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Abstract 

Aspherical optics are increasingly used these days. The application of aspherical surfaces on 

large, astronomical telescope mirrors brings challenge to the fabrication. Since the surface radius 

of curvature varies across the surface, the grinding/polishing tool needs to change its shape when 

working on different parts of the surface, making surface error more easily embedded into the 

surface. Therefore, a tighter test-fab loop is needed to guide the fabrication process. To 

maximize the accuracy during the grinding of the surface and to minimize the working time in 

the polishing stage, a better metrology device that can measure rough surface is needed to guide 

the grinding process. Scanning long-wave optical test system (SLOTS) is designed to meet this 

demand by providing accurate, fast, large dynamic range, and high spatial resolution 

measurements on rough optical surfaces (surface rms roughness < 1.7 µm).  

SLOTS is a slope measuring deflectometry system that works like a reversed wire test. It 

measures the reflection of the infrared light off the test surface, and calculates the local slope of 

the test surface. The surface sag/height is obtained through integration. During the test, a heated 

metal ribbon radiates long-wave infrared light that is reflected by the test surface. A thermal 

imaging camera records the reflected light. The ribbon is scanned in two orthogonal directions. 

From the variation of the irradiance recorded by the camera, slope maps of the test surface can be 

retrieved in the two orthogonal directions.  

SLOTS is a combination of tradition slope measurement and modern technology, processing 

advantages from both parts. It measures surface slope, so there is no need for null optics. It uses 

an uncooled thermal imaging camera that is made with high resolution and high sensitivity. The 

linear stage used to scan the hot ribbon has long travel, small resolution, and high accuracy. Both 

the camera and stage enable SLOTS a large dynamic range and high sensitivity.  
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 SLOTS has successfully guided the grinding process of the primary mirror of Daniel K. 

Inouye Solar Telescope. This mirror is a 4-meter diameter off-axis parabola (OAP). Its largest 

aspherical departure is 8 mm. SLOTS is able to measure it without any null optics. Under the 

guidance of SLOTS, the surface shape was controlled to be 1 µm rms within designed shape 

(with astigmatism removed) at 0.7 µm rms surface roughness (12 µm loose abrasive grits). 
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CHAPTER 1 Introduction 

1.1.  Fabrication of Large Aspherical Optics 

Astronomical telescopes keep increasing in size and more aspherical in shape to serve 

greater scientific needs, bringing challenges to fabrication and testing. These telescopes 

are made of mirrors as large as 8.4 meters in diameter such as the segments the Giant 

Magellan Telescope (GMT) (Figure 1) primaries [1]. Besides the enormous size, these 

mirrors are also highly aspherical and off-axis segments, which have no rotational 

symmetry. Because of that, a special grinding/polishing tool called the stress lap is 

applied (Figure 1) [2].  The allowed root mean square (RMS) surface-shape errors are 

within a few tens of nanometers. If the mirror is scaled to the size of the entire United 

States, the highest “mountains” are not allowed to beyond half an inch. It is very 

challenging to make such big mirrors and keep the surface shape to such extreme high 

requirement. To ensure the correct outcome, optical testing is a key element of the 

fabrication process, embedded in the grinding/polishing and testing cycle. After all, if 

these mirrors cannot be measured accurately, they cannot be made. 
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Figure 1. One primary segment of the Giant Magellan Telescope under polishing using the 

stressed lap in Steward Observatory Mirror Lab at University of Arizona. It is an 8.4 m-diameter 

off-axis parabola.   

One of the challenges in the testing is to control the surface error during the grinding 

phase. The fabrication of large optics can be generally divided into 4 phases: casting, 

diamond generating shape forming, grinding, and polishing. After the shape forming, the 

optical surface error can be controlled within a few microns of the desired. But it is 

challenging to maintain that shape throughout the grinding stage due to the difficulties in 

measuring rough ground surface [ 3 ]. Even at the final grinding stage, the surface 

roughness is still as high as 500 nm rms [4], which creates too much scattering for 

regular, visible light metrology device to get a good signal. If left to the polishing phase, 

the shape errors imparted in grinding will be very time-consuming to correct. So, there is 

a great need of a metrology device that can measure rough optical surfaces to guide the 

grinding process.  
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1.2.  Measuring Rough Surfaces 

Currently, there are some systems can be used to measure rough optical surfaces, 

namely long-wave infrared interferometer, swing arm profilometer, and laser tracker plus 

system. However, each of them has its own limits.  

Long-wave infrared (LWIR) interferometers [5] (Figure 2) share the same principles 

as the visible interferometers, but uses longer wavelength to make the rough surfaces 

look specular. The source of LWIR interferometer is a CO2 laser. The optics are made out 

of Germanium. The detector is a thermal sensor that response to 10.6 um wavelength. 

LWIR interferometers are very expensive themselves. Besides, same as regular 

interferometers, LWIR interferometers need null optics to measure highly aspherical 

optics. LWIR null optics are very difficult to design, fabricate, and align due to the 

limited choices of material and the invisibility of the working light.  

 

Figure 2. AccuFiz LWIR 10.6 um interferometer made by 4D. 

Swing arm profilometers (Figure 3) [6] measure ground surfaces by scanning an 

optical probe across the test surface. To scan the surface, the profilometer requires a very 

stiff mechanical arm that is long enough to cover the test surface, which becomes 
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impractical for very large mirrors. Besides, the profilometer only scans a line at a time, 

taking a long time to obtain desirable spatial resolution on the mirror.  

 
Figure 3. A swing arm profilometer in the Large Optics Shop at University of Arizona 

The Laser Tracker Plus system (Figure 4) [7] measures surfaces by touching the test 

surface with a corner cube while a laser tracker measures the position of the corner cube. 

The system spatial resolution is very low: usually larger than 50 cm on the surface under 

test. It also takes a long time to make a single measurement.  



 

Page 28 of 137 
 

 

Figure 4. Laser Tracker Plus system used in Steward Observatory Mirror Lab [7]. 

Thus, a system will be very helpful if it measures large ground optical surfaces with 

high resolution and high speed using relatively simple setup. 

1.3.  Inspiration the Scanning Long-wave Optical Test System (SLOTS) 

Scanning long-wave optical test system (SLOTS) [ 8] [ 9] meets the demand of 

measuring rough surfaces with fast, accurate, and high resolution measurement. The 

system uses specular reflection of long-wave IR (LWIR) light (7-14um) to measure the 

slope of rough optical surfaces that are not specular for visible wavelength light. The 

surface shape is obtained from the slope using integration. SLOTS can measure highly 

aspherical optics without null optics. The spatial sampling on the surface is about 400 × 

400 pixel. A single SLOTS measurement only takes a few minutes. 
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SLOTS is developed on the heritage of two existing systems: the wire test [10] and 

Software Configurable Optical Test System (SCOTS) [11].  

1.3.1. The Wire Test 

The wire test (Figure 5) is an improved version of the Foucault knife edge test [10]. 

During the test, the eye is looking at the exit pupil the test optics. A thin opaque wire is 

placed in front of the eye to block part of the incoming rays. The wire will cast a shadow 

on the image seeing by the eye. Using the position of the wire and projected shadow on 

the pupil, the aberration in the test optics can be determined. 

 

Figure 5. A schematic diagram of the Wire test for a lens. [10]  

1.3.2. Software Configurable Optical Test System 

The Software Configurable Optical Test System (SCOTS) is a versatile, slope 

measurement system that measures polished optical surfaces (Figure 6). During the test, a 

camera with a small aperture in the front is placed near the center of curvature (CoC) of 

the test mirror. The camera focuses on the test mirror and records the reflection of light 
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emitted from an LCD screen. The LCD is placed on the other side of the CoC. The 

displayed pattern on the screen is modulated to find out the LCD-mirror-camera ray path. 

The name of the system comes from the fact that the pattern lit up on the LCD is software 

controlled. 

 

Figure 6. A schematic plot of SCOTS. The blue lines show the unambiguous matching of a set of 

certain points on the LCD, the mirror, and the detector. The red lines show that rays connecting 

un-matched points will not fall on the detector. 

1.3.3. Scanning Long-wave Optical Test System 

The system that will be introduced in this dissertation, SLOTS (Figure 7), applies the 

similar idea of the two systems mentioned above onto measuring ground surfaces. A 

metal wire is electrically heated to irradiate LWIR light that has a strong specular 

reflection on ground surfaces. A scanning system consisting of linear and rotary stages 

scans the wire. A thermal imaging camera [12] (with a micro-bolometer detector; 7-14um) 

is used to image the mirror under test and to receive the reflected light. Surface slope is 

calculated from the recorded images. Surface shape is obtained by integrating the slope. 
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Figure 7. The prototype of SLOTS. A heated metal wire scans in two orthogonal directions. A 

thermal imaging camera records the reflected light. Surface slope is calculated from the recorded 

images. Surface shape is obtained by integrate the slope. 

  

1.4.  Dissertation Overview 

This dissertation provides a detailed explanation and analysis of SLOTS. Chapter 2 

describes the core principles of the system. Chapter 3 analyzes the performance in two 

aspects: precision (repeatability) and accuracy. A general radiometry model of 

deflectometry slope measurement is provided and utilized. Chapter 4 introduces the 

instrument transfer function (ITF) of deflectometry slope measurement system. Chapter 5 

demonstrates experimental results of system performance.  
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CHAPTER 2 Principle of Deflectometry Using a Thermal Source 

In this chapter, the principles behind SLOTS will be described in detail. Section 2.1 

will introduce the averaged slope measurement; section 2.2 will introduce the radiation 

model; section 2.3 will introduce the microbolometer. The sources of errors may be 

mentioned briefly, while detailed analysis will be shown in the next chapter. 

2.1.  Deflectometry Slope Measurement 

SLOTS works like a wire test in reverse (Figure 8). A standard wire test measures 

surface slope using a point source and a thin wire [10]. The wire blocks reflected rays, 

from which the local slope at the mirror can be calculated. Being a non-null slope test, the 

wire test does not need null optics to measure aspherical surfaces. SLOTS also measures 

surfaces in this way except that it reverses the light path. A heated metal ribbon radiating 

LWIR light replaces the wire in the wire test. The ribbon’s thin, flat profile directs more 

energy to the test mirror than a round-section wire. Rays from the ribbon reflect on the 

mirror towards an uncooled thermal imaging camera (7 -14 um response) that is placed 

where the point source would be located in a wire test. The camera focuses on the test 

mirror, making the mirror and the camera detector a conjugate pair. Rays passing through 

the camera aperture fall on detector pixels that are conjugate to the reflection points on 

the mirror. The local slope at these reflection points can be calculated with the 

coordinates of the aperture, reflection point, and ribbon. The slope map of the entire 

mirror can be obtained by scanning the ribbon in two orthogonal directions and repeating 

the slope calculation. 
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(a) Wire test (b) SLOTS test 

Figure 8. A comparison between the wire test and the SLOTS test. (a) The wire test. (b) The 

SLOTS test. The light travels in the opposite direction as in the wire test. The heated ribbon is the 

source, and the camera is at where the point source would be in the wire test. The solid lines 

represent the rays that pass through the camera aperture, while the dotted lines indicate the rays 

that miss. Local surface slope is calculated with the coordinates of the aperture, reflection points, 

and ribbon.  

The slope calculation is illustrated in the abstract 3-D plot below (Figure 9): 

 

Figure 9. Abstract setup in 3-D coordinates where 𝑤𝑥 and 𝑤𝑦 are the surface slopes;  𝑥𝑚 and 

𝑦𝑚 are the coordinates on the mirror surface; 𝑊 is the designed surface height function; 𝑥𝑐 and 𝑦𝑐 

are the coordinates of the camera pinhole; 𝑥𝑠 and 𝑦𝑠 are the ribbon coordinates; 𝑧𝑚2𝑠 and 𝑧𝑚2𝑐 
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are the z-direction distances from the mirror vertex to the illumination plane and camera pinhole, 

respectively; 𝑑𝑚2𝑠 and 𝑑𝑚2𝑐 are the distances from the point on the mirror surface to the source 

and camera pinhole, respectively. 

The local slope, (𝑤𝑥 , 𝑤𝑦), at point (𝑥𝑚 ,𝑦𝑚) on the mirror can be calculated [13] by 

using  

 
𝑤𝑥(𝑥𝑚,𝑦𝑚) =

𝑥𝑚 − 𝑥𝑠
𝑑𝑚2𝑠

+ 𝑥𝑚 − 𝑥𝑐
𝑑𝑚2𝑐

𝑧𝑚2𝑠 −𝑊(𝑥𝑚,𝑦𝑚)
𝑑𝑚2𝑠

+ 𝑧𝑚2𝑐 −𝑊(𝑥𝑚,𝑦𝑚)
𝑑𝑚2𝑐

 

 

𝑤𝑦(𝑥𝑚,𝑦𝑚) =

𝑦𝑚 − 𝑦𝑠
𝑑𝑚2𝑠

+ 𝑦𝑚 − 𝑦𝑐
𝑑𝑚2𝑐

𝑧𝑚2𝑠 −𝑊(𝑥𝑚,𝑦𝑚)
𝑑𝑚2𝑠

+ 𝑧𝑚2𝑐 −𝑊(𝑥𝑚,𝑦𝑚)
𝑑𝑚2𝑐

  . 

 

 

1.  

 

where 𝒘𝒙 and 𝒘𝒚 are the surface slopes;  𝒙𝒎 and 𝒚𝒎 are the coordinates on the mirror 

surface; 𝑾 is the designed surface height function; 𝒙𝒄 and 𝒚𝒄 are the coordinates of the 

camera pinhole; 𝒙𝒔 and 𝒚𝒔 are the ribbon coordinates; 𝒛𝒎𝒎𝒔 and 𝒛𝒎𝒎𝒄 are the z-direction 

distances from the mirror vertex to the illumination plane and camera pinhole, 

respectively; 𝒅𝒎𝒎𝒔 and 𝒅𝒎𝒎𝒄 are the distances from the point on the mirror surface to the 

source and camera pinhole, respectively. 

When small and slow optics are measured (𝑧𝑚2𝑠 , 𝑧𝑚2𝑐 ≫ 𝑊, 𝑦𝑚 , 𝑥𝑚 ), Equation (1) 

can be simplified to  

 
𝑤𝑥(𝑥𝑚,𝑦𝑚) =

1
2

(
𝑥𝑚 − 𝑥𝑠
𝑧𝑚2𝑠

+
𝑥𝑚 − 𝑥𝑐
𝑧𝑚2𝑐

) 

 

𝑤𝑦(𝑥𝑚,𝑦𝑚) =
1
2
�
𝑦𝑚 − 𝑦𝑠
𝑧𝑚2𝑠

+
𝑦𝑚 − 𝑦𝑐
𝑧𝑚2𝑐

�. 

 

2.  
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After the calculation, slope in x and y are integrated into the surface height map using 

Southwell integration [14]. 

A few points in Equation 1 are worth noting. First, 𝑊(𝑥𝑚,𝑦𝑚) is actually unknown 

and to be measured, so the ideal or designed surface height function is used instead. This 

approximation introduces errors, but they are usually negligible for optical surfaces. In 

optical fabrication, the shape departure from ideal (error in 𝑊) is usually within a few 

micrometers, being several orders smaller than the test distance (𝑧𝑚2𝑠 and 𝑧𝑚2𝑐) that is 

usually larger than a meter. Therefore, the introduced errors are tiny. Second, coordinates 

on the mirror (𝑥𝑚 and 𝑦𝑚) are determined by photogrammetry. Mis-mapping between the 

image and test surface caused by camera distortion will introduce errors into the slope 

calculation. Therefore, careful distortion correction is vital for high-accuracy 

measurements. Third, to use 𝑥𝑐  and 𝑦𝑐  as constants, the entrance pupil of the camera 

should be well-shaped and fixed in position for all field angles. A practical way to 

achieve this is by placing the aperture stop in the front of the camera and using the 

coordinate of the aperture center in the calculation. Last, 𝑥𝑠  and 𝑦𝑠  are obtained by 

scanning the ribbon and centroiding, which will be described in Section 2.3.   

Essentially, SLOTS measures transverse ray aberrations of the test surface. The 

SLOTS test setup can be modeled in reverse in lens design software (Figure 10 and 

Figure 11). In the model, a point source is placed on one side the center of curvature of 

the test surface. The image plane is set at where the spot diagram is minimized. The spot 

diagram defines the needed ribbon length for the SLOTS test. The minimal spot size is 

determined by the surface shape: Spherical surfaces generate a more concentrated spot 

than aspherics. During the measurement, when the ribbon overlaps with the spots, the 
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corresponding reflection point on the mirror is illuminated, appearing bright in the mirror 

image taken by the camera. Images look differently as the spots distribution varies. 

SLOTS locates all the spots by scanning the ribbon, and then calculates the surface slope. 

Since this system measures transverse ray aberrations, it is able to test both spherical and 

aspherical surfaces without null optics, as long as the ribbon and linear stage are long 

enough to cover the spot diagram. 

 

Figure 10. The SLOTS test of a spherical mirror modeled in Zemax. The light path in the 

model is reversed compared to in real SLOTS tests. Spherical mirror generates concentrated spot 

diagram; therefore, the ribbon is able to illuminate the entire surface at once [9]. 

 

Figure 11. The SLOTS test of a parabolic mirror modeled in Zemax. The spot diagram is more 

diverse; therefore, the ribbon only illuminates part of the surface at one position. The ribbon 

covers the whole spot diagram by scanning. The mirror image is from reference [9]. 
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The value of SLOTS comes from its large dynamic range, high resolution, fast 

measurement, and low cost. The motorized stages used to scan the ribbon provide a large 

dynamic range for the test with long travels and high accuracy [9].  

2.2.  Blackbody Radiation 

According to Plank’s law [15], radiation occurs in all objects with temperature higher 

than 0 K. A high temperature object can be used as the light source in LWIR. The 

temperature of the source affects the radiative spectral energy distribution. As shown in 

Figure 12, for objects at room temperature (300K), the radiation peak is within the LWIR 

band (7-14 um). The integrated energy in LWIR band will always increase with the 

source temperature, even though the radiation peak will shift towards the shorter wave 

length (blue shift). So in the consideration of signal strength, higher temperature is 

always desired. The upper limit is the temperature at which the wire will be damaged. 

Currently, SLOTS heats the tungsten ribbon with current below 4 A/m. 

  
(a) (b) 

Figure 12. (a) Blackbody radiation curves. Each curve shows the spectral radiative energy 

distribution at a certain temperature. (b) The integrated energy in 7-14 um band at different 

temperatures. The curve is almost linear beyond 600 K.[8] 
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As mentioned above, room-temperature objects are all radiating sources in LWIR, so 

there are a lot of noise sources in the testing environment. Even the circuit of the camera 

itself can be a noise source. The noise will lower the signal to noise ratio (SNR), and 

degrade the precision of the measurement. Detailed noise analysis will be shown in 

Chapter 3. 

Metal surfaces, which are highly reflective in LWIR, can be another problem. It 

means that all mechanical structures behind the wire will act as mirrors that will generate 

ghost images of the source, perturb the intensity profile, and sequentially introduce 

systematic error to the measurements. To minimize the impact from these metal 

structures, a wire box is designed to prevent undesired reflections. As shown in Figure 13 

(a), a flat metal surface is used to reflect the backwards radiation to an open space where 

is free of metal structures or thermal sources. In this way, a uniform and dark background 

can be made for the source. Figure 13 (b) shows the built wire box, together with the 

heated wire.[8] 

 
(a) 

 
 

(b) 
Figure 13. The wire box used to mount the wire and guide the backwards radiation. (a) The 

schematic plot shows how the back-radiated light is reflected out of the system. (b) One of the 

built wire boxes, and the heated wire.[8] 
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2.3.  Microbolometer 

The camera used in the SLOTS test is an uncooled micro-bolometer thermal imaging 

camera. The micro-bolometer detector measures the temperature variation caused by 

incident radiative energy [ 16 ]. Each pixel of the microbolometer is a temperature-

sensitive electrical resistor. The sensitive material on the pixel absorbs the incident 

radiation, and its temperature rise. The change in the temperature causes the pixel 

electrical resistance to change. A readout circuit reads the pixel voltage change, and 

converts it to digitized signals. The fundamental noise in the micro-bolometer is the 

temperature fluctuation. Figure 14 shows an example of thermal imaging. Figure 15 

shows the compare of a visible picture and LWIR picture in a test.[8] 

 

Figure 14. A picture taken by thermal imaging camera. In this picture, bright means hot. The 

human face appears brighter as its temperature is higher than the surroundings.[8] 
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Figure 15. The measurement of a ground surface mirror. The left picture is taken by normal 

camera; the right one is taken by thermal imaging camera. The mirror appears bright in the 

thermal image not because its temperature is higher than the surroundings, but that it reflects light 

of the heat source into the camera.[8] 
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CHAPTER 3 System Performance 

Performance of SLOTS is described in precision and accuracy. Precision is the 

repeatability of measurements, while accuracy is the deviation of the measured value 

from true value. Precision is mainly affected by irradiance noise in the measurement and 

the vibration in the ribbon. Accuracy is mainly affected by repeatable systematic defects, 

including setup geometry error, wire straightness, imaging distortion, and instrument 

transfer function. It will be shown that, with the example of measuring DKIST primary, 

the precision of SLOTS can reach 1.7 µrad with 8 measurements averaged. The accuracy 

can reach 1 µm rms . The results of experiments will be shown in CHAPTER 5. 

3.1.  Precision 

3.1.1. Centroiding 

Centroiding is necessary for the SLOTS test because the camera pixels, aperture, and 

the ribbon have finite sizes. As mentioned before, the camera focuses on the test mirror, 

so that each detector pixel is conjugate to a small patch on the mirror called a “mirror 

pixel” (Figure 16). Due to the finite size of the mirror pixel and camera aperture, the 

ribbon can illuminate the same detector pixel within a region that is to be reduced to a 

point (centroid) for slope calculation.  
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Figure 16. The ribbon can illuminate the same detector pixel from a region. Two sets of rays 

show the conjugation between the detector and the mirror. [8] 

As the ribbon scan across the illumination region, the intensity of a single detector 

pixel, 𝐼𝑖, is recorded by taking pictures at a constant frame rate (Figure 17).  

 

Figure 17. The intensity profile of a single detector pixel. Each dot represents a read-out value 

of the same pixel when the ribbon is at position 𝑥𝑖. When the ribbon is within in the illumination 

region, this detector pixel is illuminated. [8] 
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The hump in the intensity profile indicates that the detector pixel is illuminated. The 

data value, 𝐼𝑖, and the ribbon position 𝑥𝑖, are used to calculate the centroid 𝑥𝑠: 

 
𝑥𝑐 =

∑ 𝑥𝑖𝐼𝑖𝑖

∑ 𝐼𝑖𝑖
 

3.  

Then, 𝑥𝑐 is plugged into Equation (2) for slope calculation. Note that 𝑥𝑖 is the position 

of the scanning ribbon, so the centroiding is essentially in the time domain. 

According to Equation (3), noises in 𝐼𝑖 can introduce errors. Precision of the test is 

directly related to the signal to noise ratio (SNR), the ratio of 𝐼𝑖 and noise. High SNR 

leads to high precision [17] [18]. Therefore, understanding the radiometry of the test is 

necessary for performance optimization. 

 

3.1.2. Radiometry 

A radiometry model shows how energy is transferred in a SLOTS test. In this model, 

we only consider one detector-mirror pixel pair in the test. A mirror pixel is a patch on 

the surface that is conjugate to a detector pixel. When only first order optics is considered, 

the mirror pixel is a sharp image of the detector pixel (Figure 18(a)). So the mirror pixel 

can be seen as a binary filter: Only light reflected on the mirror pixel can fall on the 

corresponding detector pixel, while light reflected from outside the mirror pixel will fall 

on other detector pixels. When diffraction is considered, the mirror pixel will be the 

convolution of the geometrical image and the camera point spread function (PSF). The 

plot of the mirror pixel (Figure 18(b)) shows the projection of the detector pixel on the 

mirror if the PSF is considered. According to the reciprocity theorem of Helmholtz [19], 
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the plot also shows the proportion of light going to the detector pixel when light is 

reflected from the mirror pixel.  

  

(a) (b) 

Figure 18. A mirror pixel is the image of a detector pixel. (a) In first-order optics, the mirror 

pixel is a square with sharp edges.  (b) When the camera point spread function (PSF) is 

considered, the mirror pixel is the convolution of the PSF and the geometrical image. The PSF in 

this plot is as aberration-free Airy disk. 

Being an optical element, the mirror pixel will generate an image, real or virtual, of 

the ribbon. The size and location of the image are determined by the power of the mirror 

pixel as well as the distance between the mirror pixel and the ribbon (Figure 19). The 

ribbon image is in the same optical space as the camera [20], so rays extended from the 

ribbon image will propagate to the camera aperture without reflection or refraction, but 

their energy will be modulated by the mirror pixel as a function shown in Figure 18.  
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Figure 19. Schematic plot of the radiometry model. The light emerging from the source image 

is modulated by the mirror pixel before it goes to the camera aperture. In the plot, dΩ is the 

differential solid angle extended by a small area on the source from the camera aperture; A is the 

area of the camera aperture.  

The radiance of the ribbon image is the product of the mirror reflectance, 𝑟, and the 

radiance of the ribbon, 𝐿. So, the flux on a detector pixel can then be calculated with 

 
𝛷 = 𝑟 ∙ 𝐿 ∙ 𝐴 ∙ Ω = 𝑟 ∙ 𝐿 ∙ 𝐴 ∙ � 𝐹𝑚𝑖𝑚𝑚𝑚𝑚 𝑝𝑖𝑥𝑝𝑝  𝑑Ω

 
 𝑠𝑚𝑠𝑚𝑐𝑝 𝑖𝑚𝑖𝑖𝑝

 
4.  

where Φ is the flux falling on the detector pixel; 𝐴  is the area of the camera 

aperture; 𝐹𝑚𝑖𝑚𝑚𝑚𝑚 𝑝𝑖𝑥𝑝𝑝 is the 2D function shown in Figure 18; and Ω is the projected solid 

angle extended by the ribbon image from the camera aperture. For a given setup, the 

radiance 𝐿 and the reflectance 𝑟 can be seen as constants, while the throughput (𝐴Ω) 

varies as the ribbon scans. A “read-out profile” (Figure 20) can be obtained by plotting 

the throughput against the ribbon positions. During a measurement, this profile is 

sampled by taking pictures while the ribbon scans, turning into a discrete data set seen in 

Figure 17. The measured profile can be compared to the simulated one to check the 

quality of the measurement. 
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Figure 20. The throughput of a detector pixel versus the ribbon position. In the model: the test 

mirror is flat; the mirror pixel size is 2x2 mm; the camera aperture diameter is 2 mm; the source 

and the camera are 500 mm away from the mirror; the width of the source is 2 mm. 

3.1.3. Uncertainty from Intensity 

As mentioned in the previous chapter, SLOTS uses centroids of the data to calculate 

the local slope. The centroids are calculated by  

 
xc =

∑ xiIi
∑ Ii

, 
5.  

where 𝑥𝑐  is the X coordinate of centroids; 𝑥𝑖  and  𝐼𝑖  are the X coordinate and signal 

intensity of each scan step, respectively. Noise in 𝐼𝑖 and uncertainties in 𝑥𝑖 are transferred 

into the uncertainty of centroids. 

As can be derived using the general law of error propagation [ 21] or found in 

publications [22] [23], the centroiding uncertainty (σ) is determined by the width of the 

intensity profile (𝑤), the number of samples (N), and the signal to noise ratio (SNR): 

 𝜎 =
𝑤

√𝑁 𝑆𝑁𝑆
=

𝑤
√𝑁  𝑃𝑠𝑖𝑖/𝑁𝑁𝑃

, 6.  
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where 𝑃𝑠𝑖𝑖 is the signal power; NEP is the noise equivalent power, which dominates 

when the source temperature is stable. Figure 21 shows an example intensity profile. 

According to Equation (2), if the intensity profile has a width of 18 mm, SNR of 37, 11 

sampling points, then, the uncertainty of the centroid will be 147 µm. If the distance 

between SLOTS and UUT is 17.1 m, the slope uncertainty will be 8.5 µrad (1.77 arcsec) 

without any averaging. 

 
Figure 21. The intensity profile of a single detector pixel from the DKIST primary 

measurement 

The centroiding uncertainty can be estimated from the SLOTS equipment specs and 

the setup geometry. Signal power (𝑃𝑠𝑖𝑖) on the detector pixel can be calculated using the 

radiometry model built in Session 3.1.2. When measuring a concave surface, like the 

DKIST primary, SLOTS is placed at the center of curvature of the UUT. The source is 

imaged with unit magnification by the UUT onto the camera aperture (Figure 22 (a)).  
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(a) (b) 

Figure 22. The test setup of a concave surface. (a) The ribbon is 1:1 imaged on to the camera 

aperture. The solid angle is extended by the detector pixel from the source image. (b) The 

aperture and the source image seen by the detector. 𝐴𝑖𝑚 is the area of the source image within the 

camera aperture. 

The signal power on a single detector pixel is determined by the reflected radiance 

(𝐿𝑚𝑝𝑟), pixel area (𝐴𝑝𝑖𝑥), focal length (𝑓), diameter of the camera stop (𝐷𝑖𝑝), and the 

width of the source (𝑤𝑠𝑐) (Figure 22 (b)): 

 
𝑃𝑠𝑖𝑖 = 𝜏𝑚𝐿𝑚𝑝𝑟𝐴𝑖𝑚𝛺𝑝𝑖𝑥 = 𝜏𝑚𝐿𝑚𝑝𝑟 𝑤𝑠𝑐𝐷𝑖𝑝  

𝐴𝑝𝑖𝑥
𝑓2

 
7.  

where 𝜏𝑚 is the transmission of the camera lens, which is close to 1.  

The reflected radiance (𝐿𝑚𝑝𝑟) comes from the source radiance (𝐿𝑠𝑚𝑐𝑝) after absorption 

and scattering 

 𝐿𝑚𝑝𝑟 = 𝑟𝑖 𝑟𝑠 𝐿𝑠𝑚𝑐𝑝 8.  
where 𝑟𝑖  is the reflectivity of polished glass surface, which is 0.25 [24] at 10 um 

wavelength; 𝑟𝑠 is the relative reflectance due to rough surface scatter, the values of which 

are measured (Figure 23).  
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Figure 23. Measured relative reflectance in LWIR for loose abrasive ground surfaces. The 

values are normalized to the polished surface.  

The source radiation (𝐿𝑠𝑚𝑐𝑝) can be estimated from the total power (𝑃𝑡𝑚𝑡) from the 

power supply and the surface area of the source (𝐴𝑠𝑚𝑠𝑚𝑐𝑝): 

  𝐿𝑠𝑚𝑐𝑝 =
𝜀 𝛼7−14 𝑃𝑡𝑚𝑡
𝜋𝐴𝑠𝑚𝑐𝑝

 9.  

where 𝜀 is the emissivity of the source; 𝛼7−14 is the portion of the total radiation in the 

7-14 µm band, which is calculated from Stefan-Boltzmann law; 𝜋 = 3.14 𝑟𝑟𝑑 is the solid 

angle when a differential plane source radiates towards a hemisphere.  

Parameters in the case of DKIST measurements are listed in  

 

Table 1. The source is a tungsten wire wrapped in a Nextel ceramic sleeve. The wire is 

heated electrically to about 300 °C with total power (𝑃𝑡𝑚𝑡) of 44 W direct current (5.5 A; 

8 V). The emissivity (𝜀) of the sleeve is 0.88. The source is 500 mm long and 4 mm wide 

in section. Put all the parameters into the equations, the signal power, 𝑃𝑠𝑖𝑖 , can be 

calculated as 𝒎.𝟒 × 𝟏𝟏−𝟗 𝑾 on a single camera pixel. 
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Table 1. Parameters in the DKIST SLOTS test. The surface is ground with 12 um grits. 

Parameter Notation Value Unit 

Power supply consume 𝑃𝑡𝑚𝑡 44 W 

Power in 7-14 um band 𝛼7−14 0.35 N/A 

Emissivity 𝜀 0.88 N/A 

Source surface area 𝐴𝑠𝑚𝑐𝑝 6280 𝑚𝑚2 

Source radiance  𝐿𝑠𝑚𝑐𝑝 6.8 × 10−4 𝑊/𝑚𝑚2/𝑠𝑟 

Glass reflectivity 𝑟𝑖 0.25 N/A 

Rough surface reflectance 𝑟𝑠 0.5 N/A 

Reflected radiance 𝐿𝑚𝑝𝑟 8.5 × 10−5 𝑊/𝑚𝑚2/𝑠𝑟 

Source width 𝑤𝑠𝑐 4 𝑚𝑚 

Camera aperture diameter 𝐷𝑖𝑝 14 𝑚𝑚 

Source image area 𝐴𝑖𝑚 56 𝑚𝑚2 

Camera focal length 𝑓 35 𝑚𝑚 

Camera pixel area 𝐴𝑝𝑖𝑥 6.25 × 10−4 𝑚𝑚2 

Camera pixel solid angle 𝛺𝑝𝑖𝑥 5 × 10−7 𝑠𝑟 

Camera transmittance 𝜏𝑚 1 N/A 

Power on single pixel 𝑷𝒔𝒔𝒔 𝒎.𝟒 × 𝟏𝟏−𝟗 𝑾 

 

The noise equivalent power, NEP, can be calculated from the noise equivalent 

temperature difference (NETD) of the detector. NETD is a common figure of merit to 

evaluate the sensitivity of an uncooled thermal imaging camera and is usually specified 

by the manufacturer. NETD can be converted into power by multiplying the pixel area 

(𝐴𝑝𝑖𝑥) and a “temperature-to-power” ratio (Δ𝑃
Δ𝑇

).  
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 𝑁𝑁𝑃 = 𝑁𝑁𝑁𝐷 ∙ 𝐴𝑝𝑖𝑥 ∙ �
Δ𝑃
Δ𝑁
�
7−14

  10.  

where �Δ𝑃
Δ𝑇
�
7−14

 is the change in power per unit area radiated by a blackbody at 

temperature T measured within the spectral band from 7 -14 um [ 25].The value is 

2.6 × 10−6 𝑊/𝑚𝑚2/𝐾 at room temperature(295 K). The camera we used has a NETD of 

40mK. This gives the noise level in a single pixel as 𝑵𝑵𝑷 = 𝟔.𝟓 × 𝟏𝟏−𝟏𝟏 𝑾. Therefore, 

the 𝑺𝑵𝑺 = 𝑃𝑠𝑖𝑖/𝑁𝑁𝑃 = 𝟑𝟑. 

The width of the intensity profile (𝑤) is the sum of the source image width (𝑤𝑠𝑐) and 

the camera stop diameter (𝐷𝑖𝑝), as can be seen in Figure 22. In our case, 𝑤 = 18 𝑚𝑚. 

The number of samples (N) is determined by the width of the intensity profile and the 

scan pitch. In our case the scan pitch is 1.62 mm, giving roughly 11 samples on the 

intensity profile. 

Using Equation (2), the centroiding uncertainty (𝜎) can be calculated as 145 um. For 

DKIST, the test distance from UUT to SLOTS is 17.1 m. So the slope uncertainty will be 

8.5 µrad. With 25 average (𝑁 = 25), the uncertainty can be reduced to 1.7 µrad. It will 

be shown later that the calculation matches the measurement.  

If we substitute 𝑃𝑠𝑖𝑖 in Equation (1) with Equation (3), we can find that 

 
𝜎 =

𝑤𝑠𝑐 + 𝐷𝑖𝑝
√𝑁
𝑁𝑁𝑃 𝜏𝑚𝐿𝑚𝑝𝑟𝑤𝑠𝑐𝐷𝑖𝑝𝛺𝑝𝑖𝑥 

=
1

√𝑁
𝑁𝑁𝑃 𝜏𝑚𝐿𝑚𝑝𝑟𝛺𝑝𝑖𝑥

 �
1
𝑤𝑠𝑐

+
1
𝐷𝑖𝑝

� 
11.  

So it benefits to increase the camera aperture 𝐷𝑖𝑝, which will reduce the uncertainty 

and give better spatial resolution. 
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3.1.3.1. Temperature Fluctuation 

In the analysis above, NEP dominates in noise, which is the case when the tungsten 

ribbon is wrapped in the ceramic sleeve. When the ribbon is not wrapped, its temperature 

fluctuation dominates the noise (Figure 24). The temperature fluctuation is caused by air 

current cooling the thin ribbon that has a small thermal mass. How the centroids are 

affected depends on the magnitude and frequency of the fluctuation. According to 

measurement, signal intensity of bare ribbon can rise or fall by 8% as the wire travels the 

intensity profile width, 𝑤. This will cause the centroid to be biased by 90 µm, causing 

line features that extend along the ribbon and alternate along the scan direction. Due to 

the randomness of the fluctuation, the amount of bias is different across the map and 

between measurements. The error introduced can be averaged, but it takes a lot more 

measurements. 

  
Measurement A, Y direction scan Measurement B, Y direction scan 

Figure 24. Intensity maps showing ribbon temperature fluctuation. An intensity map is the 

sum of all images taken in one scan, with back ground removed. The scale is intensity readout. In 

this example, the bare tungsten ribbon extended horizontally and scanned vertically. The 

temperature fluctuation causes the signal intensity to change with time. The generated line 

features are along the ribbon and perpendicular to the scan direction, and are different between 

measurements. Temperature fluctuation directly affects the measurement. 
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To reduce the fluctuation, the Nextel ceramic sleeve [26] is wrapped outside the 

tungsten ribbon, which lowers the temperature fluctuation by 10 times (Figure 25) to 

below the NEP level. Now the signal intensity is almost constant with time, but varies 

spatially, which is caused by temperature difference along the sleeve. The spatial non-

uniformity caused marks extend along the scan direction and perpendicular to the ribbon, 

and do not change between measurements. As shown in Section 3.2.1.13 , the non-

uniformity has very limited effect on the measurement. 

  
Measurement C, Y direction scan Measurement D, Y direction scan 

Figure 25. Intensity maps showing ribbon temperature non-uniformity.  

3.1.4. Uncertainty in the Scan Steps 

The effect of positions uncertainty in each step (𝑥𝑖) can be derived in the same way as 

the intensity uncertainty and be written as: 

 
𝜎 ≈

𝛿
√𝑁

 
12.  

where 𝛿 is the uncertainty in the wire position, and is assumed random.  

The uncertainty in the wire position come from several different sources: lead error in 

the linear stage, Abbe motion of the carrier, vibration of the wire during scanning, the 

frame rate of the camera and the speed variation. In our experiment, the linear stage has a 

lead repeatability of 10 µm rms, as specified by the manufacturer.  
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The tip-tilt in carrier is 0.2 mrad rms during traveling, which is measured by 

mounting a flat mirror on the carrier and monitoring the angular motion with an 

autocollimator . The wire is about 75 mm above the carrier, which lead to an Abbe 

motion of 15 µm.  

  
Figure 26. Using a autocollimator to measure the carrier tilt during motion. 

The wire is scanned at a constant speed while constant tension is exerted on it, so the 

vibration is negligible.  

The variation of time intervals between pictures is about 19 ms rms. As the wire is 

scanned at 1.62 mm/s, the uncertainty in the position is 31 µm.  

Combine all the uncertainties above, and the result is 𝜎 = 𝟑𝟔 𝝁𝒎. The uncertainty 

from the SNR, 145 µm, is dominating. The combined uncertainty is 149 µm. This 

calculation matches the experiment shown in Chapter 5.4.1. 

3.2.  Accuracy 

Accuracy describes the closeness between the measured and true values. Repeatable 

systematic errors that cannot be averaged will degrade the measurement accuracy. To 

control the systematic errors and maximize the accuracy, extra calibration tools, like laser 

trackers, are needed. Depending on the shape of UUT, systematic errors in SLOTS can 
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cause different surface errors in measurements. The systematic errors in SLOTS can be 

roughly grouped into two categories: geometry errors and imaging errors. 

3.2.1. Geometry 

The SLOTS test is usually modeled reversely in lens design software (Figure 27): the 

rays start from the center of the camera aperture, reflect at the designed UUT, and end on 

the scanning plane, forming a spot diagram. The centroids calculated by SLOTS are the 

measured spot diagram, which are compared to the modeled diagram [27]. Using the 

differences in spot positions, the surface deviation from measurement to model can be 

constructed. Errors in either the measurement or the model introduce systematic errors in 

SLOTS results.  

 

Figure 27. Reversed SLOTS test model in lens design software. The origin of coordinate is at 

the center of the UUT. 

The test accuracy relies on the geometry measurement of the test setup, including 

mirror orientation, camera aperture position, scan directions, wire straightness, etc.  

3.2.1.1. Mirror Clocking 

Mirror clocking error refers to the rotation of the UUT about Z axis (Figure 27). 

Rotary symmetric surfaces are insensitive to this error, while surfaces without rotary 
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symmetry are more vulnerable. The introduced surface error Δ𝑊 is the product of the 

clocking angle 𝜃0  and the derivative of surface prescription (𝑊) respect to azimuthal 

angle 𝜃: 

 
Δ𝑊 = 𝜃0

𝜕𝑊
𝜕𝜃

. 
13.  

Take the primary mirror of DKIST as an example. The surface prescription is shown 

in Table 2 in terms of Standard Zernike polynomials, while the surface map is shown in 

Figure 28 with power removed. 

Table 2. Surface prescription of the DKIST primary mirror 

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 82947 
Z5   (Astigmatism) 0 
Z6   (Astigmatism) 1572 
Z7   (Coma) 447 
Z8   (Coma) 0 
Z9   (Trefoil) 20 
Z10 (Trefoil) 0 
Z11 (Spherical) -30 

 

 
Figure 28. The surface map (in µm) of DKIST primary with power removed. 
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 Since the surface has a large amount of Z6, a clocking error of 0.1 deg (1.74 mrad) 

should introduce a large error in Z5. 

 
Δ𝑊 = 𝜃0

𝜕𝐶6𝑍6
𝜕𝜃

= −5.49µm Z5  
14.  

This is confirmed by measurement, as shown in In real measurement, clocking is 

measured through the displacement of a point on the UUT edge. The displacement can be 

measured to an accuracy of 100 µm with a laser tracker. In the case of the primary mirror 

of DKIST that is 4200 mm in diameter, the clocking can be accurate to 1.4 × 10-3 𝑑𝑒𝑔 

(25 µrad), corresponding to mainly an 79 nm error in astigmatism and 11 nm in coma.  

Table 3 and Figure 29. In real measurement, clocking is measured through the 

displacement of a point on the UUT edge. The displacement can be measured to an 

accuracy of 100 µm with a laser tracker. In the case of the primary mirror of DKIST that 

is 4200 mm in diameter, the clocking can be accurate to 1.4 × 10−3 deg  (25 µrad), 

corresponding to mainly an 79 nm error in astigmatism and 11 nm in coma. 

In real measurement, clocking is measured through the displacement of a point on the 

UUT edge. The displacement can be measured to an accuracy of 100 µm with a laser 

tracker. In the case of the primary mirror of DKIST that is 4200 mm in diameter, the 

clocking can be accurate to 1.4 × 10−3 𝑑𝑒𝑔 (25 µrad), corresponding to mainly an 79 nm 

error in astigmatism and 11 nm in coma.  
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Table 3. Zernike coefficients for Mirror Clocking by 0.1 deg  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 0 
Z5   (Astigmatism) 5.511 
Z6   (Astigmatism) 0.009 
Z7   (Coma) 0 
Z8   (Coma) -0.782 
Z9   (Trefoil) 0 
Z10 (Trefoil) -0.112 
Z11 (Spherical) 0 

 

 
Figure 29. Surface error map of mirror clocking by 0.1 deg. 

3.2.1.2. Mirror Tilt 

Mirror tilt refers to the error in the measurement of the mirror pointing. The effect is 

effectively a combination of the camera shift and stage tilt, which will be discussed later. 

When the test distance from SLOTS to the UUT is large, the camera shift effect will 

dominate. 

In the case of DKIST, a tilt of 0.1 deg about the X axis will mainly generate a large 

amount of Z6 term. The tilt is equivalent to a 30 mm camera shift in Y direction. 
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Similar to the mirror clocking, the mirror tilt can be measured accurately to 1.4 ×

10−3 𝑑𝑒𝑔 (25 µrad), which corresponding to mainly an 18 nm error in astigmatism.  

Table 4. Zernike coefficients for Mirror Tilt by 0.1 deg 

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -0.068 
Z5   (Astigmatism) 0.109 
Z6   (Astigmatism) -1.047 
Z7   (Coma) -0.132 
Z8   (Coma) 0.001 
Z9   (Trefoil) 0.182 
Z10 (Trefoil) -0.002 
Z11 (Spherical) 0.73 

 

 
Figure 30. Surface error map of mirror tilt 0.1 deg about X axis. 

3.2.1.3. Camera Lateral Shift 

Camera lateral shift means the position error in X and Y direction when measuring the 

position of the camera aperture. For concave surfaces, this error introduces field 

dependent aberrations, mainly astigmatism. Derived from Seidel sum [28], the amount of 

astigmatism introduced (Δ𝑊𝑖𝑠𝑡𝑖𝑖) is determined by the field (d), UUT half diameter (r), 

and UUT radius (R): 
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Δ𝑊𝑖𝑠𝑡𝑖𝑖 ≅

𝑑𝑟2

5𝑆3
Δ𝑑 

15.  

Figure 31 shows the geometry. Tests of fast surfaces (large 𝑟/𝑆 value) and large off-

axis setup (large d) are more sensitive to the camera shift error.  

 

Figure 31. SLOTS test setup 

In the case of DKIST primary, where d = 242 mm; r = 2100 mm; R = 17120 mm, the 

sensitivity is roughly 0.043 µm for 1 mm shift. The measurement confirms the analysis 

(Table 5 and Figure 32). 

 With laser tracker, the camera shift can be controlled to 0.1 mm, hence a surface 

error about 4 nm rms mainly in astigmatism. 

 

Table 5. Zernike coefficients for Camera Lateral Shift 1 mm in Y  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -0.017 
Z5   (Astigmatism) -0.004 
Z6   (Astigmatism) -0.037 
Z7   (Coma) -0.002 
Z8   (Coma) 0 
Z9   (Trefoil) 0.006 
Z10 (Trefoil) 0 
Z11 (Spherical) 0.002 
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Figure 32.  Surface error map of the camera lateral shift by 1 mm along Y direction. 

3.2.1.4. Camera Axial Shift 

Camera axial shift refers to the error in camera position along the Z direction. In the 

reversed model of SLOTS test, if the point source or the image plane is shifted by Δ𝑍, the 

spot will shift laterally by Δ𝜀, leading to a slope error Δ𝑠: 

 
Δ𝑠𝑥 =  

Δ𝜀𝑥
2𝑍

≅
Δ𝑍
2𝑍

𝜕𝑊
𝜕𝑥

 
16.  

The sensitivity of the axial shift error is determined by the test distance Z and the 

absolute slope of the UUT, 𝜕𝑊/𝜕𝑥. The factor of ½ in the equation takes account for that 

the reflection angle changes twice as much as the surface normal. Steep surface with 

small test distance will be more vulnerable to this error. 

For a concave surface with a dominating quadratic shape, the slope can be 

approximately described as 

 𝜕𝑊
𝜕𝑥

≅
𝑟
𝑆

 
17.  

where r is the half diameter of the UUT; R is the radius of curvature. The surface error 

is the integration along r: 
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Δ𝑊𝑃𝑃 = � Δ𝑠𝑥 𝑑𝑟

𝑚

𝑚=0
= �

Δ𝑍
2𝑍

𝑚

𝑚=0

𝑟
𝑆
𝑑𝑟 =

Δ𝑍 𝑟2

4𝑍𝑆
 

18.  

In the case of DKIST primary, where 𝑟 = 2100 𝑚𝑚,𝑆 = 16000𝑚𝑚, and 𝑍 =

17100 𝑚𝑚 , axial shift of 1 mm will introduce 3.8 µm PV surface error, which 

corresponds to a coefficient change in Z4 by 3.8/2/√3 = 1.1 𝜇𝑚. This is confirmed by 

measurements. 

In real measurements, the camera shift can be controlled to 0.1 mm, hence a surface 

error about 0.1 µm rms in power. 

 

Table 6. Zernike coefficients for Camera Axial shift by 1 mm  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -1.090 
Z5   (Astigmatism) 0 
Z6   (Astigmatism) -0.002 
Z7   (Coma) -0.001 
Z8   (Coma) 0 
Z9   (Trefoil) 0 
Z10 (Trefoil) 0 
Z11 (Spherical) -0.001 

 

 
Figure 33. Surface error map of camera axial shift by 1 mm away from the UUT. 
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3.2.1.5. Stage Axial Shift 

Stage axial shift refers to the error in stage position along Z, and gives almost the same 

error as the camera axial shift. Table 7 and Figure 34 show the error generated by shift 

the stage by 1 mm away from the UUT. 

With laser tracker, the stage axial shift can be controlled to 0.1 mm, hence a surface 

error about 0.1 µm rms in power. 

 

 

Table 7. Zernike coefficients for Stage Axial Shift by 1 mm   

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -1.102 
Z5   (Astigmatism) 0 
Z6   (Astigmatism) -0.093 
Z7   (Coma) -0.026 
Z8   (Coma) 0 
Z9   (Trefoil) -0.001 
Z10 (Trefoil) 0 
Z11 (Spherical) 0 

 

 
Figure 34. Surface error map of stage axial shift by 1 mm away from the UUT. 
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3.2.1.6. Stage Lateral Shift 

Stage lateral shift refers to an offset value in the ribbon position in X or Y. It adds a 

universal offset to all the centroids. Since, during the data reduction, the mean 

coordinates of the centroids and modeled spots are removed before comparing, the stage 

lateral shift does not affect the measurement. 

3.2.1.7. Scan Pitch Error 

Scan pitch error refers to the error in the distance that the ribbon travels between two 

images taken by the camera. In currently SLOTS tests, the ribbon scans in a constant 

speed while the camera takes pictures in a fixed frame rate. The wire position is the 

product of the number of images and the scan speed. Miss-calibration in either the scan 

speed or camera frame rate will give errors in the scan pitch. If the scan pitch is off by a 

factor of 𝑟, the spot diagram (𝜀) and the slope of surface aspherical departure (𝑠𝑖) will be 

scaled by the same factor. 

 
Δ𝑠𝑖 =

Δ𝜀
2𝑍

=
𝑟𝜀
2𝑍

≅ 𝑟𝑠𝑖 
19.  

where 𝑍 is the test distance between the UUT and SLOTS in the Z direction. The 

surface error Δ𝑊 can be integrated from the slope error Δs: 

 Δ𝑊 = �Δs 𝑑𝑥𝑑𝑦 = 𝑟�𝑠𝑖 𝑑𝑥𝑑𝑦 = 𝑟𝑊𝑖 20.  

where 𝑊𝑖  is the surface aspherical departure. In the DKIST test, the scan pitch is 

1.621 mm. An error of 5 µm in the pitch (3/1000) will lead to a surface error of Δ𝑊 =

3𝑊/1000 . The surface error is nearly a scaled prescription of aspherical departure 

(Table 8 and Figure 35). 
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In real measurements, the pitch can be calibrated using laser tracker and encoder over 

the entire travel distance (500 mm) with an accuracy of 0.1 mm (1/5000). The error will 

be 15 times smaller as shown below. 

Table 8. Zernike coefficients for Scan Pitch off by 3/1000  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -0.575 
Z5   (Astigmatism) -0.006 
Z6   (Astigmatism) -4.891 
Z7   (Coma) -1.376 
Z8   (Coma) -0.011 
Z9   (Trefoil) -0.063 
Z10 (Trefoil) -0.007 
Z11 (Spherical) 0.043 

 

 
Figure 35. Surface error map of scan pitch error. The pitch is 3/1000 larger than real value. 

3.2.1.8. Scan Direction Tilt 

Scan direction tilt refers to a small angle of the scan direction with the defined X and 

Y axis’s while the wire still lines up with the axis’s (Figure 36).  
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Figure 36. Scan direction Error 

This will cause a cosine error in the measured position. When the stage scans distance 

𝐿, the ribbon really moves 𝐿 cos𝛼. The effect is the same as scaling in the scan pitch. For 

small angles, this error can be ignored. For 𝛼 = 0.1 𝑑𝑒𝑔, the scale factor is 1.5 × 10−6.  

Table 9 and Figure 37 show the introduced surface error on DKIST. 

Similar to the stage tilt error, the scan direction can be controlled to 0.01 deg (200 

µrad). The introduced error is negligible.  

Table 9. Zernike coefficients for Scan Direction off by 0.1 deg  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 0.002 
Z5   (Astigmatism) 0 
Z6   (Astigmatism) 0.015 
Z7   (Coma) 0.004 
Z8   (Coma) 0 
Z9   (Trefoil) 0 
Z10 (Trefoil) 0 
Z11 (Spherical) 0 
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Figure 37. Surface error map of scan direction off by 0.1 deg. 

3.2.1.9. Scan Direction Tip 

Scan direction tip means the scanning direction is out of the X-Y plane. It will cause 

centroid shifting depending on the incident angle. As shown in Figure 38, the amount of 

shift (Δ𝜀) is related to the beam size (d), which equals the derivative of the aspherical 

departure (𝜕𝑊𝑖/𝜕𝑥) of the UUT times test distance (Z), and tangent of the incident angle 

of the rays (tanθ), which depends on the derivative of the absolute shape (𝜕𝑊/𝜕𝑥) of the 

UUT. Table 10 and Figure 40 show the surface error introduced in DKIST measurement 

with stage tilt by 0.1 deg about Y axis.  

 

Figure 38. Scan direction tip about Y courses centroids shift in X direction. 
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Δ𝜀𝑥 = 𝛼 ∙ 𝑑 ∙ tan𝜃 = 𝛼 ∙ 2𝑍

𝜕𝑊𝑖

𝜕𝑥
∙
𝜕𝑊
𝜕𝑥

 
21.  

where 𝛼  is the angle of the tip. The equation is confirmed with the lens design 

software simulation (Figure 39).  

  
(a) (b) 

Figure 39. Spot shift by (a) calculation using the equation and (b) simulation using lens design 

software when the scan direction is tipped by 0.1 deg about Y axis. 

For DKIST test, the travel of the linear stage is 500 mm. The position of a point at the 

end of the ribbon can be measured to 0.1 mm with a laser tracker. The tip of the scan 

direction can be measured to 0.01 deg (200 µrad). The introduced error is negligible.  

Table 10. Zernike coefficients for Scan direction tip about Y by 0.1 deg  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -0.043 
Z5   (Astigmatism) -0.023 
Z6   (Astigmatism) -0.009 
Z7   (Coma) -0.002 
Z8   (Coma) -0.081 
Z9   (Trefoil) -0.001 
Z10 (Trefoil) -0.005 
Z11 (Spherical) 0 
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Figure 40. Surface error map of stage tilt along Y axis by 0.1 deg. 

3.2.1.10. Source Tip 

Source tip means the ribbon source is out of the X-Y plane. It is similar to the scan 

direction tip. As shown in Figure 41, the amount of shift (Δ𝜀) is related to the beam size 

(d) and tangent of the incident angle of the rays (tanθ). The difference is that the ray 

height is determined by the derivative of the aspherical departure of the other direction. 

Table 10 and Figure 40 show the surface error introduced in DKIST measurement with 

stage tilt by 0.1 deg about Y axis. 

 

Figure 41. Source tip about Y direction shift the centroid in Y direction 
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Δ𝜀𝑦 = 𝛼 ∙ 𝑑 ∙ tan𝜃𝑦 ≅ 𝛼 ∙ 2𝑍

𝜕𝑊𝑖

𝜕𝑥
∙
𝜕𝑊
𝜕𝑦

 
22.  

 

  
(a) (b) 

Figure 42. Source tip about Y by 0.1 deg causes spot shift. (a) Calculation using equation. (b) 

Simulation using lens design software. 

Similar to scan direction tip, the error is small for the DKIST measurement (Figure 43 

and Table 11). When the tip is controlled to 0.01 deg, the introduced error is negligible.  

 

 

Figure 43. Surface error caused by source tip by 0.1 deg. 
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Table 11. Zernike coefficients for Source Tip by 0.1 deg  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -0.043 
Z5   (Astigmatism) 0.015 
Z6   (Astigmatism) 0.243 
Z7   (Coma) 0.071 
Z8   (Coma) 0.025 
Z9   (Trefoil) 0.051 
Z10 (Trefoil) -0.050 
Z11 (Spherical) -0.014 

 

3.2.1.11. Source Tilt 

Source tilt means that where the ribbon source extends a small angle from the 

coordinate axes (Figure 44). The source tilt will skew the measured spot diagram. 

 

Figure 44. Ribbon tilt error 

The amount of centroid shift (Δ𝜀) is proportional to the tilt angle (𝛼), the test distance 

and the derivative of the aspherical departure (𝜕𝑊𝑖/𝜕𝑥;𝜕𝑊𝑖/𝜕𝑦): 

  
Δ𝜀𝑥 = 𝛼 ∙ 𝜀𝑦 = 𝛼 ∙ 2𝑍

𝜕𝑊𝑖

𝜕𝑦
 

Δ𝜀𝑦 = 𝛼 ∙ 𝜀𝑥 = 𝛼 ∙ 2𝑍
𝜕𝑊𝑖

𝜕𝑥
 

23.  

where 𝜀 is the centroid coordinate.  
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The amount of source tilt can affected by the scan direction, so the tilt may not be the 

same in the two scan directions. When only occurs in one scan direction, source tilt 

introduces astigmatism, as shown in Table 12 and Figure 45. When occurs in both 

directions, it introduces more trefoil, as shown in Table 13 and Figure 46. 

 During real tests, aligning the wire to the coordination axes is difficult due to the lack 

of physical datum. The source tilt need to be measured with CMM or laser tracker, and 

compensated in the data reduction. Similar to the stage tilt error, the scan direction can be 

controlled to 0.01 deg (200 µrad). The introduced error will be 10 times smaller than the 

shown result.  

Table 12. Zernike coefficients for Source Tilt in Y by 0.1 deg 

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 0.031 
Z5   (Astigmatism) 1.168 
Z6   (Astigmatism) 0.029 
Z7   (Coma) 0.005 
Z8   (Coma) -0.209 
Z9   (Trefoil) -0.015 
Z10 (Trefoil) 0.353 
Z11 (Spherical) -0.022 
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Figure 45. Source tilt surface error. Source tilt 0.1 deg only occurs in Y direction scan. 

Table 13. Zernike coefficients for Source Tilt in both directions by 0.1 deg 

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 0.028 
Z5   (Astigmatism) -0.423 
Z6   (Astigmatism) 0.029 
Z7   (Coma) 0.007 
Z8   (Coma) -0.413 
Z9   (Trefoil) -0.020 
Z10 (Trefoil) 0.760 
Z11 (Spherical) -0.021 

 

 

Figure 46. Source tilt surface error. Source tilt 0.1 deg in both directions. 
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3.2.1.12. Source Straightness Error 

Source straightness error is the deviation of the wire shape from a straight line. Ideally, 

the source should be straight, so that, when lined up with the coordinate axes, the entire 

source can represent a single X/Y coordinate at any moment. Any deflection of the 

source shape will cause an error of the measurement. Source tilt error is the simplest form 

of source straightness error, which has been addressed.  

Source bending (Figure 47) can happen when the wire terminal is not well aligned. 

Due to the tension exerted on both end of the source, the bending usually occurs at the 

end of source. Since the very end of the source is usually not used in the test, the effect is 

the same as source tilt. 

 

Figure 47. Source bending 

Low frequency shape error has large effect over the entire measurement. A sine 

shaped source with one period across the spot diagram and 0.4 mm peak-valley amplitude 

(Figure 48) will introduce about 1 µm rms errors across the surface (Figure 49). 
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Figure 48. Sine wave shaped source. The PV deviation (d) is 0.4 mm. The period is 300 mm. 

The spot diagram is 300 mm × 300 mm.   

 
Figure 49. Slope error introduced by the sine wave shaped wire. The X slope error is on the 

left, the Y slope error is on the right. The unit is radian. 

The integrated surface error is shown in Table 14 and Figure 50. 
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Table 14. Zernike coefficients for Sine Wave Shaped Source with 0.4 mm PV 

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 0.450 
Z5   (Astigmatism) -0.150 
Z6   (Astigmatism) -0.668 
Z7   (Coma) 0.020 
Z8   (Coma) -0.368 
Z9   (Trefoil) 0.592 
Z10 (Trefoil) -0.129 
Z11 (Spherical) 0.003 

 

 

Figure 50. Surface error of a sine wave shaped source. The PV deviation of the source is 0.4 

mm. The period is 300 mm. 

Very localized defect or damages on the source (Figure 51) cause a strip feature in the 

slope maps and a step in the surface map (Figure 52). 
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Figure 51. Localized defect in the source. The peak of the hump (d) is 0.2 mm. The width of 

the hump is 10 mm. The spot diagram is 300 mm × 300 mm. 

 
Figure 52. Slope error introduced by small defect shows as strip in slope map. The X slope 

error is on the left, the Y slope error is on the right. The unit is radian. 

After integration, the surface error will have weird shapes. The magnitude of the error 

is not very high, since the error is localized. 
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Table 15. Zernike coefficients for Local Source Error of 0.2 mm high and 10 mm wide  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -0.036 
Z5   (Astigmatism) -0.076 
Z6   (Astigmatism) 0.068 
Z7   (Coma) -0.007 
Z8   (Coma) 0.010 
Z9   (Trefoil) -0.058 
Z10 (Trefoil) -0.046 
Z11 (Spherical) 0.001 

 

 

Figure 53. Surface error map of local source defect. The defect is 0.2 mm in height and 10 mm 

in width. 

In real tests, the source shape with calibrated with CMM, whose accuracy is better 

than 10 µm. This will control the source straightness to 1/20 of the shown result.  

3.2.1.13. Source Non-Uniformity 

Source non-uniformity means the radiation is not spatially uniform along the source. 

This causes a secondary effect that only affect the measurement when coupled with other 

errors, like wire straightness and scan direction. Due to the symmetry of the circular 

camera aperture, the centroid will not be biased by non-uniform source when the scan 
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direction is perpendicular to the source (Figure 54 (a)): The intensity profile will keep 

symmetric. But, when coupled with source shape error (like tilt), the source non-

uniformity will break the symmetry of the intensity profile, and bias in centroiding 

(Figure 54 (b)).  

  
(a) (b) 

Figure 54. Source non-uniformity. (a) When no other errors, non-uniform source will not 

affect the measurement. (b) Only when coupled with other errors, like source tilt, can non-

uniform source bias the centroid. 

According to simulation, source non-uniformity coupled with other errors has limited 

effect on measurement. Found from the intensity maps (Figure 25) of the DKIST SLOTS 

test, the spatial distribution of the source radiation can be modeled as a sine wave 60 mm 

period and + 15% signal variation. When coupled with 1 deg of source tilt, the introduced 

bias is + 11 µm. In real measurement, the tilt can be controlled to 0.01 deg; therefore, the 

non-uniformity introduced error is negligible. 

 

3.2.2. Imaging 

The imaging system, the LWIR camera, in SLOTS is in charge of mapping between 

the UUT and image as well as the intensity measurement. The mapping is mainly 
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disturbed by distortion. Errors in the intensity measurement can come from dust, stray 

light, and aberration.  

3.2.2.1. Distortion 

Distortion in the SLOTS test means the general mapping error between the image and 

the UUT, including image pan, image rotation, image scale, camera radial distortion, and 

perspective distortion. In order to remove linear terms, like tip/tilt, in result and to guide 

the fabrication process, the UUT geometry should to be kept true. Therefore, distortion 

should be corrected to find out the right mapping between the UUT and image.  

Currently, with SLOTS, in-situ calibration is used to mapping the UUT to the image. 

Reflective aluminum tape (Figure 55) is made into fiducials that are placed on the test 

surface. A panel heater (Figure 56) is used as an extended source to illuminate all the 

fiducials at the same time. During the centroiding of the fiducials, the accuracy is about 3 

mm PV (0.25 pixel). But due to the randomness of the bias direction among all the 

fiducials, the effect on image registration is small. 

  

 

Figure 55. Fiducial made out of aluminum tape. 
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Figure 56. A heating panel is used to illuminate all the fiducials at the same time. 

The fiducials’ physical position were measured with laser tracker; the image of each 

fiducial was centroid. The first 11 terms of the gradients of Zernike polynomials (or ‘S & 

T’ polynomials) [29] were used to correct the mapping.  

 

Figure 57. The image of illuminated fiducials taken by the LWIR camera. 

3.2.2.2. Image Pan 

Image pan refers to the shift of the mirror position in the image. The surface error 

(Δ𝑊) is the product of the amount of shift (𝛿𝑥) and the surface derivative in the shift 

direction (𝜕𝑊/𝜕𝑥): 

 
Δ𝑊 = 𝛿𝑥

𝜕𝑊
𝜕𝑥

 
24.  



 

Page 82 of 137 
 

For the case of DKIST, if the image shifted 1 mm in object space, the 447 µm Z7 

term in the surface will introduce about 0.7 µm surface error in Z5, as shown in Figure 58 

and Table 16. The large amount of Z6 in the surface will contribute to a linear surface 

error that is removed in the result. 

 

Figure 58. Surface error from image pan 1mm along X 

Table 16. Zernike coefficients for Image pan of 1 mm along X  

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 0.007 
Z5   (Astigmatism) 0.763 
Z6   (Astigmatism) 0.005 
Z7   (Coma) -0.003 
Z8   (Coma) -0.060 
Z9   (Trefoil) 0.007 
Z10 (Trefoil) -0.021 
Z11 (Spherical) -0.002 

 

3.2.2.3. Image Scale 

Image scale refers to the magnification error in the image. It is similar the scan pitch 

scaling error. 1 mm enlargement in radius (2100 mm) will cause mainly 0.7 µm in Z6.  



 

Page 83 of 137 
 

3.2.2.4. Radial Distortion 

Radial distortion is almost inevitable in camera systems. However, since LWIR lenses 

can by diamond turned, aspherical surfaces are often used to reduce the radial distortion 

to minimum. In the SLOTS for DKIST, there is about 0.22 % radial distortion at the edge 

of the mirror image, corresponding to 4.6 mm error in image height. If left uncorrected 

(use only first 10 terms of Zernike gradients), the radial distortion will introduce 2.7 µm 

in Z6 term (Figure 59 and Table 17).  

 

Figure 59. Radial distortion 0.22% at the edge of the mirror. 

Table 17. Zernike coefficients for radial distortion of 0.22% at the edge of the mirror 

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) -0.241 
Z5   (Astigmatism) -0.035 
Z6   (Astigmatism) -2.723 
Z7   (Coma) -0.965 
Z8   (Coma) 0.028 
Z9   (Trefoil) -0.043 
Z10 (Trefoil) 0.040 
Z11 (Spherical) 0.086 
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3.2.2.5. Keystone Distortion 

Keystone, or perspective, distortion happens when the camera is off-axis of UUT. 

Since SLOTS test is an off-axis test, keystone distortion is inevitable. For small amount 

where image movement within 1%, the keystone can be corrected to below 0.01% using 

term 6-10 in the Zernike gradient polynomials. The amount of keystone distortion error 

can be estimated using Schwiegerling’s equation for Scheimpflug imaging [30]: 

 
𝐾𝑒𝑦𝑠𝐾𝐾𝐾𝑒 =

tan𝜃
𝑓 + 𝐿

y 
25.  

where θ is the off-axis angle of the camera; 𝑓 is the focal length of the camera; L is the 

distance from the objected to camera; y is the object height. For the DKIST test, the 

camera is off-axis by 240 mm and 17100 mm away (L) from the UUT; the focal length 𝑓 

is 35 mm; the radius of UUT (y) is 2100 mm. Using the equation above, the keystone is 

found to be 0.17 %. If the keystone is not corrected, the surface error will be about 2 um 

rms with a large amount of trefoil.  

 

 

Figure 60. Surface error caused by 0.17 % keystone distortion 
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Table 18. Zernike coefficients for keystone distortion 

Standard Zernike 
Term 

Coefficients 
(µm) 

Z4   (Power) 0.467 
Z5   (Astigmatism) 0.171 
Z6   (Astigmatism) -0.507 
Z7   (Coma) -0.086 
Z8   (Coma) 0.043 
Z9   (Trefoil) 0.971 
Z10 (Trefoil) -0.068 
Z11 (Spherical) 0.184 

 

3.2.2.6. Dust or Defects on Detector 

Dust or detector defects blocks light and cause localized surface errors in the 

measurements. While dust can be well controlled with cleaning process, detector defects 

are more common for LWIR camera. The detector for an uncooled LWIR camera is a 

micro bolometer seal in a vacuum package. Thus, there is a piece of germanium window 

a few millimeters in front of the image plane that usually have some small defects. These 

defects usually do not affect the image quality because only a small amount of light was 

blocked when light incident the image plane from a wide angle. In SLOTS tests for 

concave surfaces, however, because the bright line source is imaged by UUT onto the 

camera pupil, light incidents a detector pixel within a small angle and is easily blocked 

(Figure 61). The defects will cast a shadow on the image plane with a shape of the source 

(Figure 62).  
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Figure 61. Defect in the detector window blocks light in SLOTS test. 

 

Figure 62. Defects in the detector window cast shadows on the image plane with the 

shape of the source. 

The shadow caused by the defect will bias the centroiding (Figure 63) and end up as 

small dips in the surface map (Figure 64). The depths of the dips do no change as long as 

the camera configure does not change (aperture size, pixel size, focal length). With the 

camera used in DKIST measurement, the dips will be about 0.25 µm deep. This error can 
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be reduced by replacing the centroiding algorithm with a curve fitting algorithm. Also, it 

can be reduced by averaging measurements using different parts of the detector. 

 

Figure 63. The intensity profile affected the detector defect. 

 

Figure 64. The effects of detector defects appear as small dips on the surface. The dips 

are about 250 nm deep, and do not stand out in the DKIST test. 

3.2.2.7. Stray Light  

Stray light is any unwanted light that varies during the measurement, including 

reflection from surroundings, ghost reflection from the lens surfaces, reflection from lens 
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barrel, etc. Stray light cannot be subtracted, and disturbs the centroids. A source shield 

made of metal (Figure 65) is used to prevent environment stray light. Anti-reflection 

coating on lenses keeps the ghost reflection to minimum. During centroiding process, 

data out of the signal lobe is filtered out to reduce stray light. Any stray light overlap with 

the signal has the same effect as temperature fluctuation mentioned earlier: 1% rise of 

signal will cause a centroid bias of 11 um.  

 

Figure 65. Source shield provides a uniform, cool background.  

3.2.2.8. Image Aberration and Diffraction 

Aberrations are out of the current model of SLOTS test that bases on first order optics. 

In reality, aberrations and diffraction will affect the measurement by disturbing the 

mapping between the UUT and test image. One example is that the camera modulus 

transfer function (MTF) will affect the instrument transfer function (ITF) of the test [31]. 

Since the LWIR lenses are usually made out of diamond turned Germanium, aspherical 

design is widely used to achieve diffraction limited imaging. The effect of aberration and 

diffraction has not been full studied yet, and more work will be done to truly understand 

these effects. 
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3.2.2.9. Instrument Transfer Function 

Due to the incoherent camera used in SLOTS, the response of SLOTS decays as the 

spatial frequency of the surface under test increases. The response as a function of spatial 

frequency is called instrument transfer function (ITF). The detailed discussion is placed 

in Chapter 4.  
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CHAPTER 4 Instrument Transfer Function of SLOTS 

SLOTS, as a slope measuring deflectometry system, reports a filtered version of the 

surface heights. This filtering is defined by the instrument transfer function, which is the 

ratio between the measured and real heights as a function of spatial frequency. Provided 

are a mathematical model, simulation results, and measurement results showing that the 

instrument transfer function in slope measuring deflectometry is proportional to the 

modulation transfer function of its imaging system. Also, provided is suggested method 

for inverse filtering the filtered data to recover the actual surface heights. This work is a 

joint effort with Alex Maldonado. It will be published in an optics journal in the near 

future.  

4.1.  Concepts 

SLOTS measures the slope of optical surfaces, and gets the 3D surface topography by 

integration. Processed SLOTS surface maps report a filtered version of surface heights 

due to diffraction and aberration. This filtering causes a reduction in the reported 

amplitude as spatial frequency increases. If the transfer function of SLOTS is known, 

then we can recover and report a better estimate of the actual surface heights over a wide 

range of spatial frequencies. The measurement noise increases as the spatial frequency 

increases, so the maximum spatial frequency recoverable is limited by the noise in the 

system.  

SLOTS uses an in incoherent imaging system. In incoherent imaging systems energy 

from one object point will be imaged as a point spread function (PSF). According to the 

Helmholtz reciprocity theorem [19], the reverse also holds true: the PSF in the object 

space describes the contribution of irradiance that falls on a single image point. We will 
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show that, in SLOTS and similar slope measuring deflectometry systems (SCOTS, 

SPOTS), the slope measured by a single detector pixel is a combination of slopes from 

near its conjugate, weighted in the same way as its PSF. 

4.1.1. Imaging System Effect 

With a diffraction limited camera, the size of the resolution in radians on the surface 

under test is, 

 
𝐹𝑊𝐹𝐹 ≈

𝜆
𝐷

 
26.  

The size of the spot on the mirror can be large when the object space focal ratio (F/#) 

is large. Light within this PSF causes an error in the mapping from the surface under test 

to the display.  

In the simplified case with no other light sources to cause stray light, the noise due to 

imaging contrast is described by the modulation transfer function (MTF) calculated as 

[32],  

 ( ) ( ) ( )λ ξ λ ξ λ ξ
π
 = ⋅ ⋅ − ⋅ ⋅ − ⋅ ⋅  

22 arccos # # 1 # ?SCO S W W WTMTF f f f  (1)  

where λ is wavelength, ξ is spatial frequency, f/#W is the working focal ratio in object 

space (i.e. distance divided by camera stop diameter), is the distance from the mirror to 

the display. This means that as the spatial frequency increases the contrast decreases. The 

cutoff frequency in electrical systems is quoted at the 3db point, or 70% modulation. In 

SLOTS the cutoff frequency at the 70% modulation point is 15 cycle/m.  

4.1.2. Light Source Effect  

SLOTS, uses a hot scanning wire as the source, and uses scanning and centroiding to 

solve for the spot diagram. Visible systems, SCOTS and SPOTS, use a computer 
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controlled display source, in which the source is modulated by phase shifting the 

displayed pattern to solve for spot diagram. In this work, we present the theoretical 

description of the ITF for both cases and show that they both follow the camera MTF. 

However, we present simulation and experimental results only from the phase shifting 

method.  

4.2.  Theoretical Description of the ITF 

The math of ITF is addressed for both line scanning and phase shifting techniques. 

The conclusion is the same in both cases: the ITF follows the MTF. 

4.2.1. Line Scanning Method 

First consider the simple case of centroiding of a detector pixel A from line scan data. 

For simplicity we assume that a detector pixel A only receives irradiance from its 

conjugate mirror pixel A and a nearby mirror pixel B in a ratio of a:b, where a + b =1. 

The measured centroid of mirror pixel A (C’A) is, 

 
𝐶𝐴′ =

∑ (𝑟𝐼𝐴𝑖 + 𝑏𝐼𝐵𝑖)𝑥𝑖𝑖

∑ (𝑟𝐼𝐴𝑖 + 𝑏𝐼𝐵𝑖)𝑖

=
𝑟 ∑ 𝐼𝐴𝑖𝑥𝑖𝑖 + 𝑏 ∑ 𝐼𝐵𝑖𝑥𝑖𝑖

(𝑟 + 𝑏)𝐼𝑡𝑚𝑡𝑖𝑝

=
𝑟 ∑ 𝐼𝐴𝑖(𝑥𝑖 − 𝐶𝐴)𝑖 + 𝑟𝐶𝐴 ∑ 𝐼𝐴𝑖𝑖

𝐼𝑡𝑚𝑡𝑖𝑝
+
𝑏∑ 𝐼𝐵𝑖(𝑥𝑖 − 𝐶𝐵)𝑖 + 𝑏𝐶𝐵 ∑ 𝐼𝐵𝑖𝑖

𝐼𝑡𝑚𝑡𝑖𝑝

=
𝑟 ∑ 𝐼𝐴𝑖(𝑥𝑖 − 𝐶𝐴)𝑖

𝐼𝑡𝑚𝑡𝑖𝑝
+
𝑟𝐶𝐴𝐼𝑡𝑚𝑡𝑖𝑝
𝐼𝑡𝑚𝑡𝑖𝑝

+
𝑏∑ 𝐼𝐵𝑖(𝑥𝑖 − 𝐶𝐵)𝑖

𝐼𝑡𝑚𝑡𝑖𝑝
+
𝑏𝐶𝐵𝐼𝑡𝑚𝑡𝑖𝑝
𝐼𝑡𝑚𝑡𝑖𝑝

= 0 + 𝑟𝐶𝐴 + 0 + 𝑏𝐶𝐵

= 𝑟𝐶𝐴 + 𝑏𝐶𝐵  

27.  

where, 
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𝐶𝐴′  Measured source centroid for a single pixel 
𝑟 Portion of irradiance from pixel A 
𝑏 Portion of irradiance from the next pixel B 
𝑖 Scan step # 
𝑥𝑖 Source position of each step 
𝐼𝐴𝑖 Irradiance from pixel A in each step 
𝐼𝐵𝑖 Irradiance from the next pixel B in each step 
𝐼𝑡𝑚𝑡𝑖𝑝 Total irradiance from each mirror pixel.  
𝐶𝐴 Ideal source centroid for pixel A 
𝐶𝐵 Ideal source centroid of the next pixel B 

The equation above shows that the centroids from nearby mirror pixels are weighted in 

the same way as irradiance. Since the centroid is directly related to slope in SCOTS, the 

slope is also weighted the same way. Furthermore, the system impulse response is the 

same as the imaging PSF, and thus the ITF and MTF have the same form. 

4.2.2. Phase Shifting Method 

In phase shifting method, slope is related to spatial phase on the LCD display (Figure 

66).  

 

Figure 66. Phase shifting slope measurement setup. 

To calculate the slope of a point on the test surface, the corresponding spot, 𝑆(𝑥), 

needs to be found out by solving the irradiance function (Equation Error! Reference 

source not found.) using phase shifting algorithm.  
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𝐼(𝑥) = 𝐼0 + 𝐼𝑚 sin�2𝜋

𝑆(𝑥)
𝑝

� 
28.  

Where 𝐼0 is the offset of the signal; 𝐼𝑚 is the amplitude of the modulation; and p is the 

period of the displayed fringes on the LCD screen. 

Due to diffraction of the camera, one detector pixel does not only detect irradiance 

reflected from a point. Instead, the pixel receives irradiance from an area near its 

conjugate, weighted by the point spread function (𝑃𝑆𝐹(𝑥)). The averaged irradiance (𝐼′) 

on the detector pixel is 

 𝐼′ = �𝑃𝑆𝐹(𝑥)𝐼(𝑥)𝑑𝑥  

=  �𝑃𝑆𝐹(𝑥)�𝐼0 + 𝐼𝑚 sin�2𝜋
𝑆(𝑥)
𝑝

��   𝑑𝑥

= 𝐼0 �𝑃𝑆𝐹(𝑥)𝑑𝑥 +  𝐼𝑚 �𝑃𝑆𝐹(𝑥) sin�
2𝜋
𝑝

 𝑆(𝑥)�𝑑𝑥

= 𝐼0 �𝑃𝑆𝐹(𝑥)𝑑𝑥 +  𝐼𝑚 �𝑃𝑆𝐹(𝑥) sin�𝜔𝑆(𝑥)� 𝑑𝑥 

29.  

where 𝜔 = 2𝜋/𝑝 . The first part in the last step is an offset without any phase 

information. The second part can be written in complex format to find out the phase. 

 𝐼𝑚 �𝑃𝑆𝐹(𝑥) sin�𝜔𝑆(𝑥)� 𝑑𝑥       →        𝐼𝑚 �𝑃𝑆𝐹(𝑥)𝑒𝑖𝑖𝑖(𝑥)𝑑𝑥  30.  

The phase (𝜙) of this part is 

 
𝜙 = tan−1

∫𝑃𝑆𝐹(𝑥) sin�𝜔𝑆(𝑥)� 𝑑𝑥
∫𝑃𝑆𝐹(𝑥) cos�𝜔𝑆(𝑥)�𝑑𝑥

. 
31.  
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When 𝑆(𝑥) has small variation (< 𝑝/10), the phase is approximately equal to the 

linear combination of the phase from different surface points (Equation Error! 

Reference source not found.).  

 𝜙 ≅ 𝜙𝑝𝑚𝑚𝑥 = �𝑃𝑆𝐹(𝑥)𝜔𝑆(𝑥)𝑑𝑥 32.  

When the phase (directly related to slope) of the surface are averaged by the same 

function as irradiance (𝑃𝑆𝐹(𝑥)), the ITF will have the same form as the MTF. 

Numerical calculation shows that the difference between ITF and MTF is within 2 % 

when 𝑆(𝑥)  has a smaller modulation than 𝑝/5 . Take the example of measuring a 

sinusoidal profile surface as shown in Figure 66. If the surface has a frequency of 1 l/mm 

and the PV is 600 nm, the modulation of the spot position on the LCD will be 4 mm 

when the camera and LCD are 500 mm away from the surface (Figure 67). The fringe on 

the LCD is 20 mm period. The PSF is an Airy disc with 0.3 mm diameter on the surface. 

Through simulation, the difference between the solved phase (from blurred irradiance) 

and the approximation is 2 % of the real phase (Figure 68). When the surface ripple 

increases to 1 l/mm, and everything else keep the same, the approximation error increases 

to 6 %. 
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Figure 67. Spot modulation on the LCD of a sinusoidal surface. Linear term is removed. 

 

Figure 68. Solved phase compared to linear approximation and ideal phase. 

4.3.  Simulation of ITF and MTF  

We simulated a SCOTS measurement to illustrate the connection between the ITF and 

imaging MTF, see Figure. 69 [31]. A SCOTS test was set up in the simulation to measure 

a 4-in flat mirror that has sinusoidal ripples with certain slope amplitude. Ideal phase 

shifting images seen by camera were generated using a reversed ray-trace model, and 

then degraded into the “blurred images” by convolving with the point spread function 
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(PSF) of the camera. Slope maps were calculated from the blurred images.  The ratio of 

the measured slope to the designed value in the sinusoidal flat as a function of surface 

feature frequency is the ITF. 

Reverse ray tracing Ideal phase images

Imaging PSF generation Blurred phase images Slope maps

 

Figure. 69: The simulation flowchart. Ideal images are generated using reverse ray tracing. 

Blurred images are obtained by convolving the ideal images with the camera PSF. Slope map is 

obtained from the blurred images by phase unwrapping. 

The reversed ray tracing is shown in Figure. 70. The camera and the screen were 

placed 1 m away from a 100mm flat mirror. The test surface has a sinusoidal profile with 

a peak to valley slope of + 5E-5 rad. Rays were traced from the center of the camera 

aperture, reflected on the mirror, and finally to the display plane. The display uses a 

sinusoidal pattern so the reverse ray trace results in the ideal images that would be 

observed by a camera with a delta function PSF, and as the display is modulated as are 

the images, as shown in Figure. 71. 
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Figure. 70: Reverse ray trace model of an ideal SCOTS measurement. Rays are lauched from 

the center of the camera aperture, reflected on the mirror and landed on the screen. The test 

surface has a diameter of 100 mm, and is 1 m away from the camera and screen.  

 
Figure. 71: Ideal phase shifted images obtained by reverse ray tracing. 

Since the impulse response of the camera is not actually a delta function the ideal 

images were then convolved with the PSF of a diffraction-limited camera to approximate 

“measured images” (Figure 72). Only diffraction is considered in the example; the PSF in 

this case is the Airy disc.  
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(a) (b) (c) 
Figure 72: The convolution of the ideal image (a) with the Point Spread Function (b) gives the 

measured image (c). 

Then the slope map of the test surface (Figure 73) was calculated from the measured 

images, using the phase shifting algorithm and Equation 3. The amplitude of the slope 

was attenuated compared to the designed value.  

 
Figure 73: Example slope maps of the object for a 2 mm diameter imaging system aperture. 

The scale of the slope map magnitude drops as a function of the spatial frequency due to the ITF. 

By varying the frequency of the sinusoidal pattern on the surface and repeating the 

process described above, an ITF curve is generated. Figure 74 shows that the ITF 

matches the MTF of the camera very well.  
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Figure 74: The ITF curve of the SCOTS test matches the MTF of the camera. 

4.4.  Measurements of MTF and ITF 

The ITF and MTF were both tested using a simple SCOTS setup to validate our 

mathematical mode, and simulation results. A sinusoidal height pattern was 

lithographically written onto a glass slide as the surface under test. A full surface map 

was measured on the Veeco NT 9800, in phase shift interferometry scanning mode [33], 

as shown in Figure 74. It is assumed that the scanning profilometer was properly 

calibrated such that it provided a unit magnitude ITF, a safe assumption for the scale of 

this test piece. The sinusoidal pattern was prescribed to have periods of 0.5 mm, 1 mm, 

and 2 mm, all with peak-to-valley (PV) of 600 nm, providing both a variation in slope 

and spatial frequency. The Veeco measurement shows a close agreement to the 

prescription.  
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Figure 75: Test piece measured on Veeco NT 9800. Periods from bottom to top of 2 mm, 1 

mm, and 0.5 mm. All PV’s are 600 nm. Note that this data was masked and the low order shape 

was removed with a high pass filter, with a turn on frequency of 0.3 cyc/mm.  

 

The SCOTS set up depicted in Figure 76, was used to measure the test piece with the 

same lens, but with aperture sizes of 1 mm, 1.6 mm, and 2 mm. In this measurement the 

global surface shape of the substrate was subtracted from each measurement, since we are 

more concerned with the ITF at higher spatial frequencies.  
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Figure 76: SCOTS ITF and MTF experimental set up. Everything is fixed except for each 

measurement the desired component is placed into the measurement post.  

In this set up the reference surface was a λ/20 flat, and the edge spread function was 

measured at the blackened knife edge over several averaged line profiles. Each element 

was measured in the measurement post holder and aligned to the same location on the 

screen. The camera aperture was replaced between each set of measurements (2 mm, 1.6 

mm, and 1 mm diameter apertures with a 30 mm focal length lens was used). 

As shown in Figure 77, the measured surface height and overall surface RMS is 

reduced as the aperture size decreases. 
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2 mm aperture 1.6 mm aperture 1 mm aperture 

   

   

   
Figure 77: SCOTS measurements of ITF test piece. The 2nd row shows 3 horizontal line 

profiles through each periodic section, at vertical coordinates: 0.625, 1.875, 3.125, 6.25, 7.8125, 

9.375, 10.938, 12.5, and 14.063 [mm]. The bottom row shows the MTF measurement results 

from an edge spread function measurement, the object space f/#’s are from left to right 254, 317.5, 

and 508. 

The 1D power spectral density or PSD, shows the square of amplitude spectrum of a 

signal in frequency space [34], computed in units of nm2 as, 

 ( ) ( ){ } ( ){ }= ℑ ⋅ ℑ
*

2
4

xPSD u S x S x
M

 33.  
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where the * is the complex conjugate, M is the number of samples, S is the surface 

height, x is the position, ux is spatial frequency, and therefore the peak-to-valley of a 

particular spatial frequency in surface height is 2 ( )xPV PSD u= .  

As shown in Figure 77, Figure 78, and Figure 79, the amplitude at each spatial 

frequency decreases proportional to the object space frequency and numerical aperture 

(NA ≈ 1/(2*f/#)) for SCOTS data but not for Veeco data.  

 
Figure 78: The average of the 1D PSD of each of the three patterns’ three line profiles in both 

the SCOTS and Veeco data after removing the quadratic terms. The Veeco scan had a 3.6 μm 

scan resolution, the SCOTS geometric pixel size was 62.5 μm. The peaks show the 2, 1, and 0.5 

cyc/mm sinusoidal patterns.  
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Figure 79: Close up of the PSD peaks at the test piece spatial frequencies.  

 

Table 19: Mean reduction in PSD as a function of f/# and spatial frequency. 

PSD   (nm) 

Frequency 

(cyc/mm) Veeco SCOTS f/254 

SCOTS 

f/318 SCOTS f/588 

0.5 297.5 265.1 259.7 243.3 

1 301.4 244.6 232.5 197.3 

2 300.8 187.2 160.8 99.0 

 

 

 

Using the Veeco data as truth the SCOTS ITF is, 
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=SCOTS

SCOTS HeightITF Veeco Height  
34.  

where the values in Table 19 are used as the Veeco Height and SCOTS Height. Table 

20 and Figure 80 shows that in fact the ITF does follow the MTF. 

Table 20: ITF vs. MTF response from measurement data. 

ITF = SCOTS / Veeco 

Frequency 

(cyc/mm) 

MTF 

f/254 

ITF 

f/254 

MTF 

f/318 

ITF 

f/318 

MTF 

f/588 

ITF 

f/588 

0.5 0.91 0.89 0.90 0.87 0.82 0.82 

1 0.82 0.81 0.78 0.77 0.65 0.65 

2 0.64 0.62 0.53 0.53 0.35 0.33 

 

Figure 80: The MTF vs. ITF. ITF measurements at the error bar locations. Error bars show the 

MTF – ITF difference. 
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Three line profiles were taken through the Veeco and SCOTS plots. The registration 

between the SCOTS and Veeco line profiles was within ± 0.1 mm, due to the difference 

in spatial resolution of the SCOTS and Veeco measurements. The variance of the line 

profiles was computed in Table 20 to and shows less than 1.5% error in the measurement 

due to bad registration.  

Table 21: Variance reduction in PSD as a function of f/# and spatial frequency. 

Varience in PSD  (nm) for 3 Line Profiles (nm) 

Frequency (cyc/mm) 

Veec

o 

SCOTS 

f/254 

SCOTS 

f/318 

SCOTS 

f/588 

0.5 2.50 3.08 3.70 4.48 

1 4.05 2.07 2.76 0.87 

2 3.22 1.45 1.73 0.65 

 

4.5.  Inverse Filter 

Data in SMD can be enhanced using inverse filtering, which is used in signal and 

image processing restoration [35].This process is also known as deconvolution. The basic 

idea is that if the transfer function of the system is known, then multiplying by the 

inverse of the transfer function in Fourier space can return the original signal. However, 

due to noise in real situations, the data can never be fully recovered. Several 

deconvolution processes exist, in this paper we choose to use the Wiener inverse filter. 
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A Weiner inverse filter will simultaneously invert the data with a high pass filter and 

reduce the noise with a low pass filter, which minimizes the overall RMS error of the 

process [36]. The Weiner filter is defined as, 

 
𝑃(𝑢, 𝑣) =

1
𝐹(𝑢, 𝑣)

∙
|𝐹(𝑢, 𝑣)|2

|𝐹(𝑢, 𝑣)|2 + 𝑁(𝑢, 𝑣)
𝑆(𝑢, 𝑣)

 
35.  

where H is the system’s filter, i.e. the Fourier transform of the impulse response or 

PSF, and 𝑆(𝑢, 𝑣) is the PSD of the input and 𝑁(𝑢, 𝑣) is the PSD of noisy. The recovery 

can be made by taking the Fourier transform of the measured surface map, multiplying by 

the Weiner inverse filter, and then computing the inverse Fourier transform. 

 𝑆𝑟𝑔′(𝑥, 𝑦) = ℱ−1{ℱ{𝑆𝑟𝑔(𝑥,𝑦)} ∙ 𝑃(𝑢, 𝑣)} 36.  

where 𝑆𝑟𝑔′ is the enhanced result; the ℱ and ℱ−1 are the 2D fast Fourier transform 

and inverse fast Fourier transform respectively.  

In SMD, the system ITF can be easily measured since it matches the MTF. The noise 

PSD, 𝑁(𝑢, 𝑣)  can also be obtained from measurements. But usually the input PSD, 

𝑆(𝑢, 𝑣), is unknown. Correct application of this inverse filter to real data needs extra 

effort, and is beyond the scope of this paper. Here we illustrate the possibility of data 

recovery and enhancement, as well as potential problems. 

We enhanced the measurement of the 1.6 mm aperture as an example (Figure 81, 

Figure 82). In the enhance process, a single number of the ratio, 𝑁/𝑆 , is used and 

optimized to have the best result. There are some artifacts due to the edge effect in 

Fourier transform, as can be seen at the edge of the difference map (Figure 81 (c)). The 

result shows the measured data can be corrected to the real data in all three frequencies. 

The highest frequency is enhanced the most, while the lowest frequency the least. 
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(a) (b) (c) 

Figure 81. Data enhancement of the 1.6 mm aperture measurement. (a) measured surface map; 

(b) enhanced surface map; (c) the difference between enhanced and measured surface. 

 

Figure 82. Profile of measured (blue, dotted line) and enhanced (red, solid line) surface. 

We also applied the enhancement onto real measurement with the real surface shape 

unknown. The primary of the Daniel K. Inouye Solar Telescope (DKIST) is measured 

using scanning long-wave optical testing system (SLOTS) during its grinding stage [37]. 

The irradiance during the measurement has a signal to noise ratio of SNR=13. Found in 

simulation that 33% of the random slope noise is integrated into surface through 
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Southwell integration. So the noise to signal ratio, 𝑁/𝑆 = 1/13 × 33% = 0.025, is used 

in the enhancement. Note that this number is not exactly the ratio needed for Equation (1). 

As mentioned before, methods need to be developed to estimate the unknown signal PSD, 

which is beyond the scope of this paper. The camera MTF (system ITF) and the inverse 

filter profile are shown in Figure 83. 

  
Figure 83. SLOTS MTF (ITF) and the inverse filter profile. The spatial frequency is in object 

space (on the surface). Due to the sampling limit, the profile is cutoff at 40 l/m. 

The surface maps before and after enhancement, as well as the difference map, are 

shown in Figure 84. The PSD of the surface before and after enhancement are shown in 

Figure 85.  

   
Figure 84. Measured surface map of DKIST primary (left). Enhanced result using Weiner 

inverse filter (middle). Difference between before and after enhancement (right). 
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Figure 85. Power spectral density before and after enhancement. 

The measured surface (4000 mm in diameter) has mainly low spatial frequency 

features. Most of the features are enhanced less than 1 %, except the edge. Since the 

region outside the circular aperture has no data and is filled with zeros, artifacts are 

generated at the edge during the discrete Fourier transform (DFT). Besides the over 

enhanced surface features, there are also ripple effects at the edge due to the DFT (Figure 

86). So, to apply the enhancement to real data, extra process is needed in the DFT to 

prevent these artifacts.  

 

Figure 86. Ripple effects at the edge due to discrete Fourier transform 
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4.6.  ITF Summary 

We have provided theoretical analysis supported by measurement data to show 

that the SCOTS ITF follows the MTF for a diffraction limiting imaging camera, as well 

as an example of how to recover the lost data using a Weiner filter. This can be 

generalized in a future work to correct SCOTS measurements. Additional work can be 

done in this area to determine the optimal PSD of the noise. Tianquan Su will be the first 

author in the publication of these results [38] later this year.  
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CHAPTER 5 Measurements 

5.1.  A 4 inch, Ground Spherical Mirror 

The precision, or repeatability, of SLOTS is tested by measuring a ground spherical 

mirror (Figure 87). The diameter of the mirror is 100 mm. Its radius of curvature is 1.6 m. 

The mirror surface is grounded with 20 um loose abrasive grits; the surface rms 

roughness is about 1.2 µm [4].   

 

Figure 87. The measured ground mirror with 1.6m radius of curvature. The surface rms 

roughness is about 1.2 µm. 

The measurement procedure is briefly summed below: 

Table 22. Main procedure of the SLOTS test 

 
Step Task Description 
1. Alignment Place the ribbon and the camera near the CoC of the test 

mirror with enough separation for the ribbon to scan. Adjust 
the pointing of the mirror so that the entire mirror surface can 
be illuminated as the ribbon scans. Measure the distances 
between the ribbon, the center of the camera aperture, and the 
center of the mirror.  

2. Data collection Scan the wire at a constant speed while the camera takes 
images at a fixed frame rate. Save all the images. Repeat the 
process in the orthogonal direction. 

3. Centroiding For each mirror pixel, centroid the readouts from images 
using Equation (3).  

4.  Slope calculation Calculate the slope for each mirror pixel using Equation 
(2), and generate the slope maps in X and Y. 

5. Integration Integrate the slope maps into surface map using Southwell 
integration. 
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 Since the aim is to check the system repeatability, the ribbon was only scanned in one 

(vertical) direction, and the integration was not performed.  The obtained slope map is 

shown in Figure 88. 

   
(a) (b) (c) 

Figure 88. (a) One of the raw images from the SLOTS test. Because the surface is spherical, 

the ribbon is able to illuminate the entire mirror at once.  (b) The centroids map (zoomed in). (c) 

The slope map. 

The precision of the centroids is 43 µm (averaged within aperture), and the precision 

of the slope is 14.6 µrad.  The parameters and results are summed in Table 23: 

Table 23. The measurement parameters and results of the measurement of the 1.6 m ground 

mirror 

Parameters Values  

Ribbon material Tungsten  

Ribbon current / voltage  7A / 6V  

Ribbon temperature ~ 800 ºC  

Distance  
(mirror to both camera and ribbon) 

1600 mm  

Scan speed  5 mm/s  

Camera frame rate  15 Hz  

Camera aperture size  15 mm  

Centroid repeatability  43 µm  

Slope repeatability  14.6 µrad  
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5.2.  A 4 inch, Polished Spherical Mirror 

The system accuracy is tested by measuring a polished surface and comparing to the 

interferometric test. The test mirror (Figure 89) is 1.9 m in radius of curvature and 100 

mm in diameter. The setup parameters are the same to the previous measurement, except 

that the distance is 1.9 m. The system is shown in Figure 90. 

 

Figure 89. The measured polished surface with 1.9 m radius of curvature. 

 

Figure 90. The prototype I used to measure the polished sphere. 

The measurement procedure of this mirror is generally the same to the previous test, 

but, before surface integration, the slope maps (Figure 91 (a) (b)) were lest square fitted 
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to the standard Zernike gradient polynomials [39] [40], and the first 10 terms (before 

spherical aberration Z11) were removed from the slope maps (Figure 91 (c) (d)) to reduce 

error in integration. During this process, only the first 10 terms (the first term is zero, so it 

is ignored) were used in the fitting, because the Zernike gradient polynomials are not 

orthogonal. The reason of this removal is that SLOTS, like other deflectometry 

instruments [7], is vulnerable to geometric error when measuring low order terms. In 

other words, the accuracy of low order terms relies on the measurement quality of the 

relative positions between the equipment and test surface. In the shown test, the positions 

were measured to millimeter-level accuracy due to the limit of equipment, thus the low 

order terms have geometry-introduced errors. To compare the result with an 

interferometer test, these low order terms have to be removed. If low order terms 

accuracy is required, the setup geometry must be measured with more accurate 

instruments like a laser tracker.  
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(a) (b) 

  
(c) (d) 

Figure 91. The measured slope maps. (a) and (b) are the raw slope maps in x and y direction 

respectively (averaged 30 measurements). The unit is radian. (c) and (d) are the slope maps after 

the Zernike gradient polynomial fitting and with the first 10 terms removed. The unit is e-5 radian. 

After the removal of low order terms, the slope maps were integrated into the surface 

map. The surface map was fitted with standard Zernike polynomials again, and the first 

10 terms were removed from the surface map for the reason mentioned before. The fitting 

of surface map is necessary because small amplitude of low order terms were generated 

during the integration. The reconstructed surface map is compared to that from an 

interferometer test (Figure 92 [8]). The difference is 31 nm in rms, showing comparable 

accuracies in the two methods.  
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(a) (b) (c) 

Figure 92. Comparison of the surface maps from SLOTS (a) and that from an interferometer 

(b). The first 10 Zernike terms are removed from the two surface maps. The difference (c) is a 

subtraction of the two maps. [8] 

 

5.3.  A 16 inch Rough Surface Mirror 

Beside the two tests shown above, a very rough surface (Figure 93) was also measured 

with Prototype B system. The surface was ground with 44 um loose abrasive grits, and 

had a radius of curvature of 16 m. The SLOTS test result matches well with the result 

from a laser tracker measurement. 

 

Figure 93. A very rough surface ground with 44 um loose abrasive grits. The surface 

has a radius of curvature of 16 m. The diameter of the surface is 406 mm.  
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Aligning of the SLOTS test for this mirror was not easy, because the pointing of the 

test surface was difficult to identify due to its very rough finish. To help, a visible laser 

and a thin flat mirror were added (Figure 94). The thin flat mirror was attached to the 

center of the test surface with a drop of water. The laser shot a laser beam from in the 

front of the camera to the flat mirror. The test surface was tip-tilted so that the reflected 

laser beam pointed at the center of the scan system. The measurement procedure followed 

the procedure in Table 22, after the laser and the flat mirror were removed. 

 

Figure 94. Test setup alignment. A small, thin flat mirror was attached to the center of 

the test surface with a drop of water. A HeNe laser shot a beam from in front of the 

camera to the flat mirror. The test surface was tip-tilted till the reflected laser beam 

pointed at the center of the scan system. 

 The test result was compared with that from a laser tracker measurement, shown in 

Figure 95. The Laser Tracker measurement was done by scan the surface using a sphere 

mounted retroreflector (SMR); then, the scanned data was interpolated into surface map. 
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The two results match well in both shape and magnitude of the surface feature, which 

prove that SLOTS is able to guide the fabrication in a very early stage. 

  
(a) (b) 

Figure 95. Measured surface maps from SLOTS (a) and Laser Tracker (b) of the 44-um grits 

ground surface. Tilt and power were removed from both measurements. The agreement of feature 

shape and magnitude proves that SLOTS is able to guide the fabrication process in a very early 

stage. 
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5.4.  DKIST Primary Blank I 

 

 

Figure 96. The primary of the Daniel K. Inouye Solar Telescope (DKIST) blank I. The surface 

is a 4.2-meter-diameter off-axis parabola. It has 11 mm peak-to-valley aspherical departure. The 

blank I is a test piece for the metrology and fabrication. 

 

5.4.1. Precision 

During the measurement of the DKIST primary blank I, SLOTS (Figure 97) is set 17.1 

m above UUT where the spot diagram is minimal. The result shown was measured on the 

12 µm loose abrasive ground surface. The centroids repeatability, 148 um, shows that 

measured precision matches the calculation above. 
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Figure 97. The SLOTS prototype II used to measure the DKIST. 

 

Figure 98. The centroids repeatability of DKIST primary blank I at 12 µm grit. The mirror 

diameter is 4.2 m. Averaged repeatability over the map is 148 µm. 



 

Page 123 of 137 
 

5.4.2. Accuracy 

SLOTS is used to measure and guide the grinding of the DKIST primary mirror blank 

I. The blank I was only used to test the grinding tool and metrology systems, so 

correcting the surface error was not the main goal. A laser tracker was used at the early 

stage of the experiment on blank I, during which period the tracker guided the alignment 

and calibration of SLOTS and provided surface maps for reference. SLOTS started to 

provide good results of the entire surface at the grit size of 25 µm (surface roughness 

about 1.7 µm rms [4]) when the tracker was no longer available. Better results were 

obtained at 12 µm grits (surface roughness 0.7 µm rms). The results generally match with 

the laser tracker data.  

SLOTS measured the mirror at 4 orientations (Figure 99), where the mirror was 

rotated 90 degree between each measurement, which exposes non-symmetrical 

systematic errors. The agreement between measurements of the 4 orientations is within 1 

µm except astigmatism terms (Table 24).  
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Figure 99. Surface deviation maps of 4 different orientations. The diameter is 4.2 meter with 

350 pixels across. The parent axis is in the north of the map. The east direction is shown with 

arrows. The maps are rotated to the same orientation for compare. Only piston and tip/tilt are 

removed from the result. The slit on the left side of the map is a cut-out in the surface.  

The laser tracker was only available at the early stage of the experiment; its result is 

shown here for visual comparison only [7]. It can be seen that the scale and main feature 

match the SLOTS measurement well. The Zernike coefficients match within 1 µm except 

Z4, Z5, and Z11. The disagreement in Z4 and Z11 may come from the difference in data 

process. The mismatch in Z5 may be a calibration error that is still under investigation. 
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Figure 100. Surface deviation map from laser tracker measurement. Piston and tip/tilt removed. 

Scale in µm. 

Table 24. Zernike coefficients (µm) of SLOTS results of 4 orientations, averaged map, and the 

laser tracker measurement.  

 0  90  180  270  Avg LT 

Z4 61.44 61.85 63.50 62.75 62.18 60.23 

Z5 -1.85 -3.26 0.250 -4.97 0.24 6.36 

Z6 8.71 10.55 6.31 7.88 8.38 9.24 

Z7 -1.74 -1.57 -1.59 -2.03 -1.77 -2.23 

Z8 3.309 3.388 3.676 3.809 3.46 3.80 

Z9 -2.082 -1.876 -1.125 -1.520 -1.79 -2.78 

Z10 2.035 2.570 2.099 1.306 1.88 1.26 

Z11 16.097 16.188 16.374 16.361 16.24 13.66 
The difference between result from each orientation and the averaged map is mainly 

astigmatism (Figure 101). 
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Figure 101. Difference between each orientation and the averaged map. The main component 

is astigmatism.  

The agreement of high order features between the 4 orientations (Figure 102) proves 

the sensitivity of the SLOTS test and its accuracy at high spatial frequency.  
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Figure 102. Surface deviation maps with 37 Zernike terms removed. 

In the measurement, the mirror is rotated and tested at different orientations. The 

results from different orientations agree well, except in astigmatism. The astigmatism (Z5 

and Z6) show a two-period pattern when the mirror is rotated and measured at 12 

orientations (Figure 103). 
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Figure 103. Measured astigmatism when mirror is at different orientation. The Z5 and Z6 

terms show a two-period pattern. The shown data is measured during early 25 um grits grinding. 

The fluctuation in astigmatism can be seen in surface maps (Figure 104). The 

astigmatism does not rotate with the mirror. So, after results from different orientations 

are rotated back to the same orientation, the astigmatism appears to rotate. 

   
0degree 30 degree 60 degree 

   
90 degree 120 degree 150 degree 

Figure 104. Surface map difference between measurement from different mirror orientations 

and averaged result. The arrow shows in the parent axis direction. 
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The fluctuation in combined astigmatism (Astg) can be fitted in to a cosine wave  

 𝐴𝑠𝐾𝑔 = 𝐴0 + 𝐴 cos(𝑝 ∙ 𝑟𝐾𝑔 + 𝜙) 37.  
where 𝐴0 is the offset; 𝐴 is the amplitude; 𝑟𝐾𝑔 is the mirror orientation; 𝜙 is the phase. 

Figure 105 shows the combined stigmatism and fitted cosine function. The fitted function 

has 2 cycle (𝑃), 14.7 um offset (𝐴0), 2.3 um amplitude (𝐴), and 131 degree phase (𝜙). 

Given that the mirror has a base astigmatism of more than 1500 um rms, the PV 

fluctuation is below 1/300 of the absolute shape. 

 

Figure 105. The combined astigmatism and fitted cosine function. 

Among all the error sources, there are a couple of them that cause fluctuation in 

astigmatism only, including camera lateral shift, distortion, wire bending, and wire 

twisting. Sensitivities of these errors and their fluctuation function are calculated and 

fitted to the same form in Equation Error! Reference source not found., listed in (Table 

25). Errors introduced by these errors all have zero offset. This means that the variation 

of astigmatism in different orientations can be averaged out by measure the mirror at 

different orientations.   
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Table 25. Error sources of astigmatism fluctuation. 

Error Source Amount Cycle over 
 360 degree 𝒑 

Offset 𝑨𝟏 
(um) 

Amplitude 𝑨 
(um) 

Phase 𝝓 
(degree) 

Camera 
shift X 

5 mm 2 0 0.25 140 

Camera 
shift Y 

5 mm 2 0 0.25 49 

Mirror tilt 
X 

0.1 deg 1 0 1.38 -128 

Mirror tilt 
Y 

0.1 deg 1 0 1.6 -42 

      
      

Measured  180 14.7 2.3 131 
 

 

Table 25 shows that camera lateral shift induces very similar astigmatism fluctuation 

to measurements. The two camera shift errors are plotted in Figure 106 and Figure 107. It 

is very likely the camera shift in x direction is the reason of the fluctuation. However, to 

have the amplitude of the measurement, the camera shift error should be about 50 mm, 

which is too large compared to the accuracy of the calibration (0.1 um, measured by laser 

tracker). A big error in the calibration may exist. This should be investigated.    
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Figure 106. Astigmatism fluctuation caused by a 5 mm error of the camera position X 

direction.  

 

Figure 107. Astigmatism fluctuation caused by a 5 mm error of the camera position Y 

direction. 
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CHAPTER 6 Conclusion 

SLOTS is developed to guide the grinding of large aspherical optics. Due to the more 

aspherical shape adopted in large, ground based telescopes mirrors, a high accuracy, and 

high resolution metrology system is needed to guide the grinding process. SLOTS 

achieves this by measuring reflection of LWIR light to calculate the surface slope and sag. 

It consists of a hot metal ribbon and an uncooled thermal imaging camera. The 

advantages of SLOTS include accurate, high resolution, large dynamic range, fast 

measurement, and low cost. 

SLOTS works like a reversed wire test. During tests, the camera focuses on the test 

surface. The hot ribbon is scanned in two orthogonal directions. The camera records the 

reflection of the radiations off the test mirror. Slope maps in the two directions are 

calculated using the recorded images. Surface sag is obtained by integrate the slope maps.  

The precision and accuracy of SLOTS are analyzed thoroughly. A radiometry model is 

built for estimate the SNR using design parameters. Measurement shows that SLOTS 

reaches 8 µrad precision at 0.7 µm surface without any averaging. The accuracy of 

SLOTS measurements relies on the calibration. We have shown that SLOTS guided the 

DKIST to 1 µm rms within design specs. 
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