on the primary mirror, the optical 

axis of the primary mirror needed to be moved 50 mm away from the corner in the x and y 

directions. To do this, Andy Whiteside designed a back-up structure with 25 actuators that 

could cant the mirror into a slightly different (further off-axis) paraboloid. By adjusting 

the actuators that connected the structure to the mirror, the shape of the mirror could be 

changed. Figure 3-12 shows the mirror backup structure with the adjustable mounts in a 

5 x 5 grid. 

To measure the shape of the mirror, Corey Zamit positioned the mirror under a 

laser array Hartman test developed and built at the University of Arizona (Wheelwright 

2013). Using a target at the desired focal point, the shape of the mirror was tuned to bring 

each laser point to the focal target. Using a camera to image the location of each ray on the 

target plane, Corey calculated the slope of the mirror at the x-y location of each incoming 

laser. By integrating the slopes he determined the shape and shape error. Figure 3-13 

shows the schematic of the rays in the Hartman test and the final shape error map of the 

mirror. The existing mirror had light diagonal imprints from its mold. These were under-

Figure 3-12 Mirror support structure with shaping actuators. 
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sampled by the laser Hartman test causing the checkerboard effect in the surface error 

map. The low order characterization is still clearly visible. 

By alternated measuring the mirror shape and adjusting the actuators to correct it 

astigmatism and other low order errors were corrected. However, it proved difficult to 

change the focal length because of the shell stiffness of the dish-shaped glass. The 

as-fabricated focal length was 1980 mm. The author updated the optical design based on 

this value before fabricating the other optics. 

 Lens Fabrication 

The Field Lens 

Tucson Optical Research Corporation ground and polished the field lens from a 

fused quartz blank. In the prototype system it had no anti-reflection (AR) coating.  

                    (a)                                                                 (b)      
Figure 3-13 Laser Hartman schematic (a) and final adjusted mirror surface error (b). Image credits: 

Corey Zammit.  
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The Assembled Fly’s Eye Array 

Constructing the fly’s eye lenslet array was a significant challenge. Apparently, 

curved lenslet arrays of this scale had not previously been manufactured, and lenslet array 

manufacturers we found did not have equipment capable of forming an array this large or 

complex. A manufacturing method needed to be developed. The array was assembled 

from by cutting and gluing together individual lenses. Shanghai Reeth Glass Lens Co., Ltd 

(Reeth) molded hundreds of identical borosilicate aspheric lenses.  

The lenses were cut with a CNC waterjet machine. This created unpolished 

surfaces where the cuts were made (as seen in Figure 3-15). However, during operation of 

the generator, the array lenses bend sunlight toward the optical axis of each lenslet and 

away from the boundaries between them. Accordingly, the optical properties of the mating 

surfaces and glue are unimportant except for the losses caused by the gaps in the front 

surface of the array.  

Cut and glued lenslet 
boundaries 

Figure 3-14 A schematic showing array lenslets bending incoming rays away from lenslet boundaries. 
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In order to fit in a non-spherical curved array, each lenslet needed a four sided 

shape that is not quite square. Each lens was cut to a unique four-sided shape. The lenslets 

vary in size accordingly ranging from ~25 mm x 25 mm near the optical axis, to 

~ 20 mm x 20 mm in the opposite corner. Also, the angle between the flat face of the lens 

and each cut would be unique. Five axis waterjet cutters exist, but they are rare and 

expensive. If the fixture holding the lens could pivot relative to the jet, then various angles 

could be cut. Another complication is that the high power stream of water cuts through all 

materials, so whatever is holding the lens could not extend into its path. Attempts were 

made to hold the lens by the outer edge and cut out the square from the middle, however, 

the diameter of the flashing on the edge of the molded lenses was not tightly controlled, so 

it was difficult to build a fixture that would hold all of the lenses snugly. Also, at the end 

of the last cut, the center square of the lens, which is the desired part, would fly loose and 

get damaged or lost in the bed of the waterjet. Holding the lens by the center would solve 

this problem, however, the waterjet would sever any support holding the lens. 

The author designed a cutting fixture that could hold a lens by the center while two 

sides of the lenslet were cut. The lens would then be rotated 180 degrees so that the other 

two sides could be cut. Each lens was glued onto a hub using a special fixture which 

constrained the lens’s position and orientation with respect to the conical datum at the 

base of the hub. Standard hot glue was sufficiently strong and rigid, and was easily 

removable without damaging the lenses. Figure 3-15 shows lenses mounted on hubs 

before and after cutting. The waterjet cutting fixture had a circular bushing the held the 

round hub shafts so that the outer edge of the lens was suspended beyond the corner of the 

fixture. A “V” shaped clamp pushed against a corner of the square portion of the hub 
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during cutting. After the first two sides of a lens were cut, the clamp was released, the hub 

rotated 180
o
, and the clamp tightened against the opposite corner. Figure 3-16 shows a 

lens about to be cut by the waterjet. Corey Zammit programmed the waterjet paths and 

painstakingly oversaw the cutting of each lenslet including adjusting the fixture 

micrometers between each cut.  

Figure 3-15 Lenses were glued onto hubs to be cut by a water jet. Before cutting (left) and after (right). 

Figure 3-16 The lens cutting fixture. The lens is glued to a hub that rotates in a bushing near the corner of 

the fixture. The clamp in the center locks against a corner of the hub to keep it from rotating during cuts. 

Two actuators in the foreeground ajdust the tip and tilt of the fixture with respect to the waterjet. 
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Once a lens was cut, its hub (still attached) was bolted onto a frame designed by 

Matt Rademacher. Conical holes in the frame mated with the hub data to precisely hold 

each lens in the position prescribed by the optical model. 

Once all the lenses were cut and placed in the frame Nick Didato glued them 

together by wicking Norland 61 optical cement into the boundaries between the lenses. 

Previously, Nick had subjected a test sample of Norland 61 to the equivalent of 1000 days 

of sunlight exposure at the design concentration, which did not show appreciable 

yellowing. After the array was assembled and glued (Figure 3-18), an AR coating was 

applied via a chemical leaching process.  

Dome Lenses 

The last lens element in the new CPV optical system is an aspheric dome lens that 

was glued to the surface of each multi-junction cell. Reeth also molded these lenses of 

borosilicate and Nick Didato applied an AR coating via the chemical leaching process 

Figure 3-17 The gluing frame for the fly's eye lenslet array partially filled (left) and showing the bolts 

and hubs (right). 
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described below. The dome lenses were then glued onto the solar cells as can be seen in 

Figure 3-20.  

Anti-Reflection Coatings 

Nick Didato applied, and tested AR coatings for the optics in the system. The fly’s 

eye array and dome lenses were coated via a chemical leaching process previously 

described in R.B. Pettit. H.L. McCollister 1983. This process involves heat treating the 

Figure 3-19 Surface reflectivity of chemically leached AR coating. The circles indicate the theoretical reflectivity and 

the black line shows the measured reflectivity. Figure by Nick Didato. 

Figure 3-18 The assembled fly's eye lenslet array before an antireflection coating was applied. 
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borosilicate glass to induce phase separation. The glass is then immersed in a leaching 

solution which preferentially removes the boron rich phase. This forms a film of graded 

nanoscale porosity, and thus graded refractive index that reduces Fresnel reflections to 

0.5% per surface over a wavelength range of 400-1800 nm. See Figure 3-19. 

The field lens cannot be coated by the chemical leaching technique because it was 

made of fused silica, which is not phase-separable. Instead, a two-layer sol-gel based 

coating could be applied. However, for this test, the field lens did not have an AR coating. 

Heat Sink 

The triple junction solar cells converted 42% of the incoming light to electricity 

and the remaining 58% to heat. Christian Davila designed and built a heat sink to cary heat 

away from the aluminum bowl that held the solar cells. Figure 3-20 illustrates the path of 

dome lens 

3-junction cell 

silica substrate 

thermal glue 

aluminum mount 

thermal grease 

aluminum bowl 

thermal glue 

heat sink 

Figure 3-20 A model showing the path of heat flow out of the solar cells. 
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heat leaving the solar cells. Christian also designed and built a manifold to optimally 

direct airflow through the heat sinks. Tests showed an overall thermal resistance of 

0.0158 
o
C/W, using only 13.2 watts of power to run the fans. On a day with solar DNI of 

1000w/m
2
, a mirror area of 2.41 m

2
, and a cell efficiency of 42%, the system would 

generate 1,400 watts of heat. Considering the thermal conductivity of the heat sink system, 

this should cause a temperature difference of 22.1 
o
C between the cells and ambient. 

3.4 Assembly and Alignment 

The receiver enclosure (the cone shaped structure in Figure 3-10) connected the 

field lens, fly’s eye lens array, dome lenses, solar cells, and heat sinks. The field lens was 

mounted at the front of the cone. The fly’s eye array was bonded to a Kovar frame that has 

a three-point kinematic mount. The fly’s eye array was aligned to heat sink bowl by 

Figure 3-21 Aligning the fly's eye lenslet array to the heat sink bowl where the solar cells will be mounted. 
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placing a white-light point source to represent the on-axis image formed of the sun. The 

lens array mount was then adjusted to align the 144 solar images onto the dome lens-solar 

cell assemblies. Figure 3-21 shows squares of light below the focus where the solar cell 

assemblies will be mounted. The receiver cone held the field lens in relation to the heat 

sink. The light distribution was not very sensitive to the position or orientation of the field 

lens, so a simple, rigid lens mount served well.  

Matt Rademacher designed the heat sink bowl to precisely locate each solar cell 

and dome lens relative to its respective fly’s eye lenslet. Ten high efficiency triple junction 

cells were mounted on the heat sink bowl in a pseudorandom and a thin layer of soot was 

deposited on the inner surface of the heat sink in place of the other 134 cells to simulate 

the absorption of the cells.  

Figure 3-22 Solar cells with dome lenses mounted on the heat sink bowl and wired in series. The empty 

spaces were blackened with soot to absorb the incoming sunlight. The cells are connected in series with 

wires routed carefully to avoid focused sunlight. Of the 12 cells in the pictures, two were dead and bypassed. 

The three mounting balls for the kinematic mount that register the bowl to the fly’s eye array can be seen 

around the edge of the bowl.  
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The receiver was mounted on a hexapod on the solar tracker (top left of Figure 

3-10). In order to align the hexapod with the primary mirror, a laser was mounted on the 

center of the primary mirror shining along the chief ray of the system. A flat mirror was 

mounted on the hexapod to reflect the laser. The hexapod was adjusted until the reflected 

beam returned directly to the laser. The receiver was then mounted on the hexapod.  

Finally, the primary mirror needed to be reshaped again. The preliminary 

adjustment under the Hartman test was successful, however, the mirror needed to be 

moved across Tucson and onto the roof of Steward Observatory. Unfortunately, the mirror 

did not maintain its shape through that trip. In order to tune the shape of the mirror again 

in situ, a light source was mounted on the roof of a distant parking garage and pointed at 

the mirror during the night. The actuated backup structure was used to tune the mirror 

shape to minimize the spot size on a target at the design focus of the mirror. 

The last step was to calibrate the alignment of the solar tracker. To find the optimal 

alignment for each of the 10 multi-junction cells, the tracker performed a 5-by-5 raster 

scan moving 0.25 degrees each step in azimuth and elevation, recording an I-V curve for 

each cell at each pointing position. The position that generated maximum power was 

adopted as the correct alignment of the tracker.  

3.5 System Performance Measurements  

Frank Sodari designed and build a loadbank to measure the power output of the 

system. The voltage across each cell was measured as well as the total system voltage. 

Figure 3-23 shows an IV curve for each cell at its optimal pointing. Figure 3-24 shows a 

composite system I-V curve.  
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Figure 3-23 IV curves of the 10 triple junction cells in the fly’s eye solar generator. Data was taken for all 

cells at 25 pointing positions of the tracker. The curves shown here are the best results for each individual 

cell of these 25. 

Figure 3-24 A composite IV curve for the fly’s eye system combining IV curves from 10 triple junction 

PV cells.  
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The system was operated and data recorded while the Solar DNI was near 

1010W/m2. For standard comparison, all data was scaled to having an input flux of 

1000 W/m
2
. The measured average cell power was 4.41W. By comparing the power 

output of each cell, the as built fly’s eye array can be evaluated as to how equally it 

divides the light between the cells. The fly’s eye lenslet array should equally divide the 

incoming sunlight so that each cell receives light from 0.0163 m^2 of DNI incident on the 

entrance pupil of the system (16.3 W). The difference between these values and the 

theoretical value is discussed in section 3.6.  

The varying size of the lenslet apertures should compensate for uneven light 

distribution on the array, delivering equal light to each cell. Figure 3-25 shows the power 

received by each cell organized by the area of the lenslet that the light passes through. The 

standard deviation of the power output of the 10 cells is 0.15 W, which is 3.3% of the 

mean.  

Figure 3-25 Electrical power generated by each cell. In the plot the cells 

are organized according to their physical area. The dotted horizontal line 

indicates the mean power output of 4.41 W.  
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3.6 Efficiency 

 The measured average cell power of 4.41 W with a solar input of 16.3 W per cell, 

yields a raw efficiency of 27.1%. Corrected to concentrator standard test condition 

(CSTC) of 25°C cell temperature the efficiency rises to 29.0%, corresponding to only 

modest optical and electrical throughput of 69%. There are however several known areas 

of loss in this initial and uncompleted prototype, that could be corrected. Table 3-1 lists 

the various optical, thermal and electrical factors that cause power loss. The table itemizes 

projected loss for a target system and measured and estimated values for the prototype. 

The future target using 45% efficient cells is 89% throughput for 40% overall CSTC 

system efficiency.  

 For the present prototype, the main known additional losses come from the field 

lens (6%, no AR coating), the dome and fly’s eye lenses (4.5% from iron impurity in the 

borosilicate glass and imperfect AR coating), and 3% from residual optical errors. As can 

be seen in Figure 3-23, the different cells had different open circuit voltages (ranging from 

Source Target Measured Reason for difference 

Nominal cell 
efficiency 

45% 42%  

Mirror loss 0.94 0.92 Dirty prototype mirror  
Field lens loss 0.99 0.93 No AR coating yet of prototype field lens  
Leached lens 
reflection loss 

0.99 0.98 Incomplete coating fly's eye lenses 

Glass absorption 1 0.97 144 ppm iron content vs 20 ppm target 
Lens scattering loss 1 0.985 AR coating microstructure coarseness 

Lens surface damage 1 0.985 Ammonium bifluoride damage 
Gaps between lenses 0.99 0.97 350 µm gaps between prototype lenses 
Cell power mismatch 0.98 0.95 Differential Pmax in cell outputs 

Optical alignment 0.99 0.96 Residual optical misalignment, cell 
spillover  

Other 0.99 0.98  
CSTC  

System Efficiency 
39.4% 28.7%  

Table 3-1 CSTC efficiency: future target for 45% cells, and current prototype results with 42% cells. 



101 

 

2.70 to 2.85 V), which is the voltage where current goes to zero. This results in different 

current for different cells. The cause of the different voltages is the temperature of the cell. 

As a cell heats up, the electrons in the semiconductor have greater energy, which 

decreases the band gap. This causes a slight increase in current, and a significant decrease 

in voltage. According to the manufacturer, the open circuit current increases by 1.8 mA/K 

and the voltage decreases by 4.2 mV/K [Azur Data Sheet]. Based on these values, the 

prototype cells ranged in temperature from 72.3
o
C to 108.3

o
C. The temperature 

differences between cells are likely caused by non-uniform installation of the cells on the 

heat sinks. In fact on some cells (not used in the prototype) the thermal glue used to mount 

the cells debonded. This could indicate an incomplete thermal conduit between the cells 

and the heat sinks.  

3.7 Future Work 

Several improvements could be made to increase the efficiency of the prototype. 

The field lens had no anti-reflection (AR) coating, but a two-layer sol-gel based coating 

could be applied. The AR coating on the fly’s eye array and the dome lenses was 

measured to be incomplete and could be improved. A better process for gluing the cells to 

their aluminum mounts (in a certified clean room for example) could reduce the 

temperature of the cells.  
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One important subject of future research is the fabrication of the fly’s eye lenslet 

array. Although the process used to make the prototype was effective, it was quite time 

consuming. Curved fly’s eye arrays could also be fabricated by molding in a single piece 

or in smaller sub arrays that would be assembled. Figure 3-26 shows a 3 x 3 segment of 

this fly’s eye array design that was molded by a lens manufacturer.   

As described above, the fly’s eye array divides the insident sunlight and focuses it 

onto the array of dome lenses and cells. The focal spots of the fly’s eye lenslets must be 

less than 4 mm diameter, (2 mm radius). In order to characterize the molded lenslet array, 

the encircled energy in the focal spots was measured using the settup shown in Figure 

3-27. Amy Pierce collaborated on these measurements. 

Figure 3-26 Two fly’s eye prototypes. Left: formed from individual lenses cut into squares 

and glued together. Right: press-molded in one piece.  
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The laser source is translated normal to its optical axis. As paralell rays enter the 

lenslet array, they cross at the focus of each lenslet. The location of the laser spot on the 

target was measured for each position of the laser. By knowing the focal length of the 

lenslets and the distance from the lenslet array to the target, the location of the laser spot 

on the focal plain can be calculated using the following equation: 

𝑦𝑓𝑜𝑐𝑎𝑙 𝑝𝑙𝑎𝑛𝑒 = (𝑦𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑦𝑙𝑎𝑠𝑒𝑟 𝑠𝑜𝑢𝑟𝑐𝑒)
𝑓

𝑧𝑡𝑎𝑟𝑔𝑒𝑡
 

Where 𝑦𝑓𝑜𝑐𝑎𝑙 𝑝𝑙𝑎𝑛𝑒 is the location of the spot on the focal plane; 𝑦𝑡𝑎𝑟𝑔𝑒𝑡 is the 

location of the spot on the target; 𝑦𝑙𝑎𝑠𝑒𝑟 𝑠𝑜𝑢𝑟𝑐𝑒 is the location of the laser; f is the focal 

length of a lenslet; and 𝑧𝑡𝑎𝑟𝑔𝑒𝑡 is the distance from the lenslet array to the target. 

Figure 3-27 Setup to measure the encircled energy of the spots on the focal plane of the lenslet array. While 

a laser source translates vertically, the laser dot location is measured on a target. Geometric calculations 

yield the precise laser dot locations on the focal plane. 
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The locations of the dots in the focal plane were used to calculate the encircled 

energy of the lenslet focal spots at different radii (Figure 3-28). Clearly the spots focused 

by the assembled array are much sharper than those of the molded array. The angle of the 

refracted laser beam was also calculated for each laser position, yielding the slope of the 

surface of the lenslet. Integrating these slopes, yields a profile of the array.  

Figure 3-29 shows a profile of the molded fly’s eye array that crosses a cusp 

between two lenslets. As the profile approaches the cusp, it diverges from the ideal shape. 

Figure 3-28 Encircled energy versus radius of a given lenslet 

focal spot for an assembled array and a molded array. 

Figure 3-29 Measured and Ideal Shape of a Cusp in a Molded Fly's Eye Array. 
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Light that hits this region (near a cusp) will not be accurately directed to the focus of the 

lens, causing the lower encircled energy. It seems likely that the lens surface error near the 

boundaries is caused by the flow of the hot soft glass after it is separated from the mold 

and before it freezes.   If this is the case, then faster cooling or slower molding with cooler 

and more viscous glass might remedy the problem. If a molding process could be 

developed that formed sharp enough cusps, it would greatly simplify the manufacturing 

for this concept. 

3.8 Conclusion 

Next steps are to identify the source of the residual system loss and make 

adjustments to minimize them. Alternate manufacturing processes such as molding the 

fly’s eye lenslet array as a single optic could significantly reduce the required 

manufacturing effort. There is also a project underway to minimize the cost of the solar 

tracker structure.   

One clear lesson from this project is that the relatively large number of optical 

surfaces in this design increased the complexity, difficulty, and cost of construction. Each 

of the five transmission optical surfaces needed an AR coating. Also, the system required 

three optical alignments. In high volume, faster processes could be developed to 

accomplish these requirements, but a simpler system would have clear advantages. 
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 A New Manufacturing Process for Radio Telescope Dish Chapter 4

Reflector Panels 

This chapter discusses a new method for manufacturing radio telescope dishes that 

was derived from a process of forming dish mirrors for solar concentrators. This adaptable 

thermoforming method does not require machining of dish panels or molds as currently 

available methods do. It can easily correct for errors or degradation in the mold. A single 

mold can make multiple shapes and curvatures. Thermoforming can also be rapid and 

easily automated compared to current methods, which is important for high volume 

production. In order to provide proper context to show the advantages of the new method, 

Section 4.2 provides an extensive comparison of existing methods of manufacturing radio 

dish panels. Hopefully this comparison will also prove useful to those selecting a 

manufacturing method for future telescopes. 

4.1 Background 

Radio astronomers observe the universe at longer wavelengths (100 microns to 

1 m). Unlike optical telescopes, radio antennas can detect the phase of the incoming light 

as well as the amplitude. This means that the signal from multiple telescopes can be 

recorded and interfered computationally during post processing. Radio telescope 

interferometric arrays do not need to be optically connected and can stretch across the 

earth. A longer baseline gives an observation higher resolution along the direction of the 

baseline. Using a baseline the size of the diameter of earth, the Event Horizon Telescope 

recently imaged the event horizon of black hole M87* with a resolution of ~25 micro arc 
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seconds [The Event Horizon Telescope Collaboration 2019]. Having a larger collecting 

area allows observation of fainter sources or with shorter integration time.  

The field of radio astronomy was born in the 20
th

 century and is growing in 

capability and impact. Next steps require super arrays of hundreds of antennas to attain 

higher resolution and sensitivity. Two super array projects are currently planned: Next 

Generation Very Large Array (ngVLA) in the United States, and Square Kilometre Array 

(SKA) in South Africa and Australia. This advancement calls for a paradigm shift in 

instrument design and fabrication from small custom projects to high-volume, mass 

production.  

Radio super arrays will help answer at least 7 of the 10 big questions in the 2010 

Astronomy and Astrophysics Decadal Survey: What are other planetary systems like? 

How do planets form? What happens when stars die? What are black holes? What can 

gravitational waves tell us? What is going on inside galaxies? How has the universe 

evolved in over time? [The National Academy of Sciences 2011] High resolution resulting 

from long baselines and high frequency would allow imaging of protoplanetary systems to 

measure planet initial mass functions and observe the orbital motion of dust in the 

habitable zone [Andrews 2018]. High sensitivity due to large collecting area (Figure 4-1) 

will allow rapid surveys to hunt for black holes in galaxy centers [Nyland 2018] and in the 

remnants of massive stars [Maddarone 2018]. High resolution will distinguish faint black 

holes from nearby sources and enable the radio study of transient sources identified by 

gravitational wave and optical observatories [Corsi 2018]. A large array would improve 

the depth and coverage of cold gas surveys by 10x [Murphy 2018], teaching us about the 

formation and evolution of early galaxies [Decarli 2018].  
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Over the last decade, MeerKAT, a precursor telescope that will be included in 

SKA has been under design and construction. In 2018 the interferometer consisting of 64 

thirteen-meter antennas was completed and produced stunning images of filamentary 

structure near the black hole at the galactic center [SKA Precursor 2018]. SKA was 

originally planned to have 3000 fifteen-meter antennas [Cordes 2009] and would enable 

studies of the Dark Ages and the Epoch of Reionization, the origin and evolution of 

cosmic magnetism, cradle of life and astrobiology, and galaxy evolution, cosmology, and 

dark energy [Carilli 2004]. In 2011 the United States, which was a 1/3 partner in the 

project, withdrew - in part because the constructed cost of SKA was forecasted to climb to 

~$6B, triple the original estimate [Cohen 2011]. This illustrated the impact that the high 

cost of these dishes can have. The 2010 decadal survey said, “It is primarily through 

Figure 4-1: A comparison of sensitivity of radio arrays expected to be operational ~2030. Image adapted 

from Carilli 2015. 
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technology development that the United States can remain an active partner in the concept 

development of the next-generation meter-to-centimeter wavelength radio facilities 

through the international SKA collaboration” [The National Academy of Sciences 2010]. 

This research could help fulfil that directive. Recently the NRAO (National Radio 

Astronomy Observatory) has been developing the science case and technical requirements 

for the ngVLA. The project will operate at higher frequencies (116 GHz) and have longer 

baselines (1000 km) than either VLA or SKA [ngVLA 2018]. They are planning to build 

an array of over 200 radio telescopes that are 18 m in diameter.   

Observations at millimeter and submillimeter wavelengths (terahertz frequencies) 

are bridging the gap between radio and infrared radiation. Higher frequencies require a 

telescope reflector with higher surface shape accuracy. Shape accuracy of a reflector is 

usually measured in root mean square (RMS) error. RMS error is calculated by measuring 

the sag error of a surface at multiple points and combining them using the following 

equation where δa is the measured shape error at a point and n is the number of points 

measured.  

For a telescope to be diffraction limited, the RMS surface error of the reflector 

needs to be less than 1/25
th

 of the shortest wavelength used. This corresponds to an 80% 

Strehl ratio. For a 100 kHz (3 mm wavelength) observation, the antenna will need to have 

a surface RMS error less than 120 μm over the entire dish. 

 

𝑅𝑀𝑆 = √
𝛿1

2 + 𝛿2
2 + ⋯ + 𝛿𝑎

2 + ⋯ + 𝛿𝑛
2

𝑛
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4.2 Current State of Technology 

Current technologies for forming radio telescope reflectors include precision 

machining of aluminum, rhodium coated electroformed nickel with a honeycomb 

sandwich, flexed and glued aluminum, and carbon fiber honeycomb sandwich 

construction. These processes are time consuming and expensive. 

Machined Panels 

The ALMA (Atacama Large Millimeter/submillimeter Array) observatory 

demonstrates some of these methods. Three different designs were used to build the fifty 

four 12 m dishes, one led by Japan, one by North America, and one led by the European 

Southern Observatory (ESO). The different designs used different manufacturing methods 

for their reflector panels.   

Figure 4-2 The ribbed structure machined into the back of a panel for the Japanese-Model ALMA telescope 

[Making 2011]. 
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Panels for the Japanese ALMA antennas were machined by Mitsubishi Electric 

from solid billets. First, the back side of each panel was machined to have a rib structure 

(Figure 4-2). The panel is then turned over and remounted so technicians can rough cut the 

front side of the reflector (Figure 4-3). 

The panel is then mounted in a third machine to do the finishing milling of the 

front surface. Any stress applied during machining causes distortion in the surface shape, 

Figure 4-3: Rough machining of the curved front surface of an ALMA telescope panel. 

 Image credit: alma-telescope.jp [Making 2011]. 

Figure 4-4: Finishing machining of the front surface of an ALMA telescope panel by Mitsubishi.  

Image credit: alma-telescope.jp [Making 2011]. 
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so the panel is only bolted tightly in one place during the final machining process (Figure 

4-4). This milling is done in small increments so that the cutting tool exerts little force on 

the panel and carefully removes a thin layer of material with each pass.  

Lastly the panel passes through a multi-stage acid etching process (Figure 4-5) to 

create a 1 μm surface roughness that prevents specular reflection of visible light. This 

keeps the dish from concentrating sunlight, which could damage the receiver or other 

components.  

The General Dynamics/VertexRSI panels for the North American ALMA antennas 

were each machined in Germany from a solid billet of aluminum. The panels must be 

small (0.4 m
2
 average area) [Mangum 2006] to fit in milling machines. First, the back of a 

panel is hollowed out to decrease the weight. Then the metal is annealed to relieve 

residual stress. Next, the front surface is figured using an asymmetric contour milling 

Figure 4-5: Acid etching of an ALMA telescope reflector panel.  

Image credit: alma-telescope.jp [Making 2011]. 
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process (shown in Figure 4-6). Figuring and finishing the front surface of each panel takes 

3.75 hours (8.75 hours per m
2
) [Brinksmeier 2002]. Finally, the panel is acid etched to 

make the reflector optically diffuse to allow for solar observation.  

Electroformed Panels  

The AEC (European) ALMA antenna reflectors were formed in Italy by depositing 

nickel atoms onto a machined steel mold substrate. An aluminum honeycomb was then 

glued to the 1.5 mm thick electroformed nickel sheet to reinforce it. A second nickel sheet 

was then glued to the back. The mold substrates have a 1 μm roughness, which they 

impart to the nickel surfaces. The front surfaces are then coated in rhodium to reduce heat 

absorption (Baars 2007). Medio Lario, the company who patented this process 

(Valenzuela 2008), completed the 3000 panels for the 25 ESO ALMA antennas in six 

years [Media Lario 2015]. Figure 4-7 shows a spare panel for the AEC ALMA prototype 

antenna. 

Figure 4-6: An ALMA prototype panel figured using asymmetric contour milling. Image Credit: Brinksmeier 

2002. 
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Composite Panels 

Dish panels have also been made using carbon fiber reinforced polymer (CFRP). 

Often panels consist of a CFRP front surface with a metallic coating for reflectivity. An 

aluminum honey comb core glued to the back of this surface to give it depth and structural 

stability. A CFRP backing may also be applied. Figure 4-8 shows the process of 

Figure 4-8: The process of manufacturing carbon fiber reinforced polymer (CFRP)  reflectors. Image 

Credit: Composite Mirror Applications 

Figure 4-7 The author standing next to a spare pannel for the AEC ALMA prototype antenna, now the Kitt 

Peak 12 m antenna. 
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fabricating a CFRP panel. An example of this is the Heinrich Hertz Submillimeter 

Telescope (SMT), operated by the University of Arizona as part of the Arizona Radio 

Observatory. The panels for SMT began fabrication in the optics shop at the University of 

Arizona College of Optical Sciences where Pyrex molds were ground and polished to 

3 μm RMS error. MAN Technologies formed the panels. They developed a method to lay 

a 40  μm thick aluminum foil over the mold before laying up the CFRP to provide a 

metallic front surface. The final set of panels had an average RMS surface accuracy of 

6  μm. Figure 4-9 shows a spare panel for the SMT and a cross section of the same type of 

panel. 

Panels for telescopes that observe at higher frequency ranges such as SMT and 

ALMA require an order of magnitude better precision than is required for cm and mm 

astronomy. Below are methods that have been used for longer wavelengths.  

 

Flexed and Glued Panels 

Figure 4-9: Panels with a CFRP surface an aluminum honeycomb core. A spare panel for SMT 

(left) and a section of a similar panel (right). 
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The panels for MeerKAT, and the SKA prototypes, were made in China by the 

54th Research Institute of China Electronics Technology Group Corporation (CETC54) 

using flexed and glued aluminum. The process starts with a thin (~1 mm) sheet of 

aluminum that is laid on a precision machined mold that has holes in the surface. A 

vacuum is then drawn through the holes to flex the sheet elastically into conformity with 

the mold. Slotted aluminum ribs are then glued onto the back to hold the tensioned sheet 

in shape. MeerKAT and SKA dishes are off-axis, so they do not have radial symmetry and 

each panel shape is unique. This requires a separate mold for each panel location. Figure 

4-11 shows some of the 66 molds used to make a single 15 m SKA dish. Each cast mold is 

machined to better accuracy than the required panel shape and drilled with air holes that 

are plumbed for vacuum suction. The molds were each machined to an RMS accuracy of 

between 10 and 30 μm [SKA 2017]. The entire MeerKAT dishes had an RMS error of 

600 μm across the 13.5 m dish [Baars 2018]. 

Figure 4-10: A rib structure being applied to the back of an SKA prototype panel to hold its shape after it is 

released from the mold. Image Credit SKA 2017. 
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Another method (which NRAO is considering for ngVLA) is pioneered by NRC-

Canada, who builds monolithic carbon fiber dishes. After constructing a precision mold, 

carbon fiber and epoxy are manually layered to construct the dish. See Figure 4-12. The 

first layer uses a proprietary metallization technique allowing it to be reflective. As these 

dishes are difficult to transport, a mobile manufacturing facility would be used to build 

each dish on location. This process has achieved a 335 μm RMS error over a 15 m dish. 

 

  

  

Figure 4-11: Some of the 66 unique molds required to make a 15 m off-axis SKA prototype dish. Image 

Credit SKA 2017. 

Figure 4-12 The monolithic carbon fiber dish making facility in Canada. Image Source: Sloan 2014. 
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Thermoforming Glass Panels 

As discussed in section 3.3, Roger Angel developed a method of shaping curved 

glass mirrors by placing a flat glass sheet on a curved mold and heating it until the glass 

sags to conform to the mold. The University of Arizona and REhnu Inc. used this process 

to form dish mirrors for solar concentration as seen in Figure 3-11. In 2015 SRI 

International contracted REhnu to fabricate the surface of a 13 m off axis radio dish 

comprising 60 panels each with a unique shape. To accomplish this at a reasonable cost, 

Roger and others invented a computer adjustable mold that could change its shape [Angel 

2015]. The mold comprises an array of tiles, each of which can be adjusted in tip, tilt, and 

piston. Three closed-loop actuators change the position and orientation of each tile thus 

changing the surface shape of the mold. The author helped design the actuators to pass 

though the bottom side of an oven so that the mold surface is inside at high temperatures 

and the computerized actuators are outside at room temperature. Figure 4-13 shows an 

Figure 4-13 An insulated, computer-adjustable mold built for thermoforming 1.65 m x 1.6 m glass panels for 

a radio dish. Photo courtesy of REhnu. 
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adjustable mold large enough for thermoforming 1.65 m x 1.6 m panels. With this mold, 

REhnu made all 60 of the glass panels. Figure 4-14 shows the surface error maps of the 

panels. The RMS surface error over the entire dish was 630 μm, which was better than the 

project requirements. A half meter panel was formed with a surface error of 15 μm. The 

panels were then silvered and mounted on the antenna shown in Figure 4-15. 

 

 

Figure 4-14 Surface error maps of the 60 glass panels. The RMS panel surface error over 

the 13 m dish is 630 μm assuming an accurate support structure. Image courtesy of REhnu. 
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Summary of Existing Methods 

Table 4-1 summarizes the current manufacturing processes for radio dish reflector 

surfaces and compares them to this new method.  

Technology Example Surface Accuracy  

(µm RMS) 

Duration Cost 

($/m2) 

Machined North American ALMA 5-10 (per panel)[1]  8.75 hr/m2 [2] 3,760[1] 

Electroformed Nickel AEC ALMA 10[3] 3000 panels in 6 years [1] Unknown 

Flex and Glue MeerKAT 70-90 (per panel)[1] 

600 (13.5 m dish)[4] 

Unknown 1,250[1] 

Carbon Fiber Panel Heinrich Hertz 

Submillimeter Telescope 

7 (after support point 

adjustment)[5] 

Unknown Unknown 

Carbon Fiber Monolith DVA-II (Dish 

Verification Antenna-II) 

335 (over 15 m dish)[6] Unknown Unknown 

Thermoforming SRI Dish 15 *0.6 hr/m2 *550 

Table 4-1 Comparison of Antenna Reflector Manufacturing Technologies. Sources: 1. Dunbar 2018, 

2. Brinksmeier2002, 3. Media Lario 2015, 4.Baars 2018, 5. Baars 1999, 6.Veidt 2018.*Projected for high 

volume production. 

Figure 4-15 A 13 m off-axis radio communication dish comprised of 60 unique glass panels thermoformed on 

one computer-adjusted mold. Photo courtesy of REhnu. 
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4.3 Thermoforming Aluminum Panels 

This section introduces a new method of forming panels for radio dishes that is 

enables high volume production of off-axis dishes. Forming the 200 dishes for ngVLA 

will require some 20,000 panels of 2.5 m
2
 area. The ngVLA project estimates that an 

antenna costs $4M with a total project capital cost of $1.6B. They anticipate that the 

reflector surface of each antenna will cost about $320,000 per antenna if they use flexed 

and glued panels, and $960,000 if they use machined panels [Dunbar 2018]. The 

machined panels are anticipated to have a surface accuracy of 5 - 10 µm compared to 70 -

 90 µm for flexed and glued panels. 

For the last two years, the author has been working with project managers and 

engineers from ngVLA to explore the possibility of thermoforming these panels. Through 

research partially funded by ngVLA, we estimate that thermoformed aluminum dish 

surfaces could be fabricated for $140,000 per 18 m antenna, which is only 15% or 44% of 

the other respective methods. If this method is used it will decrease the total project cost of 

ngVLA by up to $164M (10%).  

Thermoforming technology improves upon the current methods in five ways:  

(1) The use of an adjustable mold means that a single mold can achieve multiple 

shapes. This reduces the cost of machining a high precision mold for each unique reflector 

segment. This is especially important for off-axis dishes, which cannot leverage radial 

symmetry. The cost of molds has forced most previous radio telescopes such as VLA 

(Very Large Array), VLBA (Very Long Baseline Array), and ALMA to use on-axis 

reflectors. Diffraction around secondary/receiver supports is much more problematic in 

radio than it is in optical telescopes because of the longer wavelengths. In an AAS 
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(American Astronomical Society) presentation in 2017, Mark McKinnon, the ngVLA 

project director, reported that NRAO is considering both on and off-axis configurations 

for ngVLA. “The off-axis design has the advantages of higher gain, low near-in sidelobes, 

lower antenna temperature, and reduced standing waves. The main advantage of the on-

axis configuration is its lower cost” [McKinnon
 
 2017]. In addition to being less expensive 

in general, thermoforming technology will have similar cost for both on and off axis dish 

configurations because of the adjustable mold. This will enable world-class radio 

observatories to base the telescope configuration on science goals rather than cost.  

(2) Errors in rigid molds require re-machining or starting over. Any fabrication 

variations in an adjustable mold can be easily corrected by measuring replica panels and 

feeding the results back to the adjustable mold. As the flat aluminum blank panels are so 

inexpensive, iterating to tune the mold shape can be rapid and economical.  

(3) Mold wear is inevitable in high volume production [Zhang 2018]. For rigid 

molds, this means that each successive panel formed is worse than the one before. This is 

not the case if the mold can be adjusted to maintain the correct shape. Each panel can be 

rapidly measured using the IR deflectometry, and the mold can be adjusted as needed.  

(4) Thermoforming aluminum offers other potential flexibility working equally 

well for square, triangular, hexagonal, and irregular panel outline shapes.  

(5) Compared to existing panel fabrication technologies, thermoforming has the 

potential to be rapid and easily automated. Methods that use carbon fiber require careful, 

manual application of fiber layers and epoxy. Flexed panels require gluing ribs by hand 

while the panel is held in shape on the mold. In contrast, thermoforming of aluminum can 

be quick and requires minimal manual labor. To fabricate a super array of 200 dishes in 
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three years where each dish has 65 panels, a panel must be made every half hour. Existing, 

manual methods would require many production lines staffed with highly trained 

technicians.  

The remainder of this chapter reports the results of research to demonstrate rapid, 

high accuracy thermoforming of aluminum panels. First finite element analysis was 

performed to compare panel support configurations and determine the required panel 

thickness and material properties. Next several aluminum alloys were tested and compared 

to identify the ideal material for thermoformed panels.  

4.4 Finite Element Analysis 

Finite element analysis (FEA) was used to determine the number of fixed pads 

needed to maintain the panel shape within specifications without ribs or panel backing. 

Several rib configurations were also investigated. The baseline panel design used for these 

analyses is a flat 1.5 m x 1.5 m panel that is 4 mm thick. Table 4-2 shows some of the 

configurations analyzed. It is worth noting that the reported RMS deflection values are 

calculated with the panel optimized for horizon pointing (deflection values are all 

positive). If the panel alignment were optimized for an intermediate elevation angle, the 

results would be better.  
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Support Configuration Deflection Plot 
(Scale 0 to 670 
μm) 

Deflection Plot  
(Scale 0 to Max 
) 

RMS 
(μm) 

Max 
(μm
) 

4 pads 
No ribs 

   

209 665 

9 pads 
No ribs 

   

23 99 

16 pads 
No ribs 

   

2.6 17 

4 pads 
X ribs 

   

161 485 

4 pads 
# ribs 

   

23.5 117 

4 pads 
Diamond ribs 

   

11.7 35.5 

Table 4-2 Various panel support configurations. Deflection under gravity load of a flat 1.5 m x 

1.5 m x 4 mm panel oriented zenith pointing. An elastic modulus of 70 GPa was used, which is within 2% of 

the elastic moduli of all the alloys considered. Mounting pads (small circles) are assumed to be rigid.   
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The panels for the SRI dish shown in Figure 4-15 were mounted on four pads that 

were bonded to the back of the mirrors. The pads were bolted to brackets that connected to 

the dish structure (See Figure 4-16.). While a 4-pad configuration is not sufficient to meet 

ngVLA specifications, a 9-pad support only deflects 23 μm RMS in the worst gravity 

condition. Nine pads could be mounted on three supports like those shown in Figure 4-16. 

Sixteen pads give the best performance with only 2.6 μm RMS deflection. Satisfactory 

rigidity can also be achieved with four mounting pads by using ribs in a hash or diamond 

pattern as shown in Table 4-2. A panel with 9 support points was used as the base design 

to derive the required yield strength from survival conditions. 

The survival wind speed specified by ngVLA is 50 m/s (a category 3 hurricane). 

Figure 4-17 shows this simulated for an edge panel with the telescope in stow position 

(zenith pointing). The simulation calculated a maximum stress on a panel mounted on nine 

Figure 4-16 Thin (4 mm) glass panels each mounted on 4 pads attached to the antenna (indicated by 

green dashed circles). The grey color is a safety mesh behind the glass. 
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pads to be 1.92 MPa. FEA analysis of the entire telescope is required for a more accurate 

calculation of the stress encountered by each panel due to survival wind.  

The other survival condition is 25 cm of snow pack and 2.5 cm ice on the dish 

while zenith pointing. This causes a pressure of 855 Pa. The FEA results are shown in 

Figure 4-18.  

Figure 4-17 FEA of 50 m/s wind on an edge panel with the telescope in stow position (zenith pointing). 

Simulation and figure by Christian Davila-Peralta. 

Figure 4-18 FEA results for a zenith pointing panel with 25 cm of snow and 2.5 cm of ice. Max stress 

9.3 MPa. 
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Table 4-3 shows operational and survival specifications for ngVLA. In the table, 

those requirements are translated to required material properties based on the baseline 

panel design (a flat 1.5 m x 1.5 m panel that is 4 mm thick with nine support pads).  

Environmental 
condition 

Technical Specification Required Material 
Properties 

1 g gravitational load, 
dish zenith pointing 

Gravity distortion while zenith 
pointing <5 µm RMS 

Elastic modulus of formed 
panel  >40 GPa 

10 m/s wind, 1 g 
gravitational load, dish 
horizon pointing. 

Distortion due to wind and 
gravity while horizon pointing 
<5 µm RMS 

Elastic modulus of formed 
panel >50 GPa 

25 cm of snow on dish 
zenith pointing. 

No permanent (plastic) 
deformation. 

Yield strength >10 MPa 

50 m/s wind, dish zenith 
pointing 

No permanent (plastic) 
deformation. 

Yield strength >2 MPa 

4.5 Thermoforming Ribs 

The rigidity of a panel can be increased to decrease the required number of support 

points. Historically, thin panel front sheets (<2 mm thick) have been reinforced by ribs or 

aluminum honeycomb adhered to the back. Thermoforming can shape thicker sheets (e.g. 

4 mm), which enables additional potential support options. One configuration entails 

Table 4-3 Environmental conditions specified by NRAO and the derived material properties based on a 

thermoformed panel design.  

(a)                                                                                          (b) 

Figure 4-19 A 51 mm aluminum T extrusion (a) before and (b) after thermoforming to a 2 m radius. 
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welding ribs onto a flat aluminum sheet and then thermoforming the sheet and ribs at the 

same time. In order to investigate this method, some T-section aluminum extrusions were 

thermoformed on a cylindrical mold with a 2 m ROC in one dimension. This small radius 

demonstrates an extreme rib curvature. Figure 4-19 shows a test rib that is 51 mm deep. 

The purpose of the ribs is to make the panels more rigid during operation. This strong 

shape factor also resists thermoforming. In order to get this 51 mm test rib to deform, it 

was heated to higher temperatures than flat panels. The high heat resulted in a partial 

phase change in the rib material, which caused bubble-like bulges and irregularity in the 

surface of the rib. Figure 4-20 shows a 19 mm deep rib that formed at a lower temperature. 

This showed that ribs can be thermoformed. Stronger rib form factors require applied forces 

in addition to gravity. 

The next step was to thermoform a ribbed panel. A 600 mm x 600 mm panel with 

25 mm deep ribs welded to the back was formed against a highly curved mold (1.5 m 

ROC) using only the force of gravity. The panel and ribs did curve, but the last 150 mm of 

Figure 4-20 A 19 mm aluminum T extrusion after slumping. 

Figure 4-21 A ribbed panel formed on a static mold with 1.5 m radius of curvature. A straight edge shows the 

curvature (left) 



129 

 

each rib (at the corners of the panel) remained straight (Figure 4-21).  

A second test used a 500 mm x 500 mm panel with 25 mm deep ribs formed 

against a 5.6 m ROC mold. This time weights were placed on top of the panel and ribs 

while at forming temperature. This yielded better results with an RMS error of 0.34 mm 

(Figure 4-22). 

It is interesting to note that the ribs only deformed slightly; What allowed the sheet 

to conform to the mold was elongation of the welds. Notice the growing gap from right to 

left between the sheet and the rib in Figure 4-23. 

Figure 4-23 A ribbed panel formed on 5.6 m ROC mold. The welds elongated to allow the plate to conform to 

the curvature of the mold. 

Figure 4-22 The shape difference between a thermoformed ribbed panel and the mold (0.34 mm RMS) as 

measured with a CMM. The sampling was not fine enough to include the high frequency distortion shown in 

Figure 4-24. 
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Based on these tests, we conclude that thermoforming ribbed panels is not as 

straightforward as thermoforming flat sheets. However, with the right application of load 

and perhaps locally heating the ribs, this approach is possible.  

One further complication with forming ribbed panels is that the welds print 

through causing high frequency distortion in the front surface of the panel that is not 

corrected by thermoforming. Figure 4-24 shows the front surface of a panel with visible 

lumps where the ribs were tacked on to the back of the sheet. Figure 4-25 shows a contour 

plot of one of the weld print through marks on the front side of the panel. Any surface 

Figure 4-24 The front surface of a ribbed panel showing print-through from welds. 

Figure 4-25 A 9 x 9 contour plot of one of the weld print through marks on the front of the sheet. The 

spacing between measurements is 8.7 mm in x and y. The units on the color scale are mm. 
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error that is greater than ¼ of the wavelength causes reflected light to be list. The 

minimum wavelength of ngVLA is 2.5 mm, so any area with a surface error greater than 

~0.6 mm is lost. If approximately four of the 8.7 mm x 8 mm squares per weld are above 

this limit, and there are 32 welds in a 500 mm x 500 mm panel, then 9,700 mm
2
 of the 

250,000 mm
2
 aperture is lost (3.9%). For reference, the gaps between Alma panels are 

1.5 mm across, which is creates an area loss of approximately 0.5% (Sorensen 2010).  The 

weld print through could be remedied by grinding or lapping the front surface of the flat 

blanks before thermoforming, or casting the blanks with ribs. However, these processes 

come with additional complexity.  

4.6 Alloy Selection 

The alloy used in this process affects the time and heat energy required for 

thermoforming as well as the raw material cost. The alloy properties after thermoforming 

will also affect the panel performance. Six alloys were identified that are currently 

available in large sheets. Relevant properties are shown in Table 4-4.  

Alloy 1100 3003 5052 5456 6061 

Heat Treatable? N N N N Y 

Weldable? N Y Y Y Y 

Cost (24” x 24” x 0.125” plate) $63.63 $48.80 $49.65 $100.00 $77.59 

Nick Didato thermoformed sample sheets of each alloy to compare the temperature 

and stress required for thermoforming. First small (125 mm x 125 mm x 3 mm) plates 

were thermoformed on a mold that had 1.4 m radius of curvature (ROC). While this 

curvature is extreme compared to that of large telescopes, it provides equivalent strain to 

what would be experienced by a 1.5 m x 1.5 m panel formed to a 16.8 m ROC, which is 

Table 4-4 Properties of aluminum alloys that are typically available in large sheets (Kaufman 1999).  

Cost from McMasterCarr.com (2018). 
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the nominal ROC for ngVLA dishes. Later, larger panels (500 mm x 500 mm x 3 mm) 

were thermoformed on a 5.7 m ROC mold, again, equivalent to ngVLA curvature. It is 

important to demonstrate thermoforming representative curvatures because deeper (faster) 

curves require more strain (deformation) in the material, which requires more stress or 

higher temperature.  

Alloy Results 

Research and testing revealed that raising the temperature of the aluminum lowers 

its yield strength while at high temperature. The higher the temperature of the plate, the 

less stress required to form the plate against the mold. Creep also plays a role at high 

temperature, although the effects were not quantified due to lack of data at these extreme 

temperatures. The temperature that an alloy would deform under a given stress 

corresponds to the solidus melting point of the alloy. In other words, alloys with higher 

melting points required proportionally higher temperatures to thermoform. As the plates 

are heated to high temperature, the thermoforming process effectively anneals the material 

causing it to lose any heat treatment or strain hardening previously applied. It is important 

therefore to determine the annealed properties of the compared alloys. The table below 

shows the relevant results for each alloy. Forming temperatures were set at 3 
o
C below the 

solidus point for each alloy, and the forming time was set at 2 hours. 

Alloy 1100 3003 5052 5456 6061 

Thermoforming Properties 
Forming Temperature (oC) 640 640 604 565 579 
Yield Strength @ Form Temp (MPa) 3.0 3.6 6.1 5.3 7.0 
Annealed Properties @ 25 oC 
Elastic modulus (GPa) 68.3 68.3 69.6 70.3 68.3 
Yield strength (MPa) 34.5 41.4 89.6 158.6 55.2 
Cost 
Cost Relative to 5052 1.28 0.98 1.00 2.01 1.56 

Table 4-5 Thermoforming properties of aluminum alloys that are typically available in large sheets 
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All alloys thermoformed well and conformed to the mold. Alloy 5456 led as the 

best choice technically. With the lowest forming temperature, it can be formed the most 

quickly and with the least heat energy. It also has a comparatively moderate yield strength 

at temperature, which means less pressure is required to form it. Importantly, it has the 

highest annealed yield strength by a significant margin. This is critical because most of 

these alloys (all but 6061) are not heat treatable. This means that the only way to 

strengthen a part made of the alloy is by strain hardening (coldworking), which requires 

deforming it. Since the panels are thermoformed to high precision shapes, they cannot be 

strain hardened afterward. Therefore, the annealed yield strength of the alloy must be 

sufficient to withstand the survival wind loads and hail impacts encountered outdoor 

telescopes at the specified site without permanent deformation. FEA models show that 10 

MPa yield strength is required to survive the conditions specified for ngVLA (See Table 

4-3). One potential technical drawback of 5456 is its susceptibility to stress corrosion 

cracking under certain conditions, which is common for 5xxx alloys with greater than 3% 

magnesium content. 

Alloy 5052 also has favorable properties with a relatively low forming temperature 

and the second highest annealed yield strength (90 MPa), which is greater than the 10 

MPa required. This alloy has the further benefit of being half the cost of 5456 and doesn’t 

suffer from stress corrosion cracking (<3% magnesium). We recommend 5052 as the ideal 

alloy for thermoformed panels for ngVLA. According to cost models the raw material is 

23.2% of the panel fabrication cost. If it is determined that 5456 alloy is preferred for the 

project, the cost will increase accordingly. 
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4.7 Surface Shape Accuracy of Thermoformed Panels 

In order to probe the potential shape accuracy of the thermoforming method, 

several 0.5 m x 0.5 m panels were shaped. Nick Didato optimized the thermal cycle (times 

and temperatures) to maximize speed and accuracy. Andrea Villasenor measured the 

panels on a coordinate measuring machine (CMM) and found that they spring back after 

forming. A representative panel has an RMS surface error of 347 µm. As can be seen in 

Figure 4-26, the error is largely low‑order. After subtracting the low-order shape errors 

using a fifth order polynomial fit (which are modes easily compensated with an adjustable 

mold), an RMS error of 11 µm remains. 

An alternative induction heating method developed by Christian Davila-Peralta at 

the University of Arizona (patent pending) is also being explored. Using induction heating 

greatly accelerates the process, reducing the forming time of a 125 mm x 125 mm sheet 

from 2 hours to 20 minutes. Several test pieces have been thermoformed using this method 

achieving an RMS difference of 44 um between the panel and the mold. This process is 

currently being scaled for larger panels.  

Figure 4-26 Shape error of a 0.5 m thermoformed aluminum panel. (a) Difference from the mold: 347 µm RMS. (b) 

Residual surface error after the third order polynomial fit: 18 µm RMS  

(c) Residual surface error after the fifth order polynomial fit: 11 µm RMS. 

Figures by Ziyuan Dong. 
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Next steps include using an adjustable mold to compensate for the springback and 

push the high accuracy limit of this technology.  

Springback 

The literature states that plastic deformation at higher temperature produces less 

springback in the material than at low temperature (Verma 2016). This means that the 

thermoforming process has inherently less springback than cold processes. The springback 

depends on the yield strength of the alloy when it was deformed. The yield strength 

depends on the temperature, hence the hotter the workpiece, the lower the springback. 

However, the forming temperature is limited by the melting point of the material, and the 

springback is never zero. 

Springback was modeled using FEA and bilinear isotropic hardening (Figure 4-27) 

to predict its behavior and adjust the mold to form panels controlling both the RMS 

deviation and the radius of curvature. Figure 4-28 shows the displacement of a point 

during forming. Forming pressure was applied beginning at t=0 and was released at t=1. 

Further testing will help to calibrate this simulation, which will aid in presetting the 

Figure 4-27 FEA of a thermoforming part using ANSYS Workbench with a bilinear isotropic hardening model. 

Figure by Christian Davila-Peralta. 
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adjustable mold. After a panel is thermoformed, it can be measured and the mold can then 

be iteratively adjusted to compensate for other effects not predicted by the simulation.  

4.8 Scaling the Process to 1.65 m Panels 

By scaling the process from 125 mm to 500 mm, much was learned about how 

various aspects of the thermoforming process change with size. For example, the power to 

heat a panel scales with the cube of the linear dimension, while hoop strain in the panel 

during thermoforming grows linearly. Also, larger panels have longer moment arms and 

require less force during forming.  

Figure 4-28 Springback modeled in the FEA model, showing a change in the overall radius of curvature 

when unloading the workpiece. Figure by Christian Davila-Peralta. 

Figure 4-29 A 1.65 m thermoformed aluminum panel. 
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Several 1.65 x 1.65 m x 4.7 mm 5052 aluminum sheets have been purchased, and 

one was thermoformed in the REhnu facility used to form the glass panels for the antenna 

shown in Figure 4-29. The adjustable mold was set for and had just been used to form a 

production glass panel. Corey Zammit measured the formed aluminum panel using a laser 

CMM and compared to the optically measured shape of the glass panel. The difference 

between the glass panel and the aluminum panel are shown in Figure 4-30. The low order 

errors in this preliminary test can be easily fixed by optimizing the thermal cycle and 

adjusting the mold. As this is the first panel of this size ever thermoformed, much higher 

accuracies can likely be achieved by adjusting the mold and optimizing the thermal cycle. 

The mold and oven used to form this panel have been repurposed. However, 

another large oven that can accommodate 1.65 m panels (Figure 4-31) was recently 

returned to the University of Arizona and arrangements are being made to connect it to a 

power supply.  

Figure 4-30 Shape difference between aluminum and glass panels formed on the same mold.  

(a)The difference shows the center high by 2 mm and an RMS shape difference of 0.48 mm. 

(b) With focus removed the RMS shape difference is 0.26 mm. 

 

(a)                                                                                               (b) 
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Figure 4-31 An oven owned by the University of Arizona large 

enough to thermoform a 1.65 m panel. 
A laser CMM (designed by Corey Zammit) is being assembled at the University of 

Arizona that can measure 1.65 m panels (Figure 4-32). The CMM currently used for has a 

limited size of 540 mm.  

 

Figure 4-32 A laser CMM large enough to measure 1.65 m 

panels under construction at the University of Arizona. 
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4.9 Future Work 

Work on this research continues. Next steps include finishing and testing an 

adjustable mold to correct low order shape errors, scaling the induction heating process for 

large (1-2 m) panels and developing an optical and IR metrology system that is rapid and 

adaptable to keep pace with the thermoforming process.  

High volume panel production requires rapid metrology feedback. Conventional 

mechanical methods (e.g., CMM or laser tracker) are slow and suffer from insufficient 

sampling resolution causing mid-to-high spatial frequency shape errors. The University of 

Arizona has developed an IR deflectometry process in which an IR line source (hot wire) 

is passed in front of a test surface. A camera detects distortion in the reflected image and 

can determine the local slope and shape of the reflector with high precision (~0.1 - 1 µm). 

A schematic diagram illustrating the IR deflectometry concept is shown in Figure 4-33. 

First, a tungsten ribbon (~300 °C) is scanned and emits long wavelength infrared (LWIR) 

radiation in two orthogonal directions. Some of the rays from the ribbon are reflected by 

Figure 4-33 A schematic IR deflectometry system. 
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the aluminum panel surface and propagate toward the LWIR camera. This camera images 

the test surface plane so that each camera pixel corresponds to a local test surface area. 

The local slopes of the test surface can be directly calculated based on a ray-trace (i.e., 

thin red lines in Figure 4-33). Integrating the local slope data yields the surface height.  

The College of Optical Sciences optics shop has used this technology for 

measuring ground glass surfaces during the grinding of the 4.2 m primary for the Daniel 

K. Inouye Solar Telescope (DKIST) [Kim 2015] as shown in Figure 4-34. Two camera 

images captured during a continuous scan of the ground DKIST primary mirror are shown 

in Figure 4-34. As the hot tungsten ribbon is scanned, only some areas (which appear 

bright in each image) on the test surface have local slopes that reflect LWIR light towards 

camera. 

This technology overcomes the limitations of existing metrology approaches as it 

is rapid, does not require physical contact with the reflector surface and provides high 

spatial resolution profile data (e.g., 300 × 300 sampling points). An entire 4.2 m diameter 

test surface can be measured in less than one minute. This process can be adapted to 

measure square, thermoformed aluminum panels.  

Figure 4-34 IR deflectometry scanning image during the grinding of 4.2 m DKIST mirror.. 
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As the first feasibility check, the reflectivity of a small sample plate of 

thermoformed aluminum was tested at the wavelengths used by the IR deflectometry 

system (7–14 μm). The resulting image had sufficiently high reflectivity for data 

collection (Figure 4-35).   

  
Figure 4-35  IR Deflectometry system measuring a small thermoformed aluminum 
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