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ABSTRACT 

 

Precision freeform optics are finding increased usage in new optical systems. Deflectometry is a 

non-null optical metrology method that has great application potential to be a measurement method 

for freeform and standard optics, offering a wide slope dynamic range and excellent accuracy and 

precision. The technique utilizes a known source which emits rays of light that are deflected by 

the unit under test (UUT) and are captured by a recording camera. By knowing the precise location 

of the source, the ray intercepts at the UUT, and the camera, the local surface slopes of the UUT 

can be determined and integrated to obtain a reconstructed surface. This study investigates three 

major topics to improve deflectometry and identify new Deflectometric based techniques. 

The first topic explored is a software-based method for an iterative surface reconstruction process. 

Deflectometry relies on determining the local surface slopes of the UUT by precisely knowing the 

ray intercept locations at the surface. Any error in the assumed surface model therefore directly 

reduces the reconstructed surface accuracy. A new processing method was developed called 

model-free deflectometry, which requires no optical surface model, and instead iteratively 

reconstructs the optical surface leading to improved final reconstruction accuracy. The method 

was used to reduce departure of a freeform optic from interferometric results from 15.80 𝜇m root-

mean-square (RMS) using model-based deflectometry down to 5.20 𝜇m RMS with the model-free 

method developed. Further, most of the 5.20 𝜇m RMS residual departure was explained using a 

simulation to model the inherent noise present from hardware limitations. 

The second topic is a deflectometry system configuration which generates a virtual 2π steradian 

measurement volume, enabling full aperture deflectometry measurements of previously 

unmeasurable flat and convex freeform optics. The technique utilizes a source tilted over the UUT, 

enabling at least a partial aperture test. However, by clocking the UUT, a series of virtual sources 

are generated, which when considered as a whole, create a virtual source enclosure around the 

UUT allowing for a full aperture test. The method was shown to have accuracy similar to an 

interferometric test for a fast F/1.26 convex sphere and successfully tested a highly freeform 

Alvarez lens. 
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Lastly, a power scalable, time-modulated high stability infrared source is explored for infrared 

deflectometry. The new source is an integrating box design with a precision emission area machine 

cut into an aluminum box. The light sources are modular high-efficiency resistive alloy membranes 

held in small caps. The design allows for power scaling by adding or removing caps from the 

source design. The caps are powered in parallel and are modulated at approximately 1 Hz to allow 

for signal isolation, thereby greatly improving signal to noise ratio. The new source was compared 

with a traditional tungsten source, both run at the same power output, and the source stability and 

geometry compared. Several common optical surfaces were tested with both sources to compare 

the accuracy and precision of the sources. It was found that the integrating box features a 

significant improvement in performance. 
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1. INTRODUCTION 

Freeform optics are finding increased usage in modern optical system. From artificial and virtual 

reality headsets to illumination systems and next generation extremely large telescopes, non-

axisymmetric, complex optical surfaces, referred to as ‘freeforms’, are key technology 

enablers  [1–7]. These complex surface shapes have created a distinct pressure on the fabrication 

and metrology areas of optics. Compounding this challenge is the expansion into crafting optics 

from new and exotic materials, including ultra-low expansion glasses such as Zerodur or simply 

3D printed plastics. A customer expects a fabricated freeform optic to depart from the ideal shape 

by fewer than tens of nanometers root-mean-square (RMS). Fortunately, fabrication methods have 

rapidly evolved and are not only able to deliver optics which meet requirements but are now 

providing high efficiency and more streamlined fabrication processes for more rapid and reliable 

optics production. These fabrication methods include computer numeric controlled (CNC) 

machining and diamond turning, standard grinding and polishing, sub-aperture corrections via 

Magneto-Rheological Fluid (MRF) methods, or even 3D printing or molding methods  [8–13].  

These fabrication methods take a variety of materials, from glass to plastics or metals, and convert 

them from base material to a final precision surface. Not only is it essential to verify the final shape 

of the optic meets specification, but for many of these fabrication processes, accurate shape 

measurement detailing the progression of the optic is required. This area, known as metrology, is 

essential to enabling freeform optics fabrication. A variety of metrology methods exist, but broadly 

they can be divided into two main categories: contact and non-contact metrology. Both areas of 

metrology are essential for optical fabrication, but non-contact metrology is favored for cases 

where rapid and highly accurate metrology is needed, and can be safer for the optical surface [14]. 

The two most common non-contact metrology methods that can provide optical precision are 

interferometry and deflectometry. When cost and time are no issue, interferometry is the gold 

standard optical metrology method, which readily can achieve nanometer level surface 

measurement accuracy. Interferometry requires a null configuration, which in the case of freeform 

optics can mean custom null-optics are needed. Typically, this is achieved by using a computer-

generated hologram (CGH) custom null optic. Although powerful, these null optics are custom 

only for one stage of one optic being tested, and they can be prohibitively expensive  [15,16]. 

Deflectometry is a non-null test method which measures the local surface slopes of a unit under 



17 

 

test (UUT) and integrates the slopes to reconstruct the surface. With proper calibration, the method 

can produce surface measurements comparable to commercial interferometry, with the added 

benefit of not requiring a null test configuration, making it an ideal metrology tool for the 

fabrication and verification of freeform optics [14,17,18]. 

Deflectometry utilizes a source and a camera to test the local surface slopes of a UUT. In a test, 

rays are emitted by a source and are deflected by the UUT. After deflection some rays enter the 

camera and are recorded on the detector. In a test setup, the camera detector is mapped to the UUT 

surface by focusing the camera onto the optic surface; in doing so local ‘mirror pixels’, or discrete 

areas on the UUT, are created, which are where the local slopes are be calculated. By carefully 

modulating the spatial source emission, the precise location of where the ray exited the source can 

be determined. Knowing the ray origin, the location of deflection at some mirror pixel, and the 

final ray end point on the camera detector, the local slope of the mirror pixel where the deflection 

occurred can be determined to high precision. The raw output of a deflectometry test is 

fundamentally the start ray positions at the screen and the corresponding end locations at the 

camera detector, from which using software methods the local slopes are calculated and integrated 

using either a zonal or modal integration method to reconstruct the optical surface  [19].  

Two factors must be satisfied for a deflectometry system to be able to test an optic. First, the UUT 

must specularly reflect the light emitted by the source for testing to be possible. For polished 

surfaces this is readily achieved using a digital source such as a liquid crystal display (LCD), and 

for ground surfaces utilizing an infrared source can satisfy the specular reflection condition, 

depending on how rough the surface is. Second, for an area on the UUT to be measurable, light 

emitted from some area on the source must be deflected into the camera. This is referred to as the 

slope dynamic range for deflectometry, which depends on the system hardware configuration. If a 

clear line of sight exists from a camera pixel to a UUT mirror pixel to a point within the source 

area (limited by source extent), obeying the law of reflection, it is within the testable dynamic 

range of the system. This is a highly important factor for freeform optics, which can have large 

surface slope ranges.  

For deflectometry to be widely applicable as an optical quality test method for the next generation 

of freeform optics, several improvements are required. First, reconstruction accuracy when no 



18 

 

accurate surface model exists, a common occurrence during the grinding phase of fabrication, must 

be improved. Second, deflectometry has historically been used primarily for metrology of concave 

optics; however, this leaves out testing of flat and especially convex optics. Thus, deflectometry 

must be expanded to provide accurate metrology to this range of optical surfaces. Finally, while 

deflectometry was extended to the infrared region to provide metrology of diffuse surfaces, the 

traditional source used for the system, a tungsten ribbon, suffers from several inherent limitations 

which must be addressed to improve the accuracy of infrared deflectometry, as well as to extend 

it to testing optics under thermal load. The scope of this study is the investigation of methods to 

address each of these topics, thereby improving deflectometry as a freeform metrology method.  

1.1 Model-Free Deflectometry 

Deflectometry is highly sensitive to system level errors and uncertainties. Particularly when calculating 

local slopes, any uncertainty in the assumed positions of all components, from the source, the UUT, and 

the camera, can significantly reduce the reconstruction accuracy  [20,21]. Fundamentally, to calculate the 

local slope, a ray is traced from the source to the UUT, where the intercept location is determined (or 

assumed) and from there the ray is traced to the camera pixel which recorded it. While various calibration 

methods exist to verify the location and accuracy of the source and camera, including using precision 

measurement devices such as a laser tracker and spherical mounted retro-reflectors (SMRs) or a coordinate 

measurement machine (CMM) to determine the spatial coordinates the objects, no such method exists for 

verifying the UUT surface, which is the goal of a metrology test. In cases when no accurate UUT model 

exist, reconstruction accuracy using deflectometry is limited. 

Historically, the simplest solution is to assume a flat for the UUT surface model, which can result in highly 

inaccurate reconstruction. Alternatively, an iterative system parameter optimization process can be used to 

improve reconstruction results  [22]. Or, a non-zonal parameter dependent integration can be performed to 

improve the initial UUT model, followed by a successive over-relaxation zonal integration to improve the 

final reconstruction accuracy, provided the initial surface model is sufficiently accurate  [23,24]. Building 

upon prior work in which a starting seed input surface model was iteratively improved by adjusting the 

radius of curvature of the model  [25], a general method was developed, known as model-free iterative 

deflectometry (MID), which removes the need for any input surface model and instead performs and 

iterative surface reconstruction process to improve the final surface reconstruction accuracy. The method 

improves the surface reconstruction of freeform surfaces, including the low spatial frequency surface 
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shapes which previously were not accurately reconstructed for deflectometry measurements using prior 

non-iterative techniques.  

The present work in Section 2.1 introduces the MID algorithm, which relies on a multi-step software 

package to iteratively reconstruct the surface. A simulated system and error analysis, detailing the expected 

performance in the presence of noise and position uncertainty is presented in Section 2.1.2-2.1.3. The real-

world performance demonstration is given in Section 2.1.4.  

1.2 Infinite Deflectometry 

One growing area of freeform design is that of convex or even flat freeform optics. Interferometry 

offers high accuracy surface metrology for optics, but it requires a null configuration for testing. 

Particularly for freeform optics, this means a custom null optic, such as a computer generated 

hologram (CGH), is required for accurate testing of such freeforms  [15,16]. While offering 

numerous benefits, including alignment holograms and custom high precision nulls, CGHs can be 

prohibitively expensive and are usable only for one custom null configuration. Even with these 

advanced nulls, obtaining a full-aperture null for convex optics, or even larger flat optics, can be 

impossible. Thus, stitching interferometry can be required, in which sub-aperture areas of the optic 

are measured and stitched together. While great improvements have been made for stitching 

interferometry, the technique is both time consuming and, for non-axisymmetric optics, can require 

several custom null optics for different sub-apertures, increasing the complexity and cost of 

testing  [26–29]. In some cases, it is non-feasible to perform a high accuracy stitching 

interferometric measurement of such optics. While contact metrology methods such as swing arm 

profilometry, CMM sampling, or the Hindle test exist for testing such surfaces, they cannot provide 

optical quality accuracy of the surface features, leaving high-frequency surface shapes on the order 

of nanometers untested  [30,31].  

Traditional deflectometry has served as a 3D surface reconstruction method for freeform concave 

surfaces through surfaces up to and including slow (i.e. large radius of curvature relative to 

diameter of optic) convex surfaces. However, a full aperture optical quality test of general convex 

optics, and particularly freeform convex optics, has not yet been achieved. Primarily, this is due to 

the traditional deflectometry configuration and how it is tied to the line of sight requirement for a 

test. For a traditional deflectometry system, the testable slope dynamic range of the UUT is 
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determined by the source area. This can be determined by tracing rays in reverse from the pupil of 

the camera to the UUT and, following the law of reflection, to the source area. By calculating 

where the rays intercept the source plane, the required source area can be determined. In a 

traditional deflectometry setup for a concave surface, the camera and source will be located near 

the center of curvature of the optic, thereby approaching a one to one imaging condition and thus 

allowing for a small source area to test the entire optical aperture  [4,32]. However, for a convex 

optical surface, the source cannot be placed at the center of curvature, and thus the required source 

area becomes extremely large (if not infinitely large).  

One possible method to extend the testable slope dynamic range is to alter the deflectometry 

configuration by simply surrounding the UUT with five source walls. This technique, known as 

Cavlectometry, uses a multi-projector system to project a phase-shifted sinusoid pattern onto the 

side walls and roof of a room, which has a UUT located in the center of the room with a camera 

observing the surface, thereby creating a deflectometry setup  [33]. The ray path for a traditional 

deflectometry setup and a source enclosure setup of a convex UUT is shown in figure 1. 

 

Figure 1. For a traditional deflectometry system, a digital display and 

camera are placed over the optic for measurement. However, this 

configuration only measures a small area of a convex UUT, as seen in a 

reverse ray trace of the system (a). Instead, by enclosing the UUT with a 

source, such as in a Cavlectometry configuration, a larger area of the UUT 

can be measured. 

A phase-shifting deflectometry (PSD) measurement can then be performed and the surface can be 

reconstructed. While the method extends the testable slope dynamic range of a deflectometry 

system, it struggles with high-frequency nanometer level surface feature reconstruction. This is 
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due to the lower resolution, optical aberrations, contrast uniformity, and other issues inherent in 

most projector systems  [34,35]. These issues add uncertainty at the system level to the 

deflecomtetry test and limit reconstruction accuracy. For these reasons, traditional deflecomtetry 

tests for concave optics rely on modern digital displays, which possess characteristically higher 

resolution, but are limited by realizable source sizes and shapes (i.e. meter class flat LCD screens 

are the upper range of this type of source at the time of writing). 

The present work in Section 2.2 introduces a new configuration called Infinite Deflectometry which 

creates a 2𝜋-steradian measurement volume around a UUT to provide full aperture surface 

metrology of surfaces up to and including freeform convex optics. The system configuration is 

described in Section 2.2.1. Experimental results for a fast-convex spherical optic as well as a highly 

freeform Alvarez lens are provided in Sections 2.2.2-2.2.3. 

1.3 Time Modulated Scalable Infrared Source for Long Wave Infrared Deflectometry 

One area that heavily features freeform surface shapes is that of rough optical surfaces created 

during the grinding phase of optical fabrication. The grinding phase broadly covers the period 

when the surface figure error reduces from hundreds of microns down to ~1 𝜇m RMS. Because of 

the large grit size used in grinding, it is possible to rapidly converge to the final desired surface 

shape, thereby making for a more efficient fabrication process. Of course, this is not the only area 

of optics which feature freeform rough surfaces. Solar collectors are being explored which are 

fabricated from metal plates and are shaped as parabolic troughs  [36], as well as other optical 

components which are designed with a rough surface or feature a diffuse coating. These rough 

surfaces are challenging to test, as they do not specularly reflect visible light, thus visible 

deflectometry and interferometry are inapplicable.  

Instead, infrared deflectometry has successfully been utilized to measure the surface of rough, non-

specularly reflective freeform optics, such as that of the Daniel K. Inouye Solar Telescope 4.2 

meter off-axis parabolic primary mirror  [37]. For such testing the traditional source used is a 

scanning line source, which is created by heating a tungsten ribbon. Unfortunately, a tungsten 

ribbon has several fundamental limitations including low maximum driving power, non-uniform 

spatial emission, and unstable temporal emission characteristics. Additionally, some rough surface 

optics require testing while under thermal load. In these scenarios, not only are there minor thermal 
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fluctuations from the background, but additionally, if the optic is under thermal load, the thermal 

emission may not be stable during a measurement. As with nearly all deflectometry measurements, 

a background signal is typically subtracted from measurement data. However, in infrared 

deflectometry testing, the common thermal fluctuations in testing, particularly for optics under 

thermal load, creates a fluctuating background which is not easily isolated from the true signal.  

The presented work introduces a long-wave infrared temporally modulated integrating cavity 

(LITMIC) source. The source uses several resistive elements as power input to an integrating 

cavity, which has a machined exit slit that provides uniform emission. The system configuration 

and background are described in Section 2.3.1-2.3.3. Experimental results exploring the spatial 

and temporal characteristics of the LITMIC source as compared to a tungsten ribbon are explored 

in 2.3.4. Finally, an infrared deflectometry measurement of a rough ground glass optic, an 

aluminum blank, and an aluminum blank under thermal load was performed using both a 

traditional tungsten ribbon source and the LITMIC source. The reconstruction ability and the 

repeatability of both sources is examined in section 2.3.5. The LITMIC source demonstrates 

improved source properties, and the capability for a measurement of an optic under thermal load 

with a fluctuating background. 

 

 

 

 

 

 

Note: This dissertation is based on a collection of published journal articles. The published 

works are connected under the umbrella of freeform testing with deflectometry and are 

integrated into this dissertation in a logical manner. In-depth discussion and treatment of 

the studies are provided in the appended reprints of the articles. 
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2. PRESENT STUDY 

 

 

 

 

The methods, results, and conclusion of this study are presented in 

the papers appended to this dissertation. 
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2.1 Model-Free Deflectometry 

Deflectometry requires accurate knowledge of the position of all components in a test configuration to 

correctly calculate surface slopes. In cases where no accurate surface model of the UUT is known, such as 

the grinding phase of an optic, in which millimeters of surface material may be removed between runs, 

reconstruction accuracy with deflecomtetry is severely limited, particularly for low-spatial frequency 

surface shapes such as power and astigmatism. Simple assumptions of a surface model, such as a flat or a 

best fit sphere, will be highly inaccurate for freeform optics, creating a challenge for accurate surface 

reconstruction of freeform surfaces with deflectometry. For these cases the reconstruction accuracy from a 

deflectometry test can be significantly improved by performing an iterative surface reconstruction process, 

called model-free iterative deflectometry (MID). The following Sections 2.1.1-2.1.4 are a summary of an 

article published in the journal Optics Letters, Appendix A, as well as a proceedings paper published and 

presented at Optical Manufacturing and Testing XII, Appendix D. 

2.2.1 Iterative Surface Reconstruction 

Accurate guiding of the fabrication process during the grinding phase, as well as accurate surface metrology 

for optics with unknown surface models, is an essential process. The need for accurate metrology for 

guiding freeform fabrication was demonstrated during the grinding process of the Daniel K. Inouye Solar 

Telescope (DKIST) primary mirror, during which grinding was guided by the then new infrared 

deflectometry system known as SLOTS  [32,38]. During this period, several processes were in place to 

verify the base surface model of the DKIST primary mirror between SLOTS measurements, including 

using a Laser Tracker (LT) to map the base surface figure. In this way, a relatively precise surface model 

was always provided for processing the SLOTS deflectometry measurement of the UUT surface. The 

fabrication process and surface figure for the DKIST primary are shown in figure 2. 
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Figure 2. The grinding phase of optical fabrication represents a period of 

rapid material removal. If properly guided, as was the case during the 

DKIST primary mirror fabrication, the optic can rapidly approach the 

desired surface figure, shaving months to even years off of the total 

fabrication period  [32]. 

Unfortunately, there are cases when a precise surface model cannot be readily provided to the deflectometry 

processing pipeline. In these cases, the simplest approach is to assume a flat surface model or make a best 

guess base surface shape model. However, both methods create a systematic error between the real ray 

intercept location at the UUT in the deflectometry test, and the assumed intercept location during the slope 

calculation. Particularly for freeform optics, this basic shape assumption will significantly depart from the 

true surface model and create significant error. This error manifests as inaccuracy in the reconstructed 

surface, predominantly in the low order spatial frequency surface shapes. By performing an iterative surface 

reconstruction, in which the precise ray intercept location is recalculated at each new reconstructed surface, 

an accurate surface model can be converged upon, thereby significantly improving final surface 

reconstruction accuracy. 

The iterative surface reconstruction is accomplished via a process known as model-free iterative 

deflectometry which builds on preliminary work  [25]. The MID technique improved reconstruction of 

freeform surfaces when no accurate surface model exists, particularly improving low spatial frequency 

terms like power and astigmatism, without the need for any input surface model. The method uses the 

freeform reconstructed surface that is output from a deflectometry measurement as a continuously updating 

surface model for the UUT. This iterative process is repeated until the reconstructed surface model 
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converges, at which point the final reconstructed surface is output. By using an updating surface model, at 

each iteration the ray intercept calculation at the UUT becomes more accurate, improving the reconstruction 

accuracy across all spatial frequencies. 

The MID approach takes as inputs the Cartesian coordinates of the camera and source, which are 

held in vectors C and S respectively. A flat surface model is generated as the UUT model, defined 

as matrix U0. The UUT model solution space is bound using a measured physical coordinate on 

the UUT, uk(x,y,z). Additionally, the pointing vectors of the camera pixels, defined as matrix R, 

also must be precisely determined using a calibration process and input into the software. Using 

these inputs, the MID method then runs for t = 0:N iterations.  Inside of the MID process, the ray 

intercept locations at the UUT must first be determined. This is accomplished using a Delaunay 

triangulation [39], which segments the UUT surface mesh into unique, well-defined triangular 

surface planes, defined as matrix Qt. With this matrix, a Möller–Trumbore algorithm [40] is used 

to efficiently and accurately determine the intercept locations at the UUT, with precision that 

exceeds the number of surface mesh points. The combined Delaunay/Möller -Trumbore (DMT) 

process is essential for accurately calculating the ray intercept locations, and thus accurate 

determination of the local surface slopes. It should be noted that the DMT processing time linearly 

increases while the reconstruction accuracy logarithmically improves with increasing sampling of 

the UUT surface, represented by the camera pixels measuring local areas on the UUT surface. 

Figure 3 demonstrates the combined DMT method and how it allows for greater intercept 

calculation accuracy than just relying on the mapped camera pixel mesh. 

   

Figure 3. The DMT process takes a finite mesh of points, represented by 

matrix Ut, and segments the points into unique triangles, held in matrix Qt. 

The rays are traced along their pointing vectors, R, and the precise 

intercept inside of the triangles is determined. 

With the ray intercept locations, as well as the ray start and end locations from matrices C and S 

respectively, the local surface slopes of the UUT in the x and y directions, defined as matrices Tx
t 
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and Ty
t respectively, are determined. The surface is then reconstructed using a Southwell 

integration [19], and a new surface model is created, Ut, for that iteration. The process is iterated 

a total of N iterations, which results in a final output is the reconstructed surface model UN. The 

entire iterative process is shown in figure 4. 

 

Figure 4. Using an initial flat surface model, U0, the MID method iterates 

for a total of N iterations, at which point it converges to a final 

reconstructed surface model UN.  

 

2.2 Simulated System Performance 

A simulated phase shifting deflectometry (PSD) software configurable optical test (SCOTS) 

system was modeled in Matlab. The camera detector was modeled as having a 101⨉101 array of 

pixels, with a pinhole camera system. The screen was modeled as a continuous plane. The system 

was modeled to test a segment of the James Webb Space Telescope (JWST) primary mirror  [41]. 

The segment was modeled as 1320 mm in diameter, with a radius of curvature of 15899.91 mm 

and a conic of -0.99666, and was 1320 mm off axis from center, representing a real world freeform 

optic test case, and the UUT filled the camera detector. Rays were traced from the camera to the 

modeled UUT surface and were reflected to the source plane. Using the source and camera ray 

locations, the surface was reconstructed using the MID method for a total of nine iterations. Figure 
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5 demonstrates the results of the zero-iteration reconstruction, which is identical to a traditional 

non-iterative reconstruction process if a flat was the assumed surface model. 

 

Figure 5. The JWST features several hexagonal off-axis aspheric surfaces. 

A mirror segment was modeled and a simulated deflectometry 

measurement was performed. The data was processed using the MID 

technique, to examine the reconstruction convergence process. As seen 

above, the zero-iteration surface has large reconstruction error, which is 

most heavily manifested as astigmatism. 

The Delaunay triangulation process resulted in 20,000 surface triangle planes being generated, 

after which for every pixel on the camera detector the Möller -Trumbore process was used to 

determine the intercept coordinate on the surface planes. This process is a vectorized process to 

improve processing efficiency. Utilizing 8 Gb of RAM, with a single threaded Intel CPU operating 

at 2.90 GHz, the total time required for one iteration from start to finish was approximately 120 

seconds, of which 93 seconds were required for the DMT process. For the simulation, with an ideal 

system, the final surface RMS difference from ideal was 6.17 picometers, which was 

approximately machine precision. With zero iterations, the RMS difference from ideal was 280.97 

µm, thereby demonstrating the MID approach significantly improves reconstruction accuracy. 

Of course, in a real test, random noise as well as systematic uncertainty are primary concerns. In 

the case of noise, random white noise ranging from 0 to 1 µm in the x and y positions was added 

to the detector coordinates. White noise added a random high spatial frequency error in the final 
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reconstructed surface map with a root-mean-square (RMS) error of 11.17 nm from the ideal surface 

shape. The reconstruction RMS error through iterations, as well as the surface reconstruction 

generated after the total of nine iterations had run for both the white noise and positional 

uncertainty cases are shown below in figure 6. 

 

Figure 6. After simulating a deflectometry test of a segment of the JWST 

primary mirror, the surface was reconstructed using the MID method for 

a total of nine iterations. The reconstructed RMS error was determined at 

the end of each iteration (top). Additionally, white noise was simulated to 

model screen uncertainty, which resulted in a random high frequency error 

in the final reconstructed surface (bottom left), while a positional 

uncertainty in the position of the camera pupil resulted in low-spatial 

frequency reconstruction errors (bottom right). 

 

Additionally, a real-world test was performed of a highly freeform optic, which had a unique spiral 

pattern imparted on a base sphere surface. This system was modeled in Matlab, replacing the 

freeform nature of the optic with just a sphere, and the uncertainty in the coordinates of the camera 

and source, which were measurable to an accuracy of ±10 𝜇m in position and ±1 mrad in angular 

accuracy, were modeled. Using the real measured ray vectors for the camera a simulation was 

performed which reconstructed the surface using the MID method with 6 iterations, which was 
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sampled using a 512⨉512 grid, to match the pixel array size in the real test. For no positioning 

uncertainty, the MID method reconstructed the modeled spherical surface to machine precision. 

With the position uncertainty modeled however, there was clear error in the reconstruction even 

with the MID method, particularly at low-spatial frequency terms. The root-sum-square (RSS) 

error between the MID reconstructed surface and the ideal surface was approximately 5 𝜇m and 

was predominantly arising from astigmatic error, which was very similar to the real-world test 

result results. The full summary of the error, which was calculated by fitting Standard Zernike 

terms 5:11 to the difference between the reconstructed surface and the ideal surface, after modeling 

the system with an error of 10 𝜇m in x, y, and z and 1 mrad in tip, tilt, and roll for the camera and 

screen separately is given in tables 1 and 2. 

Table 1. Model-free Iterative Deflectometry Reconstruction Error with Screen Uncertainty 

Zernike 

 Terms 

10 µm X Pos. 

Error (µm) 

10 µm Y 

Pos. Error 

(µm) 

10 µm Z Pos. 

Error (µm) 

1 mrad 

Tip Error 

(µm) 

1 mrad 

Tilt Error 

(µm) 

1 mrad 

Rotation Error 

(µm) 

RSS Value 

(µm) 

Z5 0.003 -1.497 -0.042 0.031 -0.002 -0.001 1.50 

Z6 1.471 0.002 0.203 0.001 0.034 0.002 1.49 

Z7 0.005 0.603 0.010 0.003 0.001 0.001 0.60 

Z8 0.576 0.007 0.038 0.002 0.002 0.001 0.58 

Z9 0.028 0.161 0.031 0.078 -0.015 -0.002 0.18 

Z10 -0.580 0.161 -0.102 0.018 0.078 0.002 0.62 

Z11 0.207 0.171 0.152 0.170 0.170 0.170 0.38 

 

Table 2. Model-free Iterative Deflectometry Reconstruction Error with Camera Uncertainty 

Zernike 

 Terms 

10 µm X Pos. 

Error (µm) 

10 µm Y 

Pos. Error 

(µm) 

10 µm Z Pos. 

Error (µm) 

1 mrad 

Tip Error 

(µm) 

1 mrad 

Tilt Error 

(µm) 

1 mrad 

Rotation Error 

(µm) 

RSS Value 

(µm) 

Z5 -0.006 4.119 -0.120 -0.001 -0.001 -0.001 4.12 

Z6 -4.093 0.000 0.600 0.000 0.000 0.000 4.14 

Z7 -0.008 -1.311 0.055 0.001 0.001 0.001 1.31 

Z8 -1.253 -0.008 0.261 0.001 0.001 0.001 1.28 

Z9 -0.203 -1.033 0.051 0.000 0.000 0.000 1.05 

Z10 1.787 -0.313 -0.177 0.004 0.004 0.004 1.82 

Z11 0.092 0.165 -0.479 0.170 0.170 0.170 0.56 

 

2.2.3 Model-Free Test of Freeform Optic 

To demonstrate the efficacy of the MID approach, a real test of a bare glass optical surface with 

freeform departure from a sphere in all directions was measured. The radius of curvature (RoC) of 

the surface was 200 mm and the diameter was 100 mm. The UUT had ~0.67 µm RMS and ~2.50 

µm PV departure from the base sphere, with a maximum surface slope of 576.64 µrad. The optic 
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was fabricated using a magnetorheological finishing (MRF) technique to impart a spiral pattern on 

the optical surface.  

As a baseline, the surface was measured using a commercial Zygo VerifireTM MST interferometer. 

To acquire the deflectometry measurement of the surface, a simple SCOTS deflecomtetry system 

was used. It must be noted that the interferometric technique used does not accurately reconstruct 

piston, tip, tilt, or power terms of the UUT, therefore, these terms were not considered in the final 

reconstructed surface comparisons. For this optic, there was no custom null on hand, thus, an ideal 

null configuration could not be obtained on the interferometer, and the high fringe density at best 

null resulted in some untestable areas on the optic. Figure 5 demonstrates the best null 

configuration and the fringe density issues. 

 

Figure 7. Interferometry requires a null configuration for testing an optic. 

In the case of a complex spiral pattern freeform optic, no custom null was 

available, instead, the best spherical null was used. At best null 

configuration, the interference pattern suffered from high fringe density, 

limiting reconstruction of some areas, as seen above. Deflectometry on the 

other hand does not require a null configuration, and instead can readily 

test such complex freeform surfaces, provided an accurate surface model 

is given, or, if that is not possible, the MID method can be used. 

The optic was also tested using a SCOTS system, which has all components mounted into place 

on a breadboard. The coordinates of all components were measured using a CMM to an accuracy 

of ±10 𝜇m, while the ray vectors of the camera pixels were calibrated prior to the test and known 
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for the system. The optic was placed on a rotation stage, and multiple clocking positions of the 

optic were taken and used to remove systematic error via a rotation calibration process [42]. Taking 

the raw data from the deflectometry test, the surface was reconstructed in three ways. The surface 

was reconstructed using the MID method, using a total of six iterations. Additionally, as a 

comparison, a traditional non-iterative reconstruction was performed assuming (1) a flat for the 

base optical surface, and (2) a best fit sphere of 200 mm radius of curvature. All reconstruction 

methods used the same raw input deflectometry data. The MID reconstructed surface, termed 

MID6, the flat model traditional reconstructed surface, termed MBflat, and the best fit sphere model 

traditional reconstructed surface, termed MBsphere, where then analyzed to compare the Standard 

Zernike terms between the reconstructed surface and the measured surface from the interferometric 

measurement, referred to as INT. It must be noted that the missing data regions in the INT map 

were not considered in the comparisons.  

For the comparison, low-spatial frequency surface differences were analyzed by fitting Standard 

Zernike terms 5:11 to the difference maps between INT and MID6, MBflat, and MBsphere. Zernike 

terms 1:4, representing piston, tip, tilt, and power were not considered. Table 3 demonstrates the 

resulting Zernike term differences of the surfaces.  

Table 3. Low Order RMS normalized Zernike Term Difference between Reconstructed and 

Interferometric Surface Maps 

Zernike Term MID6 (µm) MBflat (µm) MBsphere (µm) 

Z5, Oblique Astigmatism 0.76 1.90 0.42 

Z6, Vertical Astigmatism -5.12 -44.28 -15.80 

Z7, Vertical Coma -0.36 -1.98 -0.40 

Z8, Horizontal Coma -0.10 0.55 0.11 

Z9, Vertical Trefoil 0.32 1.01 0.25 

Z10, Oblique Trefoil -0.05 0.29 0.06 

Z11, Spherical 0.04 0.63 0.17 
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Z5:Z11 Total RMS Diff 5.20 44.39 15.80 

 

The total Zernike term RMS departure, for low order terms Z5-Z11, from the INT for MID6, MBflat, 

and MBsphere surfaces were 5.20 µm, 44.39 µm, and 15.80 µm, respectively. The MID method was 

thus able to reduce the reconstruction difference for a deflectometry measurement from an 

interferometer measurement of the same optic by a factor of nearly 10 when no model is provided, 

and by roughly a factor of 3 when a best fit base surface model was provided. The reconstructed 

surface maps, with increasing Zernike term removal, are shown in figure 6. 

  

Figure 8. The reconstructed interferometric surface map (1st col), MID 

method with 6 iterations (2nd col), and non-iterative traditional 

reconstruction with a flat UUT model (3rd col) and a 200 mm RoC base 

sphere model (4th col) method had Zernike terms 1-4 (top row), 1-6 

(middle row), and 1-11(bottom row) removed to compare error 

contribution from low spatial frequency. (Note: Excess fringe density led 

to missing data in the interferometric map). 
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The MID technique resulted in a surface which more closely matched the interferometric 

measurement when compared to a traditional non-iterative technique for model-free deflectometry 

surface reconstruction. Particularly at the low spatial frequencies it achieved more similar results 

to the interferometric measurement. Small uncertainties in geometrical knowledge of the positions 

of all components contributed to some of the residual astigmatism and coma in the MID6 

reconstructed surface, as demonstrated by the simulation of the test. However, the MID method 

improves the well-known low order accuracy issues of traditional deflectometry while maintaining 

the advantage of a large dynamic range, when compared to interferometry. The effect of dynamic 

range is particularly clear for this UUT, which suffered from missing data regions in the measured 

interferometric map due to the inability to obtain a null over the entire surface.  

In summary, the MID method was shown to provide significantly improved reconstructed accuracy 

for freeform surfaces measured by a deflectometry system when no accurate surface model exists. 

The technique can readily be applied for any deflectometry case when a deflectometry system has 

measured an optic. A novel deflectometry configure which addresses the need for testing convex 

freeforms is investigated in Section 2.2. 
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2.2 Infinite Deflectometry for Creating a 2𝜋 Steradian Measurement Volume 

Historically deflectometry has provided precision metrology to optics with a concave base shape. However, 

this leaves out more than half of the optics spectrum, thus a need for deflectometry of flat and convex optics 

exists. This is especially true for freeform convex optics, as interferometry typically may require stitching 

for accurate measurement of a convex surface, which, for a freeform convex optic, can require complex 

configurations and multiple custom CGHs. By creating a virtual source enclosure around an optic under 

test, deflectometry can readily measure up to highly convex freeform surfaces. By leveraging modern 

sources in a unique configuration known as Infinite Deflectometry, optical quality testing of any UUT 

surface, from concave to convex in base shape, can be achieved, thereby extending deflectometry as a 

freeform metrology device. The following Sections 2.2.1-2.2.4 are a summary of an article published in the 

journal Optics Express, Appendix B. 

2.2.1 Source Enclosure for Extended Slope Dynamic Range 

The slope dynamic range of a deflectometry system is defined as the measurable surface slope 

range on the UUT surface which can be measured given the size and position of the camera and 

source. It can be more easily understood if the system is traced in reverse, taking a ray from the 

camera pupil and tracing it to the UUT surface. Based on the surface slope, the reflection angle of 

the ray can be determined using the law of reflection and can be propagated to the source. If the 

ray intercepts the source, the slope of the UUT can be measured. For concave optics, by placing 

the camera and source near the center of curvature, a near one to one imaging condition is met, 

allowing for all pixels in the camera pupil to be traced to the UUT surface and to return to a small 

focused bundle near the center of curvature of the mirror. Thus only a small source area is required 

for testing. However, for convex surfaces, this is not the case, as rays traced to the surface of the 

UUT come to a virtual focus, and instead in image space diverge, thus requiring a potentially 

infinitely large source. The ray path for rays traced from a deflectometry camera to a concave and 

convex UUT is shown in figure 7. 
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Figure 9. For a traditional deflectometry system, the required source area 

for testing the slope range of a UUT can be determined by tracing rays 

from the camera, reflecting them from the UUT, and tracing to the source. 

For a concave UUT, if the camera and screen are placed near the UUT 

center of curvature, only a small area on the screen is required for full 

aperture testing. The same setup for a convex UUT fails to test the full 

aperture of the UUT. 

One approach to a deflectometry test of a convex or freeform object is to surround the UUT with 

a source enclosure using projectors to project a phase-shifting deflectometry pattern on the walls 

of a room. This technique, known as Cavlectometry, was able to reconstruct low spatial frequency 

features of freeform objects, including a car hood an even a teapot  [33]. Due to the inherent optical 

aberrations in a projector system, as well as other systematic errors, the method is unable to achieve 

optical quality reconstruction, particularly of high-frequency surface shapes. Therefore, it is 

desirable to achieve the same source enclosure but with a higher quality source.  

This is achieved in the method known as Infinite Deflectometry. The approach places the UUT on 

a precision rotation stage and tilts a high-resolution modern LCD source over the UUT. A camera 

is mounted in place over the UUT and is focused on the UUT surface, as in a traditional 

deflectometry test. The UUT is then clocked at several positions through a full 2𝜋 radians. This 

process can be thought of as clocking the screen around the UUT instead, creating a virtual screen 

at each clocking position. At each clocking position, a phase shifting deflectometry measurement 

can be performed, measuring a different area on the UUT. By combining all the individual 

deflectometry measurements, a virtual source enclosure is created around the UUT, forming a tipi 

shaped 2𝜋-steradian measurement volume around the UUT. The base system configuration, as 
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well as a ray trace showing where individual rays strike intercept the source enclosure at each 

clocking position is shown in figure 8. 

     

Figure 10. Infinite Deflectometry relies on mounting a UUT on a precision 

rotation stage and tilting a high-resolution screen over the surface. A 

camera is mounted above the UUT (a). The UUT is then clocked, which 

creates a series of virtual screens around the UUT. By considering all the 

virtual screens together, a ‘tipi’ like virtual source enclosure is created 

around the UUT (b). 

At each clocking position, at least some portion of the UUT aperture is measured, resulting in a 

raw deflectometry data for every clocking position. This raw data is converted to local slope 

measurements of the measured portion of the UUT aperture for every clocking position. These 

sub-aperture local slope maps are then converted to a cohesive full-aperture local slope map of the 

UUT. This is done by performing a linear interpolation of the data, after first removing the piston 

and tip/tilt of the local slope maps to better assure proper stitching. Note that the removal of piston 

in slope domain removes tip/tilt in the surface domain, while tip/tilt in slope domain removes 

power and astigmatism in the surface domain, thus, these features cannot reliably be represented 

in the reconstructed surface when using this stitching methodology. The final full-aperture local 

slope map is then integrated using a Southwell integration to reconstruct the full aperture surface 

map. Figure 9 demonstrates the flow down chart from the raw data output from an Infinite 

Deflectometry measurement of an optic to the final reconstructed surface. 
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Figure 11. An Infinite Deflectometry takes a deflectometry measurement 

at N clocking positions of a UUT, resulting in at least a partial 

measurement of the UUT aperture. This raw measurement data, which 

consists of the camera, screen, and UUT positions at each clocking 

position, is converted to local slope maps at each clocking position. A 

linear interpolation is performed to combine the individual clocking 

measurements into full aperture local slope maps, which are then 

integrated to reconstruct the surface across the full aperture. 

This combined hardware and software process described the entire Infinite Deflectometry process. 

The method enables measuring concave to convex standard and even highly freeform surfaces. 

Sections 2.2.2-2.2.3 describe measurements of a fast-convex spherical optic as well as a highly 

freeform Alvarez lens surface. The hardware for the Infinite Deflectometry system featured a Point 

Grey Flea3 camera (Model # FL3-U3-32S2M-CS), which has a 2.5 µm pixel pitch. The source 

was an Apple iPad Pro (Model # A1670) which measured 262.85 × 197.04 mm and had 2732 × 

2048 pixels, with a 96.2 µm pixel pitch. The UUT was positioned on a custom 3D printed mount, 

which fit into a Klinger motorized rotary stage (Model # DP179), driven by a Leadshine digital 

stepper driver (Model # EM402).  

2.2.2 Measurement of a Fast F/1.26 Convex Spherical Optic 

A fast f/1.26 50 mm diameter convex sphere was measured using the previously described Infinite 

Deflectometry system. Additionally, the surface was measured on a Zygo Verifire commercial 

interferometer, using an f/0.75 reference sphere. The resulting measured UUT area in the base 

configuration of the Infinite Deflectometry setup, as well as the best null of the UUT on the 

interferometer are shown in figure 10. 
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Figure 12. A fast f/1.26 convex sphere measuring 50 mm in diameter was 

measured using Infinite Deflectometry and interferometry. The Infinite 

Deflectometry setup measured only a portion of the UUT aperture in the 

base configuration, demonstrating the need for multiple clocking positions 

(a). The interferometry used a f/0.75 reference sphere and was able to only 

measure a 45.29 mm aperture on the UUT (b). 

The test of the spherical optic served two primary purposes; determining the effect clocking steps 

has on reconstruction accuracy and determining in an absolute sense the best possible 

reconstruction accuracy for the given system. To measure the impact the number of clocking steps 

has on reconstruction accuracy multiple tests were performed at 6, 45, 90, and 180 clocking 

positions of the UUT using the Infinite Deflectometry system. Additionally, the 180-clocking 

position test was used as the best-case performance for the Infinite Deflecomtetry system. This 

allowed for a verification of the accuracy of surface reconstruction. It should be noted that because 

the interferometer could only measure a 45.29 mm diameter inner aperture of the UUT, the 

comparison is only considered for this inner aperture, and not the full 50 mm aperture measured 

using the Infinite Deflectometry system. Further, piston, tip/tilt, and defocus, corresponding to 

standard Zernike terms 1:4, were removed from both the interferometric and ID measurements, as 

neither system as configured can accurately measure these terms. Additionally, comparisons were 

made after standard Zernike terms 1:6 were removed, after terms 1:21 were removed, and after 

terms 1:37 were removed. These resulting reconstructed surface maps are referred to as IDR
1:Z for 

the Infinite Deflectometry maps and INT1:𝑍 for the interferometer measurement maps, where Z 

refers to the highest number of standard Zernike terms removed and R refers to the number of 
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clocking steps used in the Infinite Deflectometry test. Figure 11 demonstrates the reconstructed 

Infinite Deflectometry surface maps. 

 

Figure 13. Infinite Deflectometry requires the UUT is clocked through a 

full 2𝜋 rotation. This allows for creating a virtual source enclosure around 

the UUT, enabling a full aperture surface reconstruction. However, it is 

important to understand how the number of clocking steps impacts 

reconstruction. With increasing clocking steps from 6 (left column) up to 

180 (right column) there is a significant difference in reconstructed 

surface. Further, while only removed Zernike terms 1:4 (top row) shows 

minor difference, with increasing term removal up through 1:37 removed 

(bottom row) it is evident that too few clocking positions leads to 

inaccuracies in the reconstructed surface. This is most likely due to 

stitching errors. This is most apparent for the 6 clocking position case with 

37 terms removed, in the bottom left corner. 

It is apparent that significant errors in the surface reconstruction are present with too few clocking 

position steps. This is most likely due to a stitching error. For the case described, the spherical 

optic exhibits significant non-linear reflecting between the central line of the optic relative to the 

edges of the testable area. Further, any systematic errors, such as uncertainty in the base position 

of the camera, UUT, or screen, are known to lead to reconstruction errors. However, such 

uncertainties typically manifest as tip/tilt or power errors. Thus, the edges of the tested region will 
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exhibit the greatest absolute deviation from the true surface slope. For two sub-aperture maps that 

are stitched together, this means that there will be a large error between the two overlapping areas, 

whose magnitude grows as the extent of the stitching area grows. Thus, for the 6 clocking term 

scenario, there are significant issues across all spatial frequencies, but most important is the 

obvious six spoke-wheel high frequency pattern, representing the misalignment at the stitching 

phase of the 6 individual sub-aperture slope maps. This issue is mitigated  by using many clocking 

positions, thereby shrinking the sub-aperture test area and mitigating mis-alignment issues and 

non-linearity problems. This is apparent as such high-frequency spoke-wheel type errors are not 

present in the 180-clocking position test. 

 Considering the best-case performance of the Infinite Deflectometry system as configured, the 

180-clocking step test was compared with the interferometry measurement of the UUT. It was 

important that not only low spatial frequencies, such as coma and trefoil, are accurately 

reconstructed using Infinite Deflectometry, but also that high spatial frequency features are also 

measurable, as the surface smoothness can be a key parameter for freeform optics. Figure 12 shows 

the 180-clocking position reconstruction as well as the interferometry measured surface.  

 

Figure 14. A fast f/1.26 convex spherical optic represents a classically 

challenging to test convex optic. This surface was measured using an 

Infinite Deflectometry system with 180 clocking positions (top row), 

which measured the full 50 mm aperture, as well as using a Zygo Verifire 

interferometer (bottom row) which measured a limited measurement area 

of a 45.29 mm diameter aperture on the UUT. Zernike terms 1:4 (1st 

column column), 1:6 (2nd column), 1:21 (3rd column), and 1:37 (4th 

column) were removed for both reconstruction maps. 
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As an additional comparison, the surface sag RMS values of both the Infinite Deflectometry using 

180 clocking steps reconstructed maps ID180
1:𝑍  , and the interferometric maps, INT1:𝑍, with Z 

standard Zernike terms removed, are reported in Table 4. Again, please note that for an accurate 

and fair comparison, the were only determined over the common 45.29 mm diameter central 

aperture  

Table 4. Surface Sag RMS of 45.29 mm Diameter Central Aperture on f/1.26 50 mm Diameter 

Convex UUT from ID and INT Surface Sag Maps. 

Surface Map Surface RMS  
Zernike Terms 1:4 

Removed (nm) 

Surface RMS  
Zernike Terms 1:6 

Removed (nm) 

Surface RMS 
Zernike Terms 
1:21 Removed 

(nm) 

Surface RMS 
Zernike Terms 1:37 

Removed (nm) 

INT 462.04 447.69 53.71 18.48 

ID180 477.34 431.49 56.00 16.26 

The ID180
1:𝑍  and INT1:𝑍 maps are in close agreement across spatial frequencies. For low spatial 

frequency features there is good agreement. Additionally, as higher terms are removed, as in the 

ID180
1:37 and ID180

1:37 cases, there is good agreement, and the RMS surface sag values were within a 

few nanometers of one another. There are residual differences, however, these are most likely 

explained by two things. The standard problem of systematic errors arising from uncertainties can 

affect reconstruction accuracy, and typically most strongly affect low spatial frequency terms. 

Additionally, the high number of clocking positions and stitching results in several overlapping 

areas, as well as some minor uncertainty in the rotation stage used, which together result in an 

apparent smoothing of the reconstructed surface. This is most clear at high spatial frequencies. 

Lastly, it appears that the Infinite Deflectometry measurement resulted in some smoothing of 

reconstructed surface features, which may partly result from the stitching process. 

2.2.3 Full Aperture Measurement of Highly Freeform Alvarez  

An Alvarez is a complex optic which is composed of two complementary phase plates, which are 

defined by a third order polynomial. By displacing the plates by equal and opposite amounts, 

defocus can be adjusted, creating a variable power element  [43]. The surface of the 

complementary phase plates can be highly freeform in nature and has presented a particularly 
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challenging surface to both fabricate and measure. Alvarez lens’ were invented in the early 1970’s, 

with applications found in visual optics, and more recently have begun to be fabricated over 

circular apertures [44]. With recent advancements in materials and fabrication processes, 

particularly CNC diamond turning methods, it is now more feasible to create an Alvarez lens, 

although, without a custom null CGH, metrology is still quite challenging. Thus, this optic 

presented an ideal case for testing the capability space of the Infinite Deflectometry system. 

To this end, an Alvarez lens was designed and fabricated on a PMMA disk which measured 1 inch 

in diameter. The optical surface, where the third order polynomial terms were generated, measured 

only 6 mm in diameter. The optical surface was designed to have 17 µm of Zernike term Z8, which 

represents horizontal coma, and -17 µm of Zernike term Z10, which represents 45⁰ trefoil. Only 

one of the pairs of complementary surfaces was selected for testing. Further, because no custom 

null existed or could be purchased for measuring the optic, it had been untested since 

manufacturing. Several attempts were made to obtain an interferometric measurement using a best 

matching available null optic; however, the fringe density exceeded the capabilities of the available 

commercial interferometer.  

The lens was placed in the Infinite Deflectometry system and measured using 180 clocking 

positions, after which the surface was reconstructed. The reconstructed surface was compared to 

the designed theoretical surface. However, the manufacturing process is highly challenging, and 

the true generated surface potentially deviated significantly from the designed surface. Thus, as an 

additional reference, a profile of the surface was obtained using a contact-type KLA-Tencor 

Alpha-Step D-500 profilometer to measure a surface profile of the Alvarez lens. The resulting 

profile was compared to the same (within a reasonable uncertainty tolerance) profile of the 

reconstructed surface from the Infinite Deflectometry measurement. For both profiles the mean 

measurement value was removed to allow for direct comparison.  

The resulting reconstructed full aperture surface map of the Alvarez lens optical surface, as well 

as the design surface, is shown in figure 13. In absolute terms the RMS value with piston, tip/tilt, 

and power removed was 24.02 𝜇m in the reconstructed surface, as compared to 24.04 𝜇m in the 

designed surface.  
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Figure 15. An Alvarez lens is a useful complementary phase plate optic 

which has a third order polynomial shape imparted on both plates. By 

displacing one plate relative to the other, defocus can be adjusted. Such an 

optic was generated on a PMMA plate, with a 6 mm optical aperture. The 

highly freeform shape was successfully measured using Infinite 

Deflectometry, and the reconstructed surface (left) was compared to the 

designed surface (right). It should be noted the extreme shape variation, 

measuring ~150 𝜇m peak to valley across a small 6 mm aperture made 

metrology with other techniques such as interferometry impossible 

without a custom null optic. 

Standard Zernike terms 1:37 were fit to the reconstructed surface map and were compared to the 

designed theoretical Standard Zernike terms. The RMS surface deviation from ideal design was 

2.75 µm with Zernike terms 1:4 removed, 1.78 µm with terms 1:8 removed, 178 nm with terms 

1:21 removed, and 160 nm with terms 1:37 removed. Figure 14 demonstrates the fit Standard 

Zernike terms from the reconstructed surface and the designed surface. 

  

Figure 16. Fitting Zernike terms represents an ideal way to compare the 

measured surface to the ideal designed surface for an Alvarez lens, which 
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is designed to have known discrete amounts of third order (Zernike) 

polynomials. Zernike terms 1:37 were fit to the Infinite Deflectometry 

(ID) reconstructed surface, and the designed Z8 and Z10 terms are were 

compared to the measured terms.  

The independent verification of the measured surface, as performed by measuring a profile of the 

surface with a touch profilometer and comparing it to a matching profile from the reconstructed 

surface map from the Infinite Deflectometry measurement is shown below in figure 15. The 

absolute surface height of both profiles, as well as the difference between the profiles is shown. 

 

Figure 17. Due to the challenging shape of an Alvarez lens, there is no 

guarantee that the fabricated surface matches the designed surface. 

Therefore, guiding metrology is performed during the fabrication period. 

Thus, as an independent verification a profile of the manufactured Alvarez 

lens was performed with a touch profilometer and compared to the profile 

of the Infinite Deflectometry reconstructed surface (left). The absolute 

difference between the two profiles was also determined (right). 

The Infinite Deflectometry system reconstructed surface closely matched the designed surface. 

Zernike terms Z8 and Z10, the designed third order polynomials used to generate the Alvarez lens, 

were the most significant terms present in the reconstructed surface. Other minor residual terms, 

particularly Z5 and Z6, which represent astigmatism, as well as Z9, which represents vertical 

trefoil, were also present in the final reconstructed surface. It is unclear why the astigmatism 

persists and may hint at some minor flaw in implementing the Southwell integration, as the 

removal of tip and tilt in the slope stitching phase should negate astigmatism in the reconstructed 

map. When compared to the profilometer measurement however, the results were in even closer 
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agreement. The RMS difference between the two profiles, with piston, tip and tilt removed was 

only 488 nm. 

In summary, Infinite Deflectometry was able to extend deflectometry to provide full aperture 

reconstruction of up to convex optics, both standard and freeform in shape. Importantly, the 

method can reconstruct the surface including high spatial frequency shapes, which had historically 

not been possible for a full aperture convex optic deflectometry measurement. This capability 

greatly improves freeform metrology capabilities by providing an additional metrology tool that 

can readily measure the increasingly complex surface shapes of freeform optics. Finally, a 

technique which improves the testing of freeform diffuse (in the visible spectrum) optics is 

investigated in Section 2.3. 
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2.3 Time Modulated Infrared Deflectometry 

As the use and complexity of optics has grown, the demand for a more efficient fabrication process 

has also increased. The grinding phase of optics, during which the surface can take on a highly 

freeform shape as areas are grinded away, presents an ideal convergence period. If properly guided, 

the total fabrication time of an optic can be significantly reduced. However, during the grinding 

period, the optical surface is highly diffuse, thus visible light deflectometry, or even visible 

interferometry, are unable to test the surface. Further, the grinding phase of optics represents only 

one area of diffuse optics that require testing. New materials and optical designs call for diffuse 

optical surfaces that must accurately be measured. Infrared deflectometry has, within the past 

decade, accomplished high accuracy surface measurements of various diffuse optics by using a 

tungsten ribbon operating as a pseudo-blackbody line scanning source for infrared 

deflectometry  [21,37]. However, a tungsten ribbon type source has power limitations, spatial 

uncertainty both via mechanical deformation and emission pattern changes, as well as temporal 

uncertainty.   

To address these issues, a long wave infrared temporally modulated integrating cavity (LITMIC) 

source was developed. The source features and emission area which is stable and known to 

machining precision, and the spatial emission pattern is highly uniform and temporally stable. The 

use of a time modulated signal allows for better signal to noise results. Further, the issue of minor 

fluctuations in the background thermal radiation of a scene, which not only negatively impacts 

infrared deflectometry of standard optics but has made testing of optics under thermal load 

impossible, is well handled by the new source. The following Sections 2.3.1-2.3.5 are a summary 

of an article submitted to the journal Applied Optics, Appendix C. 

2.3.1 Infrared Deflectometry Sources 

Deflectometry requires a specular reflection to occur at the surface of a tested optic to properly 

measure the surface. However, many optics have surfaces which do not specularly reflect visible 

light, which is commonly used not only for deflectometry but for other metrology methods, such 

as interferometry, as well. Many optics, including freeforms, are fabricated by grinding a base 

material towards the final desired surface shape with successively finer polishing grits. This 

process is usually described in two phases: the grinding phase, where the surface roughness can 



48 

 

range from hundreds of microns RMS down to ~ 1 µm RMS, and the polishing phase, where super 

fine polishing tools are used to create a smooth final surface. Traditionally, to test during the 

grinding phase, a rough surface must be polished and then tested using visible metrology methods. 

However, the requirement of intermittent polishing between grinding runs greatly extends 

fabrication time, adding costs and reducing efficiency. Beyond grinding phase optics, there also 

are a large range of freeform optics which are designed to have rough diffuse surfaces or have 

coatings or are made from non-specularly reflective materials. One final area of freeform optics 

which is seeing exponential growth, but where testing still proves challenging, is that of solar 

collector optics. Many designs call for parabolic trough designs, while others used complex non-

axisymmetric collection designs. In either case, the surface of such optics can be diffuse if the 

material is not coated, and infrared testing can be required. Testing the base shape of such optics 

is possible with infrared testing. However, testing the shape while under thermal load is historically 

impossible, as the background radiation can wash out the signal from a test system, and the thermal 

radiation levels are prone to fluctuate, making removal of background signals impossible. 

Early work on infrared deflectometry utilized a line source, made using a heated tungsten ribbon, 

which was scanned in orthogonal directions, coupled with a long-wave infrared (LWIR) camera. 

Such a system has been used extensively in freeform testing of diffuse optics  [21,37,38,45,46]. 

However, the tungsten ribbon has some innate physical characteristics which add uncertainty to 

the test system and limit reconstruction accuracy. The ribbon material can experience large 

temporal fluctuations, non-uniform spatial emission, and limited power output. Additionally, 

because the source is a static one with a relatively large thermal mass, it is challenging to 

accommodate dynamic noise and thermal fluctuations during a test. This presents a serious 

problem for infrared testing, as all bodies in and out of scene will radiate some infrared light adding 

to background light levels. However, more challenging is that the radiant flux may change during 

the test, thereby invalidating the ‘background’ images captured pretest. One example of this is a 

localized heated ‘tail’ that can be left in the air from the scanning ribbon. Any signals which are 

not directly from the rectangular emission pattern (if the source is a line source) will lead to 

inaccuracy in conversion of the raw signal data to screen coordinates, performed using a 

centroiding process, which will then lead to errors in the surface reconstruction. It is key to note 

that static shifts which systematically skew the centroid, such as a ‘tail’ or another emission source 

which doesn’t fluctuate during the test, will add low frequency reconstruction errors, and may be 
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removable via proper calibration. High frequency shifts however, such as those caused by a 

fluctuating signal from the source, will lead to high spatial frequency reconstruction errors which 

are difficult to impossible to isolate from a real signal. When considered holistically, because 

freeform optics are an arbitrary shape, any uncertainty in the reconstruction becomes highly 

detrimental as it can be impossible to known if the reconstruction is true or has error, and every 

nanometer is important to guiding and verifying the true freeform shape. 

To address both the physical limitations of a traditional infrared deflectometry source, and to 

expand testing possibilities to more dynamic scenes and surfaces under thermal load, a new source 

was created which is a long-wave infrared time-modulated integrating cavity (LITMIC) source. 

The source is an integrating box design which features a precision machine cut emission slit. The 

geometry of the slit is stable over time, and known to machining precision, and the spatial emission 

is optimized to be uniform over the slit. Several small resistive heating elements are used to input 

light into the cavity and offer high temporal stability and a long lifetime (10,000 hours). Most 

importantly, however, is that the emission is temporally modulating, achieving an 80% contrast 

ratio at up to 1 Hz. In doing so, active signal isolation can be performed throughout testing, 

allowing for dynamic removal of background thermal radiation that enters the scene, and therefore 

providing a higher signal to noise ratio. 

The LITMIC source can be created out of any high reflectivity, stable and machinable material. 

However, for ease of fabrication an aluminum block was used to create the cavity. It should be 

noted that aluminum does not represent the ideal interior cavity material; instead, a material such 

as gold or silver, which feature high reflectivity and lower emissivity, would be an ideal material 

to coat the interior of the box in. LightTools was used to optimize the interior dimensions of the 

cavity, the heating elements locations, and the interior surface roughness (3.4 𝜇m RMS) to achieve 

uniform emission at the exit slit, while also achieving non-direction output over roughly 2𝜋 

steradians. Figure 16 demonstrates the CAD model of the design and the emission pattern as 

simulated in the LightTools at the exit slit. 
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Figure 18. An aluminum integrating box was designed and optimized to 

make an infrared source. The box was designed to have 20 input source 

ports, where small, high emissivity, modular and time-modulating infrared 

cap sources were input in the final built box. An emission exit slit, where 

light would leave the box, was designed to match the dimensions of a 

comparison tungsten ribbon infrared source (a). The optimized design was 

modeled in Light Tools, where the irradiance at the surface of the box was 

simulated to assure high uniformity across the exit slit (b). 

2.3.2 Infrared Deflectometry Sources Radiometric Modeling 

The radiometric properties of a traditional tungsten ribbon based source have been well 

documented [47]. The LITMIC source has similar radiometric properties as a tungsten ribbon, in 

that both are well described as pseudo-blackbody sources. For the presented study, both sources 

feature identical emission areas and are linearly scanned, which results in a signal vs. scanning 

position raw data output from the camera for a test. This raw data is centroided to determine the 

coordinates of the source which resulted in excitation of a given camera pixel. 

As has been described previously [21,48,49], the centroid uncertainty, 𝜎, as determined from error 

propagation when only noise is considered, is determined from the recorded intensity response width, w, 

the number of samples taken, N, and the SNR, as shown in equation 1: 

𝜎 =
𝑤

√𝑁 𝑆𝑁𝑅
=

𝑤

√𝑁  𝑃𝑠𝑖𝑔/𝑁𝐸𝑃
, [1] 

Where Psig refers to the signal power and NEP is the noise equivalent power. The centroid 

uncertainty can be directly related to the slope uncertainty, as show in equation 2: 

Δ𝑠 ≅
𝜎

2𝑍
 , [2] 
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Where Z refers to the distance from the source to the UUT in the test setup. The signal power in 

equation 1 is determined from the reflected radiance, Lref, the diameter of the camera aperture, Dap, 

the source width, wsc, and the camera focal length, f, as shown in equation 3: 

𝑃𝑠𝑖𝑔 = 𝜏𝑜𝐿𝑟𝑒𝑓𝐴𝑖𝑚𝛺𝑝𝑖𝑥 = 𝜏𝑜𝐿𝑟𝑒𝑓  (𝑤𝑠𝑐𝐷𝑎𝑝) 
𝐴𝑝𝑖𝑥

𝑓2 , [3] 

 

Where the reflected radiance, Lref, is determined from the source radiance, Lsrc. The value is scaled 

by the reflectivity of the UUT, rU, and the relative reflectance due to rough surface scattering, rs. 

The reflected radiance is given by equation 4: 

𝐿𝑟𝑒𝑓 = 𝑟𝑎  𝑟𝑠  𝐿𝑠𝑟𝑐𝑒 , [4] 

 

The source radiance of the tungsten ribbon and LITMIC source are unique to each source. The 

source radiance of the tungsten ribbon, referred to as Lsrc_ribbon, is given by equation 5: 

𝐿𝑠𝑟𝑐𝑒_𝑟𝑖𝑏𝑏𝑜𝑛 =
𝜀𝑟 α7−14

𝑟  𝑃𝑟𝑖𝑏𝑏𝑜𝑛

𝜋𝐴𝑠𝑟𝑐𝑒
, [5] 

 

Where the total power from the power supply, Pribbon, must be scaled by the emissivity of the 

source over the given radiation band of 7-14𝜇m, εr, which is 0.10  [47,50,51]. As configured for 

testing, the power draw was approximately 2.1 W (2.2 A, 0.95 V), with an operating temperature 

of 440 °C. The portion of the total radiation in the 7-14 μm band, referred to as α7−14
𝑟 , is determined 

using the Stefan-Boltzmann law. Finally, the solid angle is calculated from the solid angle a plane 

source radiates towards a hemisphere, given by 𝜋 = 3.14 𝑟𝑎𝑑, while the surface area of the source, 

Asrc, is directly taken from the source geometry. While similar in structure, the source radiance of 

the LITMIC source, Lsrc_cavity, has some key differences, as shown in equation 6: 

 

𝐿𝑠𝑟𝑐𝑒_𝑐𝑎𝑣𝑖𝑡𝑦 = 𝑟𝑐
𝑏 𝜀𝑐 α7−14

𝑐  𝑁 𝑃𝑐𝑎𝑝

𝜋𝐴𝑠𝑟𝑐𝑒
, [6] 

 

Unlike the tungsten ribbon source, the input power is calculated from the power per cap source, 

Pcap, which for the designed cavity was approximately 0.35 W (23.8 V, 14 mA), with a temperature 

of 450 °C, and must be scaled by the total number of caps used as inputs into the cavity, N, which 
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for the presented design was 20. The emissivity and radiation are given as 𝜀𝑐  and  α7−14
𝑐  

respectively. Lastly, the total output radiance from the cavity must be scaled by the reflectivity of 

the cavity interior, rc, which for bare aluminum at the operating temperature is approximately 

0.93  [52], for every bounce of a ray. For simplification, the average number of bounces a ray takes 

from the cap source to exiting the emission slit, given by b, was used to scale the reflectivity. This 

value was determined for the given design as approximately 46, as calculated in the LightTools 

model. 

It should be noted that the power used for both sources can be scaled using careful engineering, 

however, there is a fundamental limit to the possible input power. For the tungsten ribbon, the 

source will fail above a certain power threshold. Below that threshold, as more power is added, 

the source emission will shift to high energy, resulting in shorter peak wavelength emission, which 

is non-ideal for rough surface testing. The LITMIC source power can be scaled by increasing the 

number of input caps used. Again however, above a certain threshold, the input energy will become 

too great for the interior cavity. Other ways to increase power include improving the interior cavity 

reflectivity and cooling the interior cavity. The parameter values for the as designed and 

manufactured LITMIC source, as well the tested tungsten ribbon, are provided in table 5.   

Table 5. Source Parameters for Radiometric Modeling of Scanning Line Source Infrared 

Deflectometry 

Parameter Notation Value Unit 

Tungsten Ribbon power total consumed P𝑡𝑜𝑡 2.10 W 
Single cap power total consumed P𝑐𝑎𝑝 0.35 W 
Tungsten Ribbon Radiation in 7-14 um band α7−14

𝑟   0.28 N/A 
Cavity Radiation in 7-14 um band α7−14

𝑐   0.28 N/A 
Tungsten Ribbon Source Emissivity 𝜀𝑟  0.10 N/A 
Cavity Source Emissivity 𝜀𝑐  0.90 N/A 
Cavity Reflectivity (Bare Al) 𝑟𝑐  0.93 N/A 
Cavity average ray bounces b 46 N/A 
Source surface area (for both sources) A𝑠𝑟𝑐 1440 mm2 
Ribbon source radiance   L𝑠𝑟𝑐𝑒_𝑟𝑖𝑏𝑏𝑜𝑛 1.36 × 10−5 W/mm2/sr 
Cavity source radiance   L𝑠𝑟𝑐𝑒_𝑐𝑎𝑣𝑖𝑡𝑦 1.38 × 10−5 W/mm2/sr 

 

Finally, please note that fine tuning of the applied power to each source was adjusted in final 

testing to achieve similar power counts on the camera. This allowed for a more direct one to one 

comparison of the sources. 
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2.3.3 Infrared Deflectometry Testing with LITMIC Source 

An infrared deflectometry system featuring a long-wave infrared camera and a scanning stage with 

a source mount that allowed for easy and repeatable mounting was created on an optical bench. A 

traditional tungsten ribbon source and the LITMIC source described were mounted separately and 

an infrared deflectometry measurement of several optics was performed with each source. Please 

note that the radiant flux from both sources was designed to be similar, and fine tuning of the 

source power was performed to achieve similar counts from the LWIR camera. Further, identical 

camera settings were used for all measurements. In this way, the infrared deflectometry system 

and UUT were held identical between the tungsten ribbon and the LITMIC sources.  

The optics measured were diffuse optics which could not be tested using visible deflectometry. 

The first optic was a 2-inch diameter ground glass flat sandblasted with 1500 grit, referred to as 

Glass1500, while the second optic was a 3-inch diameter aluminum blank, which was tested at room 

temperature and under thermal load, after the temperature was raised to 150°C, referred to as 

AlRoom and Al150 respectively. The surfaces of both optics were measured using a Zygo NewView 

8300 Interference Microscope, and the surface roughness of the Glass1500 optic was found to be 

127.89 nm RM while the AlRoom optic had a surface roughness of 102.53 nm RMS. 

Five sequential measurements were performed for each optic using each source, and the mean peak 

signal power recorded from the UUT across the sequential measurements was determined, as well 

as the standard deviation in peak power across the measurements. The mean peak noise recorded 

from the background, as well as the standard deviation in peak noise power across the 

measurements was also determined. Finally, the centroiding repeatability was also calculated and 

is directly proportional to the signal power standard deviation. For the tungsten ribbon source, 

several background images were captured prior to turning on the source, and an average 

background image was determined and subtracted from all subsequent measurement images with 

the scanning source turned on. For the LITMIC source, several images were captured at each 

scanning position with the source flickered on and then off, and the ‘off’ images were directly 

subtracted from their corresponding ‘on’ images. Figure 17 demonstrates the two optics measured 

using the infrared deflectometry systems. 
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Figure 19. A 2-inch diameter rough ground glass flat, referred to as 

Glass1500, (left) and bare aluminum flat, referred to as AlRoom, (right) were 

selected for measurement due to their diffuse nature, making infrared 

deflectometry and ideal metrology method. The surface roughness of both 

optics was measured using a Zygo NewView 8300 Interference 

Microscope. The ground glass surface featured a surface roughness of 

127.89 nm RMS while the bare aluminum surface roughness was 102.53 

nm RMS. 

To measure the temporal behavior of both sources a LWIR camera was focused onto the sources. 

Over a 30-minute period, an image was recorded of both sources every 10 seconds, and the 

temporal behavior was analyzed. The mean peak power for pixels imaging the sources over the 

30-minues was determined, as was the standard deviation in the peak power. Additionally, the 

mean peak noise and the noise standard deviation over the 30-minute recording interval was 

determined for both sources. 

To measure the spatial emission behavior of the sources, an image of the sources when turned on 

was captured. A profile across the source was then calculated from the image to analyze the signal 

power counts. 

2.3.4 Source Temporal Stability and Spatial Profile Results 

The recorded images of the tungsten ribbon and LITMIC source as captured using a LWIR camera 

focused onto the source planes is shown in figure 18. The traditional tungsten ribbon source 

displays a more gaussian profile, with a peak signal near the center. Additionally, two smaller 

peaks are visible outside of the main ribbon profile which are caused by localized resistive heating 

in the screws which are used to mount the ribbon. The LITMIC source features more of a flat top 

profile with fall off near the edges. The edge fall off is expected, as the signal on the detector is 
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the result of a convolution of the rectangular source with the circular camera pupil, therefore some 

roll on and roll off is expected. 

 

Figure 20. The source geometry is a key parameter in a deflectometry 

system. For the designed infrared deflectometry test system, and image of 

the tungsten ribbon (a) as well as the integrating cavity (b) sources was 

captured using the system camera through focused onto the source through 

a flat mirror. Observing a profile of the source for the tungsten ribbon (c) 

and the LITMIC (d) sources, it is seen that the average signal power is 

similar, but the source profile geometries are quite different, where both 

should ideally form a flat top rectangular shape.  

The average source signal over a 30-minute period as recorded by imaging the tungsten ribbon 

source and the LITMIC source every 10 seconds is shown in figure 19. It can be observed that the 

traditional tungsten ribbon source exhibits rapid thermal fluctuations, with a signal standard 

deviation being 2% of the total peak power, and the peak to valley variation being 12% of the peak 

power. The LITMIC source exhibits a standard deviation of 0.5% of the total peak power and a 

peak to valley variation of approximately 2% of the peak power. The noise only fluctuated by 

~0.4% of the total peak power.  
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Figure 21. High temporal stability is essential for a deflectometry source, 

as any fluctuations in the radiant flux directly impacts the recorded power 

by the camera pixels, which leads to reconstruction error. Over a 30-

minute period, with samples taken every 10 seconds, the camera detector 

pixel signal of the tungsten ribbon source (dotted black line) and the 

integrating cavity source (solid blue line) were recorded, to determine 

temporal stability of both sources. 

The time averaged camera signal from both sources, referred to as signaltime-mean, along with the 

standard deviation of the peak signal power, referred to as signaltime-std, was calculated from the 

temporal measurement. Additionally, the peak-to-valley signal value for both sources, referred to 

as signalPV was calculated over the 30-minute imaging period. Lastly, the time averaged 

background signal and the standard deviation over the 30-minute measurement period is also 

reported for both sources, referred to as noisetime-mean and noisetime-std respectively. The full statistics 

of the temporal study are provided in table 6. 

Table 6. Temporal Stability of Tungsten Ribbon and Integrating Cavity Sources 

Source signaltime-mean 

(A.U.) 

signaltime-std 

(A.U.) 

noisetime-mean 

(A.U.) 

noisetime-std 

(A.U.) 

signaltime-PV 

(A.U.)  

Tungsten 

Ribbon 

95.72 1.97 72.39 0.45 11.10 

LITMIC 93.21 0.53 73.32 0.43 1.82 

 

2.3.5 Testing of Rough Optics with Infrared Deflectometry 

To measure the high frequency surface shapes of the tested rough optics the raw output data was 

processed and used to reconstruct the surface map. Standard Zernike terms 1:37 were removed 
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from all reconstructed maps, allowing for clear observation of only the high spatial frequency 

terms. Figure 20 shows the reconstructed surface roughness maps of the Glass1500, AlRoom, and 

Al150 surfaces. 

 

Figure 22. Using both a traditional tungsten ribbon source (top row) and 

the LITMIC source (bottom row), infrared deflectometry measurements 

were taken and the surface reconstructed for the Glass1500 optic (left 

column), the AlRoom optic (middle column), and the Al150 optic (right 

column). For all maps, Standard Zernike terms 1:37 were removed to 

observe the surface roughness, as represented by the high spatial 

frequency terms. NOTE: Missing data regions in the tungsten ribbon 

reconstructed maps arise from a lack of signal during testing. 

The LITMIC source surface reconstruction measured the surface roughness of the Glass1500 as 

156.63 nm RMS, the AlRoom surface roughness as 93.78 nm RMS, and finally the Al150 surface 

roughness as 106.65 nm RMS. The traditional tungsten ribbon surface reconstruction resulted in a 

surface roughness of the Glass1500 surface of 132.33 nm RMS, while the AlRoom surface roughness 

was measured as 95.63 nm RMS. The tungsten ribbon was unable to measure the Al150 surface. 

Figure 21 demonstrates the surface roughness maps of the Glass1500 and AlRoom optics, as measured 

using the Zygo NewView 8300 Interference microscope, which measured the surface roughness 

of the ground glass optic 127.89 nm RMS and the aluminum blank as 102.53 nm RMS.  
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Figure 23. A 2-inch diameter rough ground glass flat, referred to as 

Glass1500, (left) and bare aluminum flat, referred to as AlRoom, (right) 

surface roughness was measured using a Zygo NewView 8300 

Interference Microscope. The ground glass surface featured a surface 

roughness of 127.89 nm RMS while the bare aluminum surface roughness 

was 102.53 nm RMS over a small 834⨉834 𝜇m square area over each 

optic. 

To measure the repeatability of both sources, the statistics across the same pixels imaging both the 

UUT and the background noise were studied across the N=5 repeat measurements for all optics. 

As an example, the signal throughout a full scan for all 5 repeat measurements of the aluminum 

blank using the LITMIC source, as well as the average signal response, is shown in figure 22. 

 

Figure 24. Five repeat measurements were obtained for every source 

configuration testing every optic. The five repeat camera signals for one 

pixel imaging the Aluminum blank at room temperature during testing 
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using the LITMIC source were plotted, along with the average signal 

across the five measurements. For this test the mean peak signal recorded 

was 21.84, with a standard deviation of 0.92, while the mean peak 

background noise signal was 0.83, with a standard deviation of 0.30. 

The full statistics, including the mean peak signal power, the standard deviation of the peak signal 

power, referred to as signalmean and signalstd respectively, as well as the mean peak noise power 

and mean peak noise standard deviation, referred to as noisemean and noisestd respectively are 

provided below in table 7. The average signal to noise ratio, referred to as SNR, and the centroiding 

error are provided as well. 

Table 7. Source signal and reconstruction statistics using tungsten ribbon and LITMIC sources. 

Source Optic signalmean ± signalstd 

(A.U.) 

noisemean ± 

noisestd (A.U.) 

SNR Centroiding 

Error (scam step 

size) 

Tungsten 

Ribbon 

Glass1500 4.68±1.92 1.28 ±0.44 3.66 3.15 

LITMIC Glass1500 5.32±0.94 0.70±0.26 7.60 0.75 

Tungsten 

Ribbon 

AlRoom 22.68±1.17 4.74±0.27 4.78 2.25 

LITMIC AlRoom 21.84±0.92 0.85±0.30 25.69 0.67 

LITMIC Al150 18.44±0.81 0.89±0.27 20.71 0.68 

 

While the LITMIC source and the traditional tungsten ribbon displayed similar peak signal power 

for all tests, the standard deviation of the signal power was significantly different. Like the 

temporal measurement, the LITMIC source resulted in a significantly smaller standard deviation 

in peak source power across the five repeat measurements when compared to the tungsten ribbon. 

Further, due to the unique signal isolation capability afforded by the temporal modulation of the 

LITMIC source, the SNR of the LITMIC source was 2-5 times larger than the tungsten ribbon. 

Finally, the LITMIC source resulted in a centroiding uncertainty that was approximately 1.5 mm, 

while the traditional tungsten ribbon source had a centroiding uncertainty of 4-6 mm. 

The temporally modulated LITMIC source demonstrates that the fundamental nature of the source 

provides improved emission properties, both in terms of spatial uniformity and temporal stability. 
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Additionally, the temporal modulation not only improves the signal-to-noise ratio for testing but 

allows for testing optics under thermal load or in scenes where there may be background radiation 

fluctuations. This can be essential for measuring freeform optics which are expected to operate in 

a high-temperature environment, such as solar collectors.  

It should be noted that the LITMIC source tested was not optimized from an engineering 

perspective. By coating the interior of the cavity to achieve higher reflectivity and lower 

emissivity, the output signal will be larger. Further, cooling the interior of the cavity using a Peltier 

cooler is worth exploring to maximize contrast between the on and off states of the cavity. 

However, overall the LITMIC source promises to expand freeform testing of diffuse rough surface 

optics. 
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3. Concluding Remarks 

Extensive work was performed to introduce a reliable reconstruction method for deflectometry 

testing of surfaces where an accurate surface map is unavailable. As discussed, this can be an issue 

in the optics fabrication process, during which the surface shape may change rapidly and in a truly 

freeform way between grinding runs. Additionally, there may be situations in which there is no 

access to the ideal freeform shape of a fabricated optic, and thus some method to calculate an 

accurate surface map is required. The model-free iterative deflectometry algorithmic approach 

provides a solution for such cases. Modeling was performed which verified that with no systematic 

error, the model-free approach is limited by machine precision in reconstruction accuracy. When 

normal loose calibration methods are considered in the simulation, modeling for tens of microns 

of positioning error and milliradians of tilt in all system components, the uncertainty in 

reconstruction of the surface increased to what was experimentally observed. Finally, a complex 

freeform optic, which had a spiral pattern imparted on a base sphere, was measured and 

reconstructed using the model-free method. The results demonstrated that for a freeform surface, 

the reconstruction accuracy using the model-free iterative deflectometry algorithm was more 

similar to an interferometric measurement of the same optic than even a traditional best fit sphere 

model reconstruction. This suggests that particularly for freeform optics, if an exact surface map 

of the ideal surface is unavailable, the model-free technique can be highly useful. 

While the model-free iterative deflectometry was verified by testing a concave surface, the infinite 

deflecomtetry method expanded deflectometry to testing up to and including highly convex 

freeform surfaces. Historically, deflectometry was an ideal method for freeform testing of concave 

optics as a near one-to-one imaging condition could be achieved by placing the camera and source 

near the center of curvature of an optic, thereby requiring a small source area to test even a large 

optic. However, such an approach is impossible for a convex optic, where the center of curvature 

can be in virtual space. The infinite deflectometry system creates a virtual 2𝜋 -steradian 

measurement volume around the unit under test. In this way, a high accuracy deflectometry test 

can be performed for any optical surface shape, so long as the surface can be seen by the camera 

in the test. The method relies on using a high-resolution screen tilted over the optic, with a camera 

positioned above the optic. By rotating the optic, a virtual source is created at each clocking 

position. The local slope maps of sub-aperture areas are calculated using each virtual source, 
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resulting in a full aperture local slope map of the optic. The method was used to measure a fast 

(f/1.26) convex sphere and resulted in a surface reconstruction highly similar to an interferometric 

measurement of the same optic. Further, the high-spatial frequency terms were well matched 

between the test methods, suggesting that infinite deflectometry can provide optical quality testing 

of convex optics. To explore the freeform testing capabilities of the method, an Alvarez lens as 

measured. The lens was highly freeform and had steep surface slopes, featuring nearly 150 𝜇m 

peak-to-valley of coma and trefoil across a 6 mm clear aperture. Such surfaces are finding 

increased usage as when two complementary pairs are shifted relative to one another, they can 

induce defocus, acting as a variable focus lens system. However, they are extremely difficult to 

measure, as they have high freeform departure and can be very small. The infinite deflectometry 

system successfully measured the optic, and the reconstructed surface showed similar surface 

shape to the designed shape. As a complementary test, a profile of the surface was measured using 

a touch profilometer, and the profile of the reconstructed surface showed very close match to the 

profilometry measurement, with only 488 nm RMS of difference between the two profiles after 

piston, tip/tilt, and power were removed from the reconstructed surface. This suggests that infinite 

deflectometry could be a powerful deflecomtetry configuration for performing full aperture surface 

reconstruction measurements of highly freeform optics, as well as flat and convex optics. 

Finally, a temporally modulated infrared source for deflectometry of rough, non-specularly 

reflective surfaces was explored. This work sought to address the need for improved geometry of 

a source emission, as well as more temporally stable emission in a scanning source, as compared 

to a traditional tungsten ribbon source. The newly created source, which was a long-wave infrared 

temporally modulated integrating cavity, or LITMIC for short, was created from an aluminum 

chunk, and utilized several resistive elements as light inputs into the cavity, which had a 

rectangular slit machine cut where the light was uniformly emitted over approximately a full 

hemisphere. Most importantly, the LITMIC source was temporally modulated, with an 80% 

contrast ratio at 1 Hz modulation. This feature allowed for signal isolation leading to an improved 

signal-to-noise ratio in testing rough surfaces. The temporal modulation also allows for dynamic 

in scene background accommodation, as a new background image can be easily and quickly 

collected for every scanning position of the source. A LightTools model was created to optimize 

the LITMIC cavity design and surface roughness, as well as the source input positions, to create a 

uniform emission profile over the exit slit. Temporal stability over a 30-minute imaging period 
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demonstrated extremely stable power output from the LITMIC source, while a profile of the 

source, as imaged by a long wave infrared camera, well matched the expected flat top shape for a 

rectangular source imaged by a circular pupil. The LITMIC source was able to repeatably measure 

a rough ground glass optical surface as well as an aluminum blank and had better signal-to-noise 

ratios and smaller signal standard deviation over repeat measurements when compared to a 

traditional tungsten ribbon source. Finally, the LITMIC source produced a first of its kind infrared 

deflectometry measurement of an aluminum blank under thermal load, which not only had high 

thermal emissions but also was not stable during testing. 

These results offer several avenues for interesting future work. A well calibrated deflectometry 

system should be created and used to test both a standard and a highly freeform optic, and the 

surface should then be reconstructed using the model-free iterative deflectometry method to 

determine the true fundamental accuracy of the method. Additionally, work should be done to 

determine the lower limit of seed points from the UUT surface required to avoid entering a null 

space in the surface reconstruction. Currently, the piston of one point on the true UUT surface, 

measured by a known camera pixel, must be input to the MID processing method. In doing so, the 

piston of the reconstructed surface is bound, which limits the solution space and helps to avoid 

multiple valid solutions that are all valid reconstruction surfaces. However, it has not been verified 

that only bounding the piston is satisfactory to avoid having more than one viable solution. For 

example, because there is some positioning uncertainty of the UUT location in x, y, z and tip and 

tilt, even with piston bound, there can be cases where two entirely unique reconstructed surfaces 

equally would satisfy the measured surface slopes and piston provided. In this scenario, the MID 

method would still converge to a solution, but there is a possibility that the solution it converged 

to is entirely unique and different from the real surface, and the user would be unaware of this 

issue. Modeling and simulations should be performed to determine what is the fundamental 

constraint limit required to avoid entering a null space. For the infinite deflectometry system it is 

apparent that the stitching of local slope maps leads to some error in reconstruction, and the current 

stitching method requires removal of some features in the measured data. A more refined stitching 

method should be investigated that leads to improved reconstruction results while retaining the 

fundamental measurement information. Additionally, it was found that particularly for convex 

optics, some light from a polarized screen will strike the optic under test at Brewster’s angle. This 

could lead to significantly improved calibration and local accurate knowledge of the surface slope. 
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This topic should be explored further. Lastly, a more robust rotational calibration method should 

be created for the infinite deflectometry measurement to reduce systematic errors. For the LITMIC 

source, the upper limits of testable roughness should be explored. This will require engineering 

improvements to the source, including improved interior cavity reflectivity, which can be achieved 

by coating the cavity with a high reflectivity material. It was also noticed that the interior cavity 

radiated some latent light, thus, cooling the cavity, perhaps using a Peltier cooler, would improve 

contrast and lead to high signal-to-noise ratios. Finally, larger input source power could be 

introduced by adding sources. With these improvements in mind, a library of materials and surface 

roughness testable with the source should then be explored. One additional area of interest is 

exploiting the machine nature of the LITMIC source, which need not be a box cavity with a 

rectangular emission slit. The emission profile could be custom designed, such that emission port 

could allow for a phase-shifting infrared measurement. 
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Abstract: We introduce a scalable temporally modulated long wave infrared source design. The design makes use of 

time modulated blackbody heating elements which are input sources into a custom aluminum integrating cavity. The 

output of the box is a rectangular slit, built to match the traditional tungsten ribbon design for an infrared deflectometry 

source. Temporal modulation allows for signal isolation and improved resilience to background fluctuations in an 

infrared deflectometry source. Infrared deflectometry measurements using the new source design and a traditional 

tungsten ribbon, both with similar radiant flux, were compared for a ground glass surface, an aluminum blank, and an 

aluminum blank under thermal load (300 ° C). Signal to noise ratio was ~4 times higher for the new design, as well 

as improved source stability and geometry. Further, the new design successfully measured the previously untestable 

hot aluminum flat. The new design improves infrared deflecomtetry and allows for deflectometry measurements of 

optics under thermal load. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

As manufacturing methods continue to improve, a wider range of materials are being shaped into custom freeform 

surfaces for new optical applications. These materials, which include metals, glass, ceramics, and plastics, are turned 

into high performance optics using grinding and polishing methods, computer numeric control (CNC) diamond 

turning, sub-aperture polishing methods, 3D printing, and more  [8,9,45,53,54]. To assure proper fabrication, 

advanced metrology technologies must be used. This allows for monitoring and guiding of the fabrication process, 

and final verification of the optical surface shape.  

Typically, interferometry and deflectometry are used for high accuracy and precision metrology of freeform 

optics  [37,45,54,55]. Interferometry is a null metrology method, which requires using a null optic as a reference 

measurement to the unit under test (UUT). For freeform optics in particular, computer generated holograms (CGH) 

have become highly attractive for use as a null optic as they can generate a freeform null and additionally can provide 

advanced alignment features  [15]. Unfortunately, a CGH can only null a designed specific optical configuration, and 

they typically can be expensive to fabricate. Deflectometry is a non-null test method, in a which a source presents a 

known pattern, which specularly reflects from the UUT and is recorded by a camera. By knowing the geometry of all 

components to high precision the local slopes of the UUT can be determined and integrated to generate a reconstructed 

surface map. Particularly for extremely large optics, such as telescope optics, fabrication is typically achieved using 

grinding and polishing [5,54,56,57]. The grinding phase of generating optics offers a unique period during which rapid 

removal of material is performed, allowing for faster convergence to the final desired surface shape, with removal 

rates being up to thousands of times faster than during polishing. During the period, the optical surface root mean 

square (RMS) roughness can range from hundreds of microns down to 1 micrometer, and the surface shape can change 

significantly. The rough surface is not specularly reflective to visible wavelengths, making measurements challenging. 

Utilizing an infrared system is a desirable solution to grinding phase metrology as the rough surface will be specularly 

reflective at longer wavelengths. While infrared interferometers exist which could achieve this measurement [58], the 

rapidly changing surface shape during the grinding phase requires equally rapidly changing custom null optics. 

Instead, deflectometry has been used with an infrared source to measure such rough surfaces  [37,59]. 

A key challenge in designing infrared deflectometry systems is in the choice of a thermal source. Ideally, a 

deflectometry source will provide a high signal to noise ratio for the system, while having high spatial modulation 

accuracy and capabilities and excellent stability. One possible source design is to apply current to a thin tungsten 

ribbon, which induces joule heating and creates a rectangular, pseudo-blackbody emitting source. By scanning the 

ribbon in orthogonal directions, a line scanning source is created. This ribbon design formed the basis for the scanning 

https://doi.org/10.1364/OA_License_v1
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long wave optical test system, SLOTS, which has been used extensively in infrared deflectometry, and the tungsten 

ribbon source, with minor variations, is still the traditional source used for infrared deflectometry [37,46]. However, 

a tungsten ribbon has some significant limitations when applied to deflectometry.  

In a deflectometry system, any uncertainty in the shape and position of all components directly reduces the 

accuracy in the final optical surface reconstruction. For a tungsten ribbon, low order bending modes frequently occur, 

particularly as the ribbon experiences thermal gradients and load. Thus, the idealized flat rectangular shape of the 

ribbon, used for data processing and surface reconstruction of deflectometry data measurements, may be incorrect and 

can lead to surface reconstruction errors. Further, the source output is assumed to be uniform across the ribbon, and 

stable over the testing period. However, tungsten evaporates and degrades with use over time, leading to a potentially 

non-uniform emission profile across the surface. This is coupled with the challenge that the ribbon’s power draw and 

emission may fluctuate with time. One final consideration is the limit to how much output power can be achieved with 

a ribbon source. Because the ribbon acts as a pseudo-blackbody source, applying more power to raise the signal power 

will shift the output spectrum to lower wavelengths, away from the desirable longer wavelength, and above a certain 

point the load will be too great for the ribbon to handle, leading to a failure in the source. These comments are not 

meant to diminish the impact the tungsten ribbon had on infrared deflectometry specifically, and metrology generally. 

Without the introduction of the tungsten ribbon source, high accuracy, rapid and efficient in-situ testing of diffuse 

optics was challenging, time consuming, and extremely expensive. Instead, these known limitations to the tungsten 

ribbon layout a clear framework of considerations that must be addressed to produce an improved infrared 

deflectometry system at the source level. 

We have created a new source design which addresses these prior issues and opens a new region of infrared 

deflectometry testing. The source is a long wave infrared time modulated integrating cavity (LITMIC), which uses 

modular high efficiency and high stability resistive membrane blackbody elements. Due to the modular design, the 

number of elements, referred to as ‘caps’, inputting radiation into the integrating cavity are readily scalable. The light 

is output via a machine cut slit, whose geometry is stable and known to machining precision. Finally, a key feature of 

the LITMIC design is the ability to temporarily modulate the source at up to 1 Hz, providing an infrared time 

modulated signal, which allows for isolation of the signal relative to background noise during a test. The new source 

was modeled and optimized using illumination design software, and the final optimized design was built and used to 

measure a diffuse glass and an aluminum blank surface. A comparison was made using a traditional deflectometry 

tungsten ribbon source, whose shape was identical to the exit slit of the box, using the same setup and camera. This 

allowed for direct comparison of the two sources. Finally, an aluminum flat under high thermal load, which has 

historically been unmeasurable using a traditional source for infrared deflectometry, was successfully measured using 

the LITMIC source. 

2. Background Theory  

2.1 Deflectometry 

Deflectometry represents a non-null optical metrology method which can, using careful calibration, produce highly 

accurate surface reconstruction of optics. The metrology method measures the local slope of a unit under test (UUT), 

and these local slopes are integrated in post-processing to reconstruct the surface map. With proper calibration, 

deflectometry can provide surface measurements with an accuracy comparable to interferometry  [4]. 

Due to the non-null nature of the test, deflectometry can measure a wide dynamic range of surface slopes. The key 

limiting factors in a deflectometry test for what is measurable are defined by the source size, the camera field of view 

(FOV), and whether the tested UUT surface can reflect the light emitted from the source. For an area on the UUT to 

be testable it must be in the FOV of the camera. Further, by tracing a ray from the camera to any mirror pixel, the ray, 

following the law of reflection, must then after deflection intercept some point on the source area. This assures that 

the extend of the source is great enough to fully measure the UUT surface, although techniques exist to assure this can 

be satisfied for most any surface  [60]. Finally, the light emitted from the source must be specularly reflected from the 

surface of the UUT. 

In most deflectometry setups, a high-resolution camera with a well-defined entrance pupil location is used, with 

the camera entrance pupil location referred to as c(x,y,z). The camera is focused onto the UUT surface, such that the 

camera pixels are mapped to the UUT surface and represent discrete ‘mirror pixels’, referred to as u(x,y,z), over which 

the local slopes will be calculated. Ideally, the source for a deflectometry setup has well defined spatial emittance, 

allowing for accurate knowledge of the geometry of s(x,y,z), and has high repeatability and stability. Additionally, it 

is advantageous to have a source with high signal power, which provides the test system with a high signal-to-noise 

ratio (SNR). For every camera pixel, the precise location on the source that successfully illuminated the camera pixel 

is determined during the measurement. Taking this data, using the ray start location at the source, the end location at 
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the camera, and the intercept location at the mirror pixel, the local slope at the mirror pixel can be determined. This 

process is extended to all pixels to measure the local slopes at all mirror pixels on the UUT in orthogonal directions, 

referred to as SX(x,y,z) and SY(x,y,z), representing the x and y slopes respectively. These slope maps are integrated, 

typically done using a zonal integration method such as Southwell integration  [61] or a modal integration such as 

using a gradient Chebyshev polynomial set [62], resulting in a reconstructed surface map. Figure 1 demonstrates a 

standard deflectometry setup and the model used for local slope calculation. 

 
Figure C- 1  

Figure 1. A traditional deflectometry system relies on a source, s(x,y,z), which emits light with a well-known spatial 

definition. Some of the light rays, defined as vectors v(x,y,z), successfully deflect from the UUT, u(x,y,z), and are captured 

by a camera, c(x,y,z), whose entrance pupil location, p(x,y,z), is well known. Typically, the source and camera are place as 
close to the center of curvature (C.C.) as possible to approach a one-to-one imaging scenario, as shown in (a). By knowing 

the precise coordinates of the ray origin at the source, the ray intercept at the UUT, and the ray end at the camera, a local 

slope at the ray intercept can be determined in the x and y directions, referred to as Sx and SY respectively (b). 

Uncertainty in the location of any components in the system will reduce the accuracy of the local slope calculations, 

and thus the surface reconstruction process. Therefore, it is important to know the position and geometry of all 

components to a high degree of certainty. While this is readily accomplished for the camera, using calibration and 

measurement methods such as a coordinate measurement machine (CMM) or even a laser tracker, for the source it 

can be more challenging, as the source is significantly larger than the camera pupil and, in a scanning source design, 

will have additional mechanical uncertainties. Further, the source emission uniformity and stability are extremely 

important, as any uncertainty in the source behavior with degrade local slope calculations [46,47]. These issues are 

readily addressed in visible deflectometry systems, which benefit from the use of high resolution, high performance 

digital displays. However, for infrared deflectometry, the problem becomes more challenging. 

2.2 Infrared Deflectometry 

Infrared deflectometry extends deflectometry to measuring diffuse rough optics which are challenging to measure 

using traditional techniques. There exists a wide range of materials which do not specularly reflect visible light, thus, 

infrared deflectometry is an important metrology tool. This is particularly true for the grinding phase of mirror 

fabrication, where a rough grit is used to rapidly grind the UUT down to the final desired surface shape. During this 

period the root-mean-square (RMS) surface roughness will typically drop from 1000 𝜇m to 1 𝜇m as smaller grit sizes 

are used. For such rough surfaces, visible light is scattered and thus visible spectrum metrology tools are inapplicable; 

however, infrared deflectometry has been applied during this phase successfully for several mirror fabrication projects, 

including the Daniel K. Inouye Solar Telescope (DKIST) primary mirror [37]. 

The test setup used for most infrared deflectometry systems relies on a rectangular source which is scanned in the 

x and y orthogonal directions. The longer the emission wavelength of the source, the rougher the surface that can be 

tested, provided the source power is high enough and a suitable camera for the given wavelength range can be used. 

Traditionally, a heated tungsten ribbon acts as the source, serving as a pseudo-blackbody element. Coupled with a 

long-wave infrared (LWIR) camera, which is sensitive in the 7-14 𝜇m range, this allows for testing 1 𝜇m to ~ 25 𝜇m 

RMS rough surfaces. This test setup has been successfully deployed and used to measure a variety of rough, non-

specularly reflecting surfaces and was able to achieve high accuracy surface reconstruction  [21,37,38,45,46]. It should 

be noted that other dynamic heated screen patterns, including a scanning infrared laser and a resistor array, have 

successfully been used as sources for infrared systems, however, based on the literature a heated scanning ribbon still 

serves as the most common source for testing large diffuse optics  [63]. An example case showing the rough 4.2 m 

diameter off-axis parabola DKIST primary mirror surface during testing, as well as the reflected LWIR light from a 

scanning tungsten ribbon as captured by a LWIR camera for a deflectometry measurement of the UUT are shown 

below in figure 2. 
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Figure C- 2  

Figure 2. After generating a mirror blank, the surface goes through a grinding process, which rapidly converges the UUT to 

the desired shape. For the DKIST primary, a 4.2 m Zerodur blank was ground from ~100 𝜇m down to 1 𝜇m RMS surface 

roughness. During this process, the rough surface (left) was measured using infrared deflectometry. The infrared 

deflectometry system uses a scanning heated tungsten ribbon and captures reflected light in the 7-12 𝜇m range (right), which 

is specularly reflected by the rough surface. 

Just as with visible deflectometry, the uncertainty in all components directly affects the accuracy of the surface 

reconstruction. In the LWIR region, camera choices are more limited than the visible, and the most common detector 

type is a microbolometer array, which typically have large pixels than CCD or CMOS detectors. However, the 

diffraction limit in the LWIR region is also approximately an order of magnitude larger than the visible spectrum, 

thus, the pixel pitch is not a limiting factor. Additionally, accurate knowledge of the source shape and position can 

become highly challenging if not impossible to measure, as will be explored in the next section.  

Finally, the source signal as compared to the background, which broadly is captured by the term signal to noise 

(SNR) ratio, is a key characteristic of the source. All objects radiate to some extent in the infrared region, thus, there 

is a large amount of background thermal radiation both in and out of scene that contributes significantly to the noise 

levels during an infrared deflectometry test. Further, the background radiation may change during the test. A simple 

and traditionally used pre-test background image (or average of background images), may not always be enough to 

remove the background noise during testing. This issue is especially clear when considering that the source itself is 

moving during the test and may leave a thermal ‘tail’ in the air, as well as introduce a shifting background emitter in 

the form of the housing hardware. The noise issue is compounded by the fact that, for a heated metal source, there is 

a clear limit to how much signal output power can be achieved before failure of the source. Lastly, the output power 

uniformity and stability are highly important, as any variation during testing will skew results and impart uncertainty 

into the final reconstructed surface. 

2.3 Time Modulated Infrared Integrating Box Source 

With these considerations in mind, we have developed an infrared source which addresses the previously covered 

limitations of a tungsten ribbon source and allows for novel testing situations for infrared deflectometry. The source 

is a long wave infrared time modulated integrating cavity (LITMIC) which uses modular heating elements as input 

radiation and has a rectangular output slit where the light is emitted, mimicking the ribbon source dimensions for 

direct comparison. It should be noted; the cavity and emission area were selected for comparison to a tungsten ribbon 

source and can be readily changed and optimized to other geometries for different testing configurations. The design 

provides high signal output power, excellent uniformity and signal stability. Because it is a machined output slit, the 

source geometry is known to machining precision.  

The LITMIC source makes use of small resistive caps, which contain an extremely thin resistive alloy membrane 

that exhibits high emissivity can cool extremely quickly. Thus, the source can be temporally modulated, achieving an 

80% contrast ratio at 1 Hz. This allows for in-situ updated background noise images during testing, as the signal output 

can be modulated to capture ‘background’ and ‘signal’ images during the scanning. Further, although not implemented 

in this setup, a detector which provides direct signal output, and does not integrate the signal, could be used to filter 

the signal in the Fourier domain to further isolate the signal from noise, although, due to the available camera in this 

study, this approach was not implemented. 

The integrating cavity can be machined out of any material which will maintain shape and  diffusely reflect the 

LWIR being input into the cavity, although consideration of the inner cavity dimensions must be made to assure that 
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the light is properly scattered interiorly to achieve a uniform non-directional emission from the exit slit. Further, the 

interior of the cavity may be coated, depending on the cavity material, to adjust the radiant flux by minimizing 

reflection losses, and the number of input caps can be adjusted as well to scale radiant flux. Finally, the emission slit 

geometry can be altered, although again the interior cavity design must be properly configured to assure proper 

emission behavior. 

With considerations towards matching the geometrical and radiometric properties of a tungsten ribbon source, an 

integrating cavity source was designed and machined. The cavity was designed with 20 input ‘cap’ sources, operating 

at approximately 70% maximum power for safety and to achieve a 1 Hz flicker rate. The cavity itself was optimized 

to achieve uniformity over a rectangular exit, while the interior of the cavity was a box shape made of bare aluminum 

with a surface roughness of 3.4 μm. The design was modeled to match a traditional tungsten ribbon source which has 

been used in previous infrared deflectometry test [64] for comparison purposes. The matching of the slit and ribbon 

dimensions allows for direct comparison of the two sources. The system was modeled in Light Tools, and the location 

of the heating elements, as well as interior cavity dimensions and surface roughness, were optimized to achieve a 

uniform power output across the exit slit while maintaining non-directional output over approximately 2𝜋 steradians. 

The output was simulated at the slit, where uniform power was the goal. The near field irradiance pattern, as well as 

the final optimized box design, are shown below in figure 3. 

 
Figure C- 3  

Figure 3. An aluminum integrating box was designed and optimized to make an infrared source. The box was designed to 
have 20 input source ports, where small, high emissivity, modular and time modulating infrared cap sources were input in 

the final built box. An emission exit slit, where light would leave the box, was designed to match the dimensions of a 

comparison tungsten ribbon infrared source (a). The optimized design was modeled in Light Tools, where the irradiance at 

the surface of the box was simulated to assure high uniformity across the exit slit (b). 

2.4 Comparative Radiometric Modeling 

For the purposes of a direct comparison, the source power of the integrating cavity design was matched to that of the 

tungsten ribbon. The tungsten ribbon behaves as a pseudo-blackbody emitting source, and the radiometric equations 

predicting the ribbon emission have been well documented  [47]. The integrating cavity designed and built features a 

bare aluminum internal cavity, with an RMS surface roughness of approximately 3.4 μm, and when the source 

elements were activated, the emission slit acts as a black body emitting source, which emits roughly over 2𝜋 steradians. 

Further, each source features the same emission area and were linearly scanned for testing. The raw data acquisition 

is from the pixel camera detector pixel response, where a centroiding process is used to extract the peak signal response 

for every camera pixel as a function of source location Thus, as all other components are identical in a system other 

than the sources, the goal was to match the source radiance. 

As has previously been described  [21,48,49], using the law of error propagation, when only noise Ii is 

considered, the centroid uncertainty, 𝜎, is determined from the recorded intensity response width, w, the 

number of samples taken, N, and the SNR: 

𝜎 =
𝑤

√𝑁 𝑆𝑁𝑅
=

𝑤

√𝑁  𝑃𝑠𝑖𝑔/𝑁𝐸𝑃
, [1] 

 
Psig is the signal power and NEP is the noise equivalent power, which is typically the dominant factor in an infrared 

deflectometry test. The centroid uncertainty directly relates to the slope uncertainty as: 
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Δ𝑠 ≅
𝜎

2𝑍
 , [2] 

 
Where Z is the distance from the source to the UUT. The signal power is determined by considering the reflected 

radiance, Lref, the diameter of the camera aperture, Dap, the source width, wsc, and the camera focal length, f, given by: 

𝑃𝑠𝑖𝑔 = 𝜏𝑜𝐿𝑟𝑒𝑓𝐴𝑖𝑚𝛺𝑝𝑖𝑥 = 𝜏𝑜𝐿𝑟𝑒𝑓  (𝑤𝑠𝑐𝐷𝑎𝑝) 
𝐴𝑝𝑖𝑥

𝑓2 , [3] 

 
The reflected radiance, Lref, is derived from the source radiance, Lsrc, and is scaled by the reflectivity of the UUT, 

rU, and the relative reflectance due to rough surface scattering, rs. The value is calculated according to: 

𝐿𝑟𝑒𝑓 = 𝑟𝑎  𝑟𝑠  𝐿𝑠𝑟𝑐𝑒 , [4] 

 
To this point, the tungsten ribbon and the integrating cavity design share the same radiometric considerations. The 

primary difference arises in the different source radiance, defined as Lsrc_ribbon and Lsrc_cavity for the ribbon and cavity 

respectively. The ribbon source radiance is given by: 

 𝐿𝑠𝑟𝑐𝑒_𝑟𝑖𝑏𝑏𝑜𝑛 =
𝜀𝑟 α7−14

𝑟  𝑃𝑟𝑖𝑏𝑏𝑜𝑛

𝜋𝐴𝑠𝑟𝑐𝑒
, [5] 

 
Where the total power from the power supply, Pribbon, is scaled by the emissivity of the source over the given 

radiation band, εr., which is 0.10  [47,50,51] For the ribbon configuration used, the power draw was approximately 

2.1 W (2.2 A, 0.95 V), with an operating temperature of roughly 440 ° C. The portion of the total radiation in the 7-

14 μm band, α7−14
𝑟 , is calculated from Stefan-Boltzmann law. Finally, the solid angle is given by 𝜋 = 3.14 𝑟𝑎𝑑, which 

is the solid angle when a differential plane source radiates towards a hemisphere and the surface area of the source, 

Asrc, is directly calculated from the source geometry. The source radiance for the cavity is similar to that of the ribbon 

with some minor differences. This is given by: 

 

 𝐿𝑠𝑟𝑐𝑒_𝑐𝑎𝑣𝑖𝑡𝑦 = 𝑟𝑐
𝑏 𝜀𝑐 α7−14

𝑐  𝑁 𝑃𝑐𝑎𝑝

𝜋𝐴𝑠𝑟𝑐𝑒
, [6] 

Where the input power is given by the power per cap source, Pcap, which for the designed cavity was approximately 

0.35 W (23.8 V, 14 mA), with a temperature of 450 °C, and is scaled by the total number of caps inputting energy into 

the cavity, N, which for the presented design was 20. The emissivity and radiation are unique to the cap source and 

are designated as 𝜀𝑐 and  α7−14
𝑐  respectively. Finally, the total output radiance from the cavity is scaled by the 

reflectivity of the cavity interior, rc, which for bare aluminum at the operating temperature is approximately 0.93  [52] 

to the power of the average number of bounces taken by a ray from a source cap to exiting the box, b, which for the 

given design was approximately 46, as calculated in the Light Tools model. 

It should be noted that while minor parameters differ between the source radiance definitions for both a heated 

metal-based source and the LITMIC source, the most fundamental difference is the power scalability of the LITMIC 

source. Blackbody sources will shift their emission spectrum to higher energy, lower wavelengths as the input power, 

and thus temperature, increases. This is non-ideal for a long-wave infrared source. Further, there is an input power 

threshold for all materials, above which the material will fail. As seen in equation 6, the same long-wave infrared 

spectrum can be maintained while adding power to the source by scaling the number of sources, which is a unique 

feature for the LITMIC source. 

The parameter values for the as designed and manufactured LITMIC source, as well the tested tungsten ribbon, 

are provided in table 1.  The specific details of the source’s implementations are provided in later sections. 

Table 1. Source Parameters for Infrared Deflectometry 

Parameter Notation Value Unit 

Tungsten Ribbon power total consumed P𝑡𝑜𝑡 2.10 W 

Single cap power total consumed P𝑐𝑎𝑝 0.35 W 

Tungsten Ribbon Radiation in 7-14 um band α7−14
𝑟   0.28 N/A 

Cavity Radiation in 7-14 um band α7−14
𝑐   0.28 N/A 

Tungsten Ribbon Source Emissivity 𝜀𝑟  0.10 N/A 

Cavity Source Emissivity 𝜀𝑐  0.90 N/A 

Cavity Reflectivity (Bare Al) 𝑟𝑐 0.93 N/A 

Cavity average ray bounces b 46 N/A 
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Source surface area (for both sources) A𝑠𝑟𝑐 1440 mm2 

Ribbon source radiance   L𝑠𝑟𝑐𝑒_𝑟𝑖𝑏𝑏𝑜𝑛 1.36 × 10−5 W/mm2/sr 

Cavity source radiance   L𝑠𝑟𝑐𝑒_𝑐𝑎𝑣𝑖𝑡𝑦 1.38 × 10−5 W/mm2/sr 
Table C- 1  

It must be noted that in the final test, the input power to the cavity and the ribbon were altered slightly to achieve 

an average identical power signal on a camera pixel from both sources. This is due to the goal of having like 

comparisons between the two sources; the goal was not to compare the power output from the sources, which can be 

significantly adjusted via engineering choices.  

3. Experimental Setup and Measurements 

An infrared deflectometry system was assembled on an optical table. The camera featured a ~1 - 2 m variable focal 

length germanium lens, and the detector was a microbolometer array with 640x320 pixels (7-14 μm response, 

Thermal-Eye 3500AS). The exposure, gain, and level settings were adjusted prior to testing such that the output was 

never saturated, and the settings were held constant between all tests. An optical mount was situated approximately 

one meter from the camera and was fixed in place and allowed for repeatable placed of the UUT. The camera was 

focused on the UUT surface for deflectometry measurements and was focused on the sources for measurements of the 

source properties. 

The source was the only component in the system which changed. To compare properties between source 

modalities, a scanning platform was utilized with a mounting interface to interchange LWIR sources. A motorized 

lead screw stage (Velmex BiSlide, Model #MN10-0350-M02-31) moved source assemblies in the vertical direction 

with an absolute positional accuracy of ±0.005 mm. For ease of comparison, sources shared identical slit dimensions 

(75 x 2.5 mm) and radiant exitance planes. Figure 4 demonstrates the camera and source setup for the test system. 

 

 
Figure C- 4  

Figure 4. The infrared testing system used for all tests in this manuscript was composed of a linear scanning source (left) and 

a long wave infrared camera (right). The source was mounted in a kinematic mount, allowing for repeatable interchange 

between a tungsten ribbon source, as seen above, and the LITMIC source. 

 
3.1. Infrared Source Structure and Setup 

A LWIR thermal line source was implemented by running direct current (2.2 A, 2.1 W) across a thin tungsten ribbon. 

Transient thermal noise from the wire, such as the local heating of air, was reduced by taking measurements after the 

ribbon reached an equilibrium state (~5 minutes), closer to the environmental thermal steady-state condition. 

The LITMIC source was implemented by applying a (0.24 A, 7W) load to a circuit consisting of 20 emitters 

(Axetris Model: EMIRS200 T039 w/ Cap; 2 to 14 μm spectrum, ~ 2𝜋 steradian emission). Pointed into the enclosure, 

the rectangular emitter array was operated by binary power cycling with a digitally controlled relay (Numato 1 Channel 

USB-Powered Relay Module). Enclosure walls were machined from bare Al 6061-T6 and characterized to 3.4 μm 

RMS by a Zygo NewView 8300 Interference Microscope. Finally, aluminum-covered “gull-wing” shields were added 

to block excess thermal noise from the slit source plane. Figure 5 demonstrates the integrating cavity after assembly. 
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Figure C- 5  

Figure 5. The assembled LITMIC source was constructed from an aluminum cavity and utilized 20 ‘cap’ input sources (a). 
Aluminum gull fins were added to the top of the box during testing to shield the back end of the caps and to assure no excess 

emission or reflected LWIR came from the LITMIC source (b). A direct view of the source, as capture by a LWIR camera, 

shows high spatial uniformity of the signal and an ideal rectangular emission shape (c), and when the LITMIC source is 
rotated about the emission slit, the same uniformity and power output is observed (d) indicating idea uniform non-direction 

emission from the exit slit. 

3.2 Optics Under Test 

Two diffuse optics were measured with both the tungsten ribbon and the LITMIC sources. The first optic was a 1500 

grit ground glass (BK7) diffusing flat, measuring 2 inches in diameter, referred to as Glass1500. Second, a bare 

aluminum blank, measuring 3 inches in diameter was tested in two separate configurations. The Al flat was tested at 

room temperature, referred to as AlRoom, and additionally, the optic was tested under thermal load, after being heated 

to a temperature of 150 °C, referred to as Al150, to model metrology of an object operating in a high temperature 

environment. The heating was accomplished by placing the aluminum blank on a hot plate operating at 150 °C for 30 

minutes, after which, it was removed from the hot plate and mounted for testing. Surface roughness of the two optics 

were verified with a Zygo NewView 8300 Interference Microscope. The surface roughness of the Glass1500 was 

measured as 127.89 nm RMS while the AlRoom was measured as 102.53 nm. UUTs were positioned 1.35 m from the 

source plane. Figure 6 demonstrates the optics that were measured. 

 
Figure C- 6  

Figure 6. A 2-inch diameter rough ground glass flat, referred to as Glass1500, (left) and bare aluminum flat, referred to as 

AlRoom, (right) were selected for measurement due to their diffuse nature, making infrared deflectometry and ideal metrology 

method. The surface roughness of both optics was measured using a Zygo NewView 8300 Interference Microscope. The 
ground glass surface featured a surface roughness of 127.89 nm RMS while the bare aluminum surface roughness was 102.53 

nm RMS. 
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3.3 Source Geometry and Temporal Stability Measurements 

To measure the source emission geometry, tests were performed by recording a focused image of each source using 

the LWIR camera previously described. A profile across the middle of each source was recorded to determine how 

similar each true source profile was, as compared to the assumed ideal flat top rectangular emission profile. 

Consequently, this allowed for verification that the recorded signal power on the camera pixels was similar between 

the two sources, and that the source area was similar on the detector for both sources. 

To observe the temporal stability, a measurement was performed by focusing the camera on each source, which 

was turned on and recorded for 30 minutes, separately. An image was recorded every 10 seconds. For the test of both 

the tungsten ribbon source as well as the LITMIC source, signal data was calculated over a series of pixels that were 

imaging the source (N=50), and the noise statistics were calculated over several random pixels imaging the 

background scene (N = 50). Over every signal pixel the average recorded signal count, the standard deviation of the 

signal, and the peak-to-valley (PV) variation of the signal count, as reported by the output from the detector, was 

calculated. The mean value for the signal power, referred to as signaltime-mean, the mean standard deviation, referred to 

as signaltime-std, and the mean PV variation, referred to as signaltime-PV, were calculated. Similarly, the average noise 

recorded signal over every noise pixel, as well as the standard deviation for every noise pixel was determined. The 

mean noise signal, referred to as noisetime-mean, as well as the noise standard deviation, referred to as noisetime-td, was 

also calculated. 

 

3.4 Infrared Deflectometry Reconstruction and Repeatability 

To determine the comparative surface reconstruction repeatability, multiple optics were measured using both sources. 

The Glass1500 and AlRoom and Al150 optics were measured using the previously described deflectometry system and the 

surfaces were reconstructed. For both sources, where the source was scanned 150 mm, using 30 interval steps, in a 

step and stare method. The step and stare method operators such that the source is ‘stepped’ to the next scan position. 

Once it has reached the new position and motion is stopped, an image capture is performed, referred to as the ‘stare’ 

process. UUT re-mounting and alignment error was avoided by testing surfaces with one source first and then the 

other, keeping all other system parameters identical between tests. For all surfaces, 5 measurements were performed 

in succession at each step and the behavior of several locations across the UUT were analyzed for each source. The 

centroids were calculated for each source configuration. For the ribbon source, an average of 5 background images 

were recorded and subtracted from all measurement images. For the LITMIC source, an ‘on’ (cavity emitting light) 

and ‘off’ (cavity not emitting light) signal was recorded at every step position, and the ‘off’ signal at each position 

was subtracted from the ‘on’ measurement. After this, a standard centroiding process was used for both source 

measurements. The total acquisition time for the full 5 successive measurements of each optic was approximately 18 

minutes using the tungsten ribbon source and was approximately 20 minutes using the LITMIC source. 

The repeatability of the source reconstruction was determined by calculating the statistics across the repeated 

measurements. Across several repeat measurements (N =5) the recorded peak signal response as well as the standard 

deviation between measurements of the peak signal response, referred to as signalmean and signalstd respectively, were 

determined for the camera pixels imaging the UUT. Additionally, the mean peak signal response and standard 

deviation across the repeat measurements, referred to as noisemean and noisestd respectively, were determined for the 

camera pixels imaging the background, which represents the noise statistics. The mean signal-to-noise ratio was then 

determined. Finally, the data for every measurement set was processed and the source coordinate that illuminated 

every camera pixel imaging the UUT was determined via a standard centroiding process. The mean centroiding 

uncertainty of the source across the 5 repeated measurements, referred to as δmean.  

Taking the processed data, the surface of all optics was reconstructed for every measurement for both sources. 

Standard Zernike terms were fit to the reconstructed maps, and, after removing terms 1:4, 1:6, and 1:37, the maps 

were compared. The reconstruction repeatability was analyzed. The results of all tests are detailed in the following 

section. 

 

1. Results 

4.1 Source Geometry and Temporal Stability Measurements Results 

The recorded source images the tungsten ribbon and LITMIC source, captured with the test system LWIR focused 

through a flat precision mirror onto the source planes, as well as the signal profile across the midline, are shown in 

figure 7. 
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Figure C- 7  

Figure 7. The source geometry is a key parameter in a deflectometry system. For the designed infrared deflectometry test 

system, and image of the tungsten ribbon (a) as well as the integrating cavity (b) sources was captured using the system 

camera through focused onto the source through a flat mirror. Observing a profile of the source for the tungsten ribbon (c) 
and the LITMIC (d) sources, it is seen that the average signal power is similar, but the source profile geometries are quite 

different, where both should ideally form a flat top rectangular shape.  

The average source signal for both the LITMIC and tungsten ribbon sources, calculated over several pixels (N=50) 

imaging the source, over a 30-minute period with an image capture every 10 seconds is shown in figure 8. 

 
Figure C- 8  

Figure 8. High temporal stability is essential for a deflectometry source, as any fluctuations in the radiant flux directly impacts 

the recorded power by the camera pixels, which leads to reconstruction error. Over a 30-minute period, with samples taken 

every 10 seconds, the camera detector pixel signal of the tungsten ribbon source (dotted black line) and the integrating cavity 

source (solid blue line) were recorded, to determine temporal stability of both sources. 

The results of the source temporal stability measurements are reported in table 2. The time averaged camera signal 

of both sources, referred to as signaltime-mean, was calculated to verify the signal power, as recorded by the camera, was 

similar for both sources. Further, the standard deviation of the source signal over time, referred to as signal time-std, is 

also reported, as is the peak-to-valley signal variation over the 30-minute measurement period, referred to as signaltime-

PV. The time averaged background noise signal and the standard deviation of the noise signal over the 30-minute 

measurement period is also reported for both sources, referred to as noisetime-mean and noisetime-std respectively. 

Table 2. Temporal Stability of Tungsten Ribbon and Integrating Cavity Sources 
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Source signaltime-mean (A.U.) signaltime-std (A.U.) noisetime-mean (A.U.) noisetime-std (A.U.) signaltime-PV (A.U.)  

Tungsten Ribbon 95.72 1.97 72.39 0.45 11.10 

LITMIC 93.21 0.53 73.32 0.43 1.82 

Table C- 2  

The source image showed similar camera signal readout for both sources, which implies the source radiance for 

both the LITMIC and tungsten ribbon sources was similar, as designed. However, observing the profile of the sources, 

the tungsten ribbon source has a peak signal in the middle of the ribbon, which decays towards the edges, while the 

LITMIC source has a more rectangular emission pattern. The tungsten ribbon deviation from the ideal rectangular 

pattern is expected as the boundary conditions and material wear will cause the emission pattern to change from ideal. 

It must be noted that some of the shape deviation from an ideal rectangular shape is due to the limited camera resolution 

in the test setup, however. 

The temporal stability results suggest again that while the average peak signals from both sources are similar, the 

temporal stability over time is highly different. At a peak mean power of ~95 signal counts on the camera, the tungsten 

ribbon fluctuated rapidly and randomly ~ 2 camera signal counts, or 2% of the signal power. Further, the peak-to-

valley fluctuation at times reached 11 signal counts. The LITMIC source had a mean peak power of ~93 signal counts, 

fluctuating with a standard deviation of ~0.50 signal counts, or 0.5% of the signal power. The peak-to-valley 

fluctuation was 1.82 counts. In both test cases, the background noise, which is a combination of background radiation 

and camera noise, fluctuated with a standard deviation of ~0.4 signal counts on the camera. 

4.2 UUT Reconstruction and Source Repeatability Results 

 
The reconstructed surface roughness maps of the 2-inch diameter 1500 grit ground glass surface, referred to as 

Glass1500, as well as the 3-inch diameter aluminum blank tested at room temperature and under a thermal load after 

being raised to a temperature of 150 °C, referred to as AlRoom and Al150 respectively are shown in figure 9. All surfaces 

were measured using the same deflectometry system with both the traditional tungsten ribbon source and the LITMIC 

source. The surface roughness was determined by removing Standard Zernike terms 1:37 from all surface maps to 

observe the high spatial frequency terms. 

 
Figure C- 9  

Figure 9. Using both a traditional tungsten ribbon source (top row) and the LITMIC source (bottom row), infrared 

deflectometry measurements were taken and the surface reconstructed for the Glass1500 optic (left column), the AlRoom optic 
(middle column), and the Al150 optic (right column). For all maps, Standard Zernike terms 1:37 were removed to observe the 

surface roughness, as represented by the high spatial frequency terms. 

The surface roughness of the Glass1500 reconstructed surface was 156.63 nm RMS when tested with the LITMIC 

source and was 132.33 nm RMS when using the traditional tungsten ribbon source. The surface roughness of the 

AlRoom reconstructed surface was 93.78 nm RMS when measured using the LITMIC source and was 95.63 when 
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measured using the tungsten ribbon. The surface reconstructed of the Al150 was not successful when using the tungsten 

ribbon, however, the surface roughness when measured with the LITMIC source was 106.65 nm RMS. Figure 10 

demonstrates the surface roughness maps of the Glass1500 and AlRoom optics, as measured using a white light 

interferometer.  

 
Figure C- 10  

Figure 10. A 2-inch diameter rough ground glass flat, referred to as Glass1500, (left) and bare aluminum flat, referred to as 

AlRoom, (right) surface roughness was measured using a Zygo NewView 8300 Interference Microscope. The ground glass 
surface featured a surface roughness of 127.89 nm RMS while the bare aluminum surface roughness was 102.53 nm RMS 

over a small 834⨉834 𝜇m square area over each optic. 

The signal from one pixel measuring the AlRoom surface during the five repeat measurements using the LITMIC 

source, as well as the average signal response is shown in figure 11. The mean peak signal response and the standard 

deviation of the peak signal response, as well as the mean peak background noise and standard deviation of the noise 

across the five measurements is also shown. 

 
Figure C- 11  

Figure 11. Five repeat measurements were obtained for every source configuration testing every optic. The five repeat camera 
signals for one pixel imaging the Aluminum blank at room temperature during testing using the LITMIC source were plotted, 

along with the average signal across the five measurements. For this test the mean peak signal recorded was 21.84, with a 

standard deviation of 0.92, while the mean peak background noise signal was 0.83, with a standard deviation of 0.30. 

The signal, noise, and centroiding repeatability results across the five repeat deflectometry measurements of all 

optics, using both the LITMIC and tungsten ribbon sources, are reported in table 3. Please note that due to the lack of 

signal and the large noise in the measurement of the Al150 surface with a tungsten ribbon, it was impossible to record 
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a consistent signal over anything more than a small portion of the UUT surface. Thus, these results were omitted as 

the signal, noise, SNR, and centroiding error could not be calculated. 

 

Table 3. Source signal and reconstruction statistics 

Source Optic signalmean ± signalstd 

(A.U.) 

noisemean ± 

noisestd (A.U.) 

SNR Centroiding 

Error (mm) 

Tungsten 

Ribbon 

Glass1500 4.68±1.92 1.28 ±0.44 3.66 6.30 

LITMIC Glass1500 5.32±0.94 0.70±0.26 7.60 1.50 

Tungsten 

Ribbon 

AlRoom 22.68±1.17 4.74±0.27 4.78 4.50 

LITMIC AlRoom 21.84±0.92 0.85±0.30 25.69 1.35 

LITMIC Al150 18.44±0.81 0.89±0.27 20.71 1.36 

Table C- 3  

Both the LITMIC source and tungsten ribbon source were successfully used to test the Glass1500 and AlRoom optics. 

In both test cases, the mean signal power recorded after reflection from the optic was similar. The standard deviation 

across the five repeat measurements performed for every optic using each source however was slightly larger for the 

tungsten ribbon as compared to the LITMIC source. The LITMIC source was better able to reduce noise, with an 

average background noise of 0.70 camera signal counts in the glass test case, as compared to 1.28 counts for the 

tungsten ribbon, and approximately 0.85 counts for the tests of the aluminum blank, as compared to 4.74 counts for 

the tungsten ribbon. This directly impacts the SNR of both test methods, with the LITMIC source achieve a 2-5 times 

larger SNR. The centroiding repeatability over the five tests, determined by calculating the standard deviation of the 

centroids, was consistently ~1.5 mm for the LITMIC source and was 4-6 mm for the tungsten ribbon source. 

Please note, the surface reconstruction results are in no way meant to reflect the reconstruction accuracy of either 

source, as the reconstruction accuracy related to several system level effects. They purely are meant to observe the 

repeatability and noise statistics of the traditional tungsten ribbon source and the LITMIC source.  

 

2. Conclusion 

While infrared deflectometry has been used to provide metrology of rough surfaces, there are clear limitations in 

surface testing and reconstruction capabilities due to inherent characteristics of a tungsten ribbon source. For precision 

fabrication and metrology, any uncertainty in the spatial and temporal behavior of a source directly negatively impacts 

the reconstruction accuracy and uncertainty. Additionally, due to testing being performed in the infrared region, there 

is almost always significant background thermal radiation contributions, which may fluctuate over time and further 

degrade results. We have instead created an integrating cavity source, which emits long wave infrared light uniformly 

from a machine precision exit slit, which we call the LITMIC source. The temporal and spatial emission behavior is 

excellent for the source. Further, the source is temporally modulated at up to 1 Hz, which allows not only for better 

signal isolation from the background noise but can accommodate testing in an environment where background thermal 

fluctuations are occurring. 

A demonstration infrared deflectometry system using the new LITMIC source successfully tested a diffuse ground 

glass optic as well as an aluminum blank. The source exhibited excellent repeatability and significantly improved the 

SNR of the test, as compared to testing using a traditional tungsten ribbon. Further, the LITMIC source allowed for 

testing a previously unmeasurable aluminum blank while under thermal load, with the blank having been heated to 

approximately 150 °C. This could enable in-situ testing of optics placed under thermal load to observe surface behavior 

in extreme environment situations. We do not claim suing the LITMIC method is a superior test method to other 

metrology solutions. Instead, our goal is to expand the library of usable infrared sources for deflectometry, thereby 

further expanding the metrology options. 
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