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Abstract 
 

As manufacturing and optical metrology techniques continue to improve, optical systems are 

increasingly being designed to be more complex than ever. Not only increasing in complexity 

but also in size and Field of View (FOV) as well. This requires the use of more cumbersome 

ways of testing the performance both while in the manufacturing process and as the system is 

being assembled and aligned.  

 This study discusses various techniques developed to aid in the inspection process during 

fabrication and alignment analysis of advanced and innovative optical systems, such as the grism 

instrument on board NASA’s Wide Field Infrared Survey Telescope (WFIRST). [1] 

 This work presents three different techniques used to measure and verify ground and space 

based telescopes. The first technique provides the mathematical frame work to calculate the 

vertex radius of an asphere from measured sag values. The second technique uses measured data 

to obtain information about manufacturing errors which can contribute to poor system 

performance, such as misalignment when testing aspheres of varying asphericity or Diffractive 

Optical Elements (DOEs) with Computer Generated Holograms (CGHs). A parametric model 

was developed for this last case. The third technique is used to construct the alignment of a 

complex wide field optical system by methodically sampling its wide FOV and using the multi-

field merit function regression method. [2, 3, 4] 

 Each of the topics discussed has been researched, all main concepts tested, software and 

hardware solutions have been developed and verified by testing. Additionally, simulations and 

real data have been used to verify these algorithms and techniques. 
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Chapter 1: Introduction 
 

Measurement uncertainty in the field of optical metrology is becoming tighter and is quickly 

approaching the nanometer level and even pass it. Keeping a tight performance is extremely 

valuable in cases where high precision is valued over high production, which is the case for 

ground and space based telescopes, since these are unique optical systems, not mass 

manufactured. 

 Monitoring the optical development process from the start is ideal, especially if such effort 

can be easily accommodated with a simple tool which can allow the direct verification of the 

radius of curvature (ROC) of a conical surface during the manufacturing process. The use of a 

spherometer and a vertex calculating algorithm allows for such effort. Furthermore, after the 

manufacturing process is complete, there is a need to verify that the parts meet requirements, 

CGHs are a viable option for testing aspheres, freeforms, or optics with diffractive optical 

elements (DOE). However, using CGHs to measure DOEs can be difficult, not to mention that 

working with them comes with a few disadvantages, such as potential unwanted diffraction 

orders. These orders from ghost fringes can reduce measurement uncertainty if not fully blocked, 

they can also reduce fringe contrast. These disadvantages can mostly be overcome by separating 

the diffraction orders by adding carriers, either a power carrier for longitudinal separation or a tilt 

carrier for lateral separation. [5] 

 Historically binary CGHs and interferometers have successfully been used to measure 

aspheres. However, there are limitations to conventional phase-shifting interferometers, which 

require moving a reference surface. Wavelength-tuning interferometry is an alternative to this 

method, which provides a smooth and repeatable optical phase variation without the need to 

physically move any components within the optical cavity. Allowing a simpler test and a more 
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rigid cavity which is less vulnerable to external vibrations. This can also remove the need of 

having the interferometer on a floating table, allowing measurements which do not necessarily 

take place in stable environments. When using a CGH under wavelength varying conditions, it is 

necessary to understand the error such variation can introduce to the measurement. A parametric 

model was developed in this dissertation, which allows a method to calculate phase changes in 

the wavefront that result from not only commonly known CGH error sources, such as etch depth, 

duty cycle and amplitude variations, but also must include wavelength variation caused errors.  

Figure 1 shows the side view of a CGH measuring an element of the grism instrument, which is a 

slitless spectrograph that will fly onboard NASAs WFIRST telescope. 

 

Figure 1. (a) Zemax layout of the CGH and its three different sections used to measure grism element E3. From left to right it 

includes the interferometer with its transmission flat, collimated space, the CGH, diverging space, E3 grism element, collimated 
space and a return flat. (b) Phase CGH made for testing grism element E3, with three sections: main, retro and ring fiducial. It 

includes additional orientation features contained inside the center section. 

 However, even after optical systems have been measured during the manufacturing process 

to verify their fabrication will meet specifications, and even after CGHs are used to measure their 

performance after fabrication and potentially coating; when a full optical system is built, it still 

needs to be aligned. Today opto-mechanical fixtures are becoming more adjustable and the 

tolerances are tighter, however these are still greater than zero and the need to improve alignment 

is always desirable. Especially for wide field of view systems, which may not always allow for 

easy measurements of the full field, where CGHs can only measure one field at a time. The need 

for a method that can allow the input of various field points to calculate the needed alignment 
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adjustments is necessary. Additionally, determining how many and which field points should be 

sampled is also critical, since field sampling affects alignment. It is imperative to determine the 

minimum number of field points to be measured as well as their sampling distribution both on 

and off-axis. [6, 7] A multi-field reverse-search algorithm described in this dissertation attempts 

to discover the misalignment of components by measuring the wavefront error (WFE) of the 

system at a specific number of field points. It then applies the theoretical Zernike sensitivity table 

to the misaligned parameters. It uses the measured Zernike coefficients of the optical system 

under the disturbed alignment as input and if the variation of the coefficients with the 

misalignment parameters is sufficiently linear, the technique affords relatively high accuracy and 

convergence to the misalignment state determined by reverse estimation. Allowing for the 

alignment of complex optical systems to meet specifications.  

1.1 Vertex radius calculation of an asphere using a three-ball spherometer 

Over the past 100 years several techniques have been used for measuring the radius of curvature 

of an optic. These can be classified into direct and indirect methods. A common indirect method 

makes use of the measured surface sag to determine the radius of curvature. [8] When making 

direct measurements of the radius of curvature, an interferometer with a digital encoder on a 

slide are commonly used to measure the distance between the “confocal” position and the “cat’s-

eye” position. Where first the nulled fringes indicate the interferometer point focus is coincident 

with the surface center of curvature, and then where a nulled fringe pattern indicates the focus 

point is at the surface of the sphere. [9]  

 As mentioned previously, a spherometer is an instrument that allows the measurement of the 

curvature indirectly, by directly measuring its sag or saggita. This contact method can have a 

ring format, a bar format or three equally spaced balls as feet, as shown in Figure 2. This device 
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requires initial calibration using a flat surface [10]. The saggita is the difference between the 

spherometer indicator reading when it is sitting on a plane surface and when the spherometer is 

resting on the curved surface being measured. When measuring spheres, the sag measurement is 

simple, since the balls rest on the surface normally and these go through the center of curvature 

of the sphere and through the centers of the spherometer balls. 

 

Figure 2. (a) 2-inch three ball spherometer with blue tape on the feet for mirror protection. (b) Ring spherometer. (c) Bar 

spherometer. [11, 12] 

In equation 1 the radius R in terms of the measured sag t when using a three ball spherometer is 

[13]: 

𝑅 =
𝑆2

6𝑡
+

𝑇

2
± 𝑟      (1) 

where S is the distance between the ball centers and r is the radii of the spherometer ball and T = 

t - r. The sign in the equation will be positive if the surface being measured is concave and 

negative if it is convex. When measuring aspheric surfaces, the ball centers are still aligned with 

the normals to the aspheric surface, but the normal no longer goes through the center of 

curvature of the asphere. 

 In this dissertation we expand on work done by An and Parks [14] and provide a reliable 

algorithm that solves the equations which computes the vertex radius for an off-axis parabola by 
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optimization using Matlab. The insensitivity of the astigmatism, coma and trefoil to the 

spherometer rotation on the optic is also discussed. [15, 16] 

 

1.2 Wavelength-tuning interferometry and Infrared computer generated 

holograms 

Computer generated holograms or CGHs have been made since the seventies and they are 

basically a binary representation of the actual interferogram that would be obtained if the ideal 

wavefront from the test setup was interfered with a tilted plane wavefront. [10] CGHs are an 

alternative to null optics, which are needed to test aspheric optical components. The CGH is used 

in a wide variety of ways, but the most common is depicted in Figure 3. 

 
Figure 3. Typical layout of a CGH used for measuring an aspheric surface. 

 A CGH can synthesize a wavefront of any desired shape, given that the tools needed to 

resolve it, draw it and etch it already exist and have only gotten better and more accurate with 

time. CGHs are tools which are usually described as correctors and as part of an interferometric 

testing scheme, because they can synthesize an aberrated wavefront for transmission through the 

system under test; if the system had the desired aberrations, the result would be an aberration 

free image. Some variations of CGH test setups used for testing an asphere in transmission or 

reflection are depicted in Figure 4. Apart from the system or surface under test, the only element 
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with an unknown error contribution is the CGH null. The parametric model used to calculate the 

CGH’s errors is described in this wok. [5, 17] 

 
Figure 4. Twyman-Green interferometer with CGH in test arm measuring asphere. (a) Reflective CGH. (b) and (c) transmissive 

CGH in either collimated or powered space optic, respectively. 

 CGHs have conventionally been used with visible light piezo-shifting interferometers. These 

types of interferometers maintain the source’s wavelength while slightly varying the cavity 

length. An alternative to this interferometer is a wavelength shifting kind. This type of 

instrument introduces its phase shift via wavelength-tuning, which fixes the length of the cavity 

and varies the wavelength. Where the phase variation has a linear dependency with the optical 

frequency variation and is proportional to cavity length. For a wavelength-tuning interferometer 

to be able to accommodate a large variety of cavity lengths it is important to be able to adjust the 

optical frequency of the source. 

In this dissertation a procedure is developed on how to design and manufacture infrared 

CGHs and results show their successful use to model and measure the Wide-Field Infrared 

Survey Telescope grism elements. Additionally, a parametric model is provided and calculations 

of the errors that come about when interferometers introduce a phase variation via wavelength-

tuning interferometry to measure precision aspheres are also discussed. 
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1.3 Multi-field merit function regression method for system alignment 

Aligning optical systems with small fields of view (FOV) has historically been achieved by the 

use of on-axis interferometry. However, the process can be lengthy and time-consuming for the 

alignment of optical systems with relatively large FOVs. This is due to the presence of coma-

zero conditions in non-symmetrical optical systems, resulting in misalignment which may not be 

noticeable in on-axis measurements while it is amplified when measuring off-axis. [18] 

 One of the issues when aligning large FOV optical systems is the determination of how many 

field points should be measured and their distribution or field sampling. There is the need for 

both on-axis and off-axis measurements. [6, 7] Ideally a large number of field points should be 

measured, although measurement of the entire field is often unrealistic. Therefore determining 

the minimum number of field points to be measured, as well as their sampling distribution is 

critical. Figure 5 shows a comparison between two possible field sampling distributions, where 

Figure 5(a) shows the nominal 18 field points, one per detector over a 20×14 degree FOV. Figure 

5(b) highlights the four selected  field points which are located in the center portion of the field 

and Figure 5(c) also highlights four field points, but their distribution encompasses a wider area, 

creating a better sampling distribution, even if it’s not symmetrical. 

 

Figure 5. Field sampling comparison. (a) 18 field points mapping the full FOV, one per detector. (b) Field sampling of only four 

central (near on-axis) field points. (c) Field sampling of four widely distributed field points. 
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 In this dissertation the minimum number of field points to be measured have been determined 

along with the distribution required for the alignment of a system with a large FOV.  

 Additionally, this work expands on previously reported reverse optimization algorithm that 

uses merit function (MF) regression instead of a sensitivity table approach to align a wide field 

optical system. The proposed technique utilizes MF minimization of the measured Fringe 

Zernike coefficients of the optical system for one or multiple field points. [4, 19, 20, 21] The 

regression process also utilizes the damped least squares method through active adjustment of 

the selected misalignment parameters of the modeled optical system, using constraints on the 

suggested adjustments so that they may be within the allowable adjustment tolerances, until the 

minimum MF value is obtained. The proposed technique is used to determine the best alignment 

state of the WFIRST grism EDU system and the results were verified by comparing them with 

those of the currently employed sensitivity table method.  

1.4 Dissertation Publications 

The research in this dissertation has resulted (completely or partially) in the following journal 

and conference publications: 

1. Margaret Z. Dominguez, Jianxin Li, Ping Zhou, James H. Burge, "Vertex radius 

calculation and sensitivity analysis for measuring paraboloidal surfaces with a three-ball 

spherometer," in Classical Optics 2014, OSA Technical Digest (online) (Optical Society 

of America, 2014), paper OM3C.5. 

2. Margaret Z. Dominguez, Jianxin Li, Ping Zhou, James H. Burge, "Vertex radius 

measurement of an off-axis parabola with a three-ball spherometer," Opt. Eng. 55(12) 

124107 (23 December 2016). 
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1.5 Dissertation Layout 

The content of chapters 2 (Vertex radius calculation of an asphere using a three-ball 

spherometer), 3 (Wavelength-tuning interferometry and Infrared computer generated holograms) 

and 4 (Multi-field merit function regression method for system alignment) of this dissertation 
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summarize the main concepts of the various research topics completed. They also provide 

background information and discuss applications regarding the three main topics of this 

dissertation. Chapter 5 presents some concluding remarks and discusses some potential future 

work, while the last section contains the appendix with the research papers published as a result 

of this work, providing detailed insight into these topics. The research papers are included as 

appendices. 
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Chapter 2: Vertex radius calculation of a parabola 

using a three-ball spherometer 
 

2.1 Spherometry 

Spherometers have historically been used as an instrument that allows precise simple 

measurements of the radius of curvature (ROC) of a spherical surface.  This instrument is a very 

popular mechanical device that allows the ROC measurement by measuring the sag. [10]  

 However it can also measure the vertex radius of more complex surfaces such as an off-axis 

parabola (OAP). This chapter describes the various uses of a spherometer and provides an 

algorithm which can find the vertex radius of an OAP by solving a few equations based on the 

geometry of the parabola. It also shows the use of the algorithm in the measurement of a ground 

telescope primary mirror and compares the results with its known prescription. This algorithm 

can also be easily expanded to any conic surface with high-order aspheric coefficients. [14] 

 A three-point spherometer can be used to measure the profile of high-precision aspherical 

surface. Where the measurement accuracy can reach 0.2 μm for a spherometer of 1 m base in 

diameter. It can determine the radius of curvature of a large mirror measured to within 10 mm 

when the radius is 30 m. [22] Because the spherometer allows for the indirect measurement of 

the ROC through the measurement of the sagitta or sag of the surface, this makes this method 

extremely sensitive to sag measurement errors. [8] This contact method can have three equally 

spaced balls as feet, a bar or a ring format. The later has a cup instead of the three legs and the 

cup is flat in the upper part and has external walls which are cylindrical in shape. These 

spherometer configurations are shown in Figure 2.  

 This device requires an initial calibration using a flat surface. [10] The saggita is the 

difference between the spherometer indicator reading when it is sitting on a plane surface and 
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when the spherometer is resting on the curved surface to be measured. When measuring 

spherical surfaces the three-ball spherometer sag measurement is simple since the spherometer 

balls touch the surface, which makes them normal to the surface. The center of the balls also go 

through the center of curvature of the sphere being measured. Equation (1) in Chapter 1 allows 

for the calculation of the radius of curvature in terms of sag.  

 When measuring aspheric surfaces, the ball centers are still aligned with the normals to the 

aspheric surface, but the normal no longer go through the center of curvature of the asphere. An 

and Parks provided geometry equations that allow for the computation of the vertex radius for an 

OAP. [14] The following sections and Appendix A expand on their work and provide an 

algorithm that simultaneously solves those nonlinear equations by optimization plus an 

additional constraint that accurately calculates the vertex radius of an OAP. 

 When using a spherometer to calculate the ROC of an OAP it is interesting to know if the 

spherometer is able to detect astigmatism, coma and trefoil present in the optic. In order to verify 

the dependency to these aberrations the Zernike polynomials had to be studied. In all three cases 

the average of the polynomial was calculated as it phase shifted and looked for a dependency in 

spherometer clocking. If it did, then the aberrations would be dependent on clocking. The results 

of the study indicated that the astigmatism on the OAP is independent of the spherometer 

clocking. The same was conducted of the coma and trefoil Zernike polynomials. Therefore 

indicating that when using a spherometer, astigmatism, coma and trefoil are independent of its 

clocking. 

2.2 Geometry of a three ball spherometer resting on an a parabola 

Equation (2) describes the shape of a paraboloid  

𝑋2 + 𝑌2 − 2𝑅𝑉𝑍 = 0     (2) 
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where the z-axis is the parabolic axis of symmetry and Rv is the vertex radius. Any XYZ point on 

a parabola satisfies equation (2). Which originates from the general expression for a conic 

surface of revolution, where the conic constant of a parabola is K = -1. [23] 

 Figure 6 shows how a spherometer has three balls (A, B, and C) and its indicator (Dt) resting 

on the OAP. The three balls of the spherometer are located at the vertices of an equilateral 

triangle. Rs is the radius of the spherometer circle through the centers of the balls, S is the length 

of the side of the triangle and the distance between ball centers, r is the spherometer ball radius 

and Dt is the spherometer indicator position. The subscripts c used in this figure indicate the 

center for either of the spherometer balls. Subscript t indicates the contact point between the 

parabola and these balls. The y-axis lies in the meridional plane, which is the plane of symmetry 

of the parabola. 

 

Figure 6. Three ball spherometer on a parabola. (a) Top view. (b) Side view. 

 If it is assumed that an axisymmetric parabola is being measured, then the math and 

geometry can be simplified to maximize the use of the symmetries for both the spherometer and 

the parabola. Therefore placing ball A on the meridian plane (y-axis) with the tip of the indicator 
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(Dt) on the origin (0,0,0) of the parabola. This would be the axisymmetric case: XAc = XDt = YDt = 

0, where the position YAc is Rs distance away from the origin along y. The position of the center 

of ball A on the z-axis will be a distance of r higher along the normal to the surface when 

compared with where the ball touches the parabola. Once the Ac position has been determined, 

positions Bc and Bt can be calculated using the geometry of the spherometer. 

 If it is assumed that an off-axis parabolic segment is being measured, Equation (2) is also 

satisfied. If the y-axis lies on the meridian plane then once again it can make use of the 

symmetries of the spherometer. If ball A is placed on the meridian plane along with the tip of the 

indicator Dt, which is now placed some off-axis distance away from the origin of the parabola, 

then XAc = XDt = 0, but now YDt ≠ 0. An off-axis parabolic segment is determined by its off-axis 

distance L, shown in Figure 6(b), which is the distance from the parent vertex to the center of the 

off-axis segment. A three-ball spherometer can be placed on a parabola a distance L along the 

axis of symmetry and the vertex radius can be calculated by measuring its sag t. For a concave 

surface it will be positive and negative for a convex one.  

2.3 Equations for a spherometer resting on a parabola 

The following five non-linear equations (equations 3-7) are used to calculate the vertex radius of 

an OAP, which should all equal zero when the correct solution is found
 
[14]: 

The contact point of ball B on the parabolic surface is:  𝑋𝐵𝑡
2 + 𝑌𝐵𝑡

2 − 2𝑅𝑉𝑍𝐵𝑡 = 0           

(3) 

The ball radius 𝑟: 𝑟 − √(𝑋𝐵𝑐 − 𝑋𝐵𝑡)2 +  (𝑌𝐵𝑐 − 𝑌𝐵𝑡)2 + (𝑍𝐵𝑐 − 𝑍𝐵𝑡)2 = 0.                          (4) 

The relationships between 𝐵𝑐 and 𝐵𝑡  are found along the surface normal (where 
XBt

RV
 is the slope 

of the
 
surface normal): 
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𝑋𝐵𝑡 + (−
𝑋𝐵𝑡

𝑅𝑉
) 𝑟 − 𝑋𝐵𝑐 = 0                (5) 

𝑌𝐵𝑡 + (−
𝑌𝐵𝑡

𝑅𝑉
) 𝑟 − 𝑌𝐵𝑐 = 0.      (6) 

The distance between ball centers S is: 

    𝑆 − √(𝑋𝐵𝑐 − 𝑋𝐴𝑐)2 +  (𝑌𝐵𝑐 − 𝑌𝐴𝑐)2 + (𝑍𝐵𝑐 − 𝑍𝐴𝑐)2 = 0.            (7) 

Where 𝑋𝐴𝑐 = 0 since ball A sits along the meridional plane of the parabola. Equation (8) verifies 

the distance (L) from the parent vertex to the center of the off-axis segment. 

𝐿 − 𝑌𝐷𝑡 = 0.                      (8) 

These six equations have six unknown variables (𝑋𝐵𝑡 , 𝑌𝐵𝑡, 𝑍𝐵𝑡, 𝑌𝐵𝑐, 𝑍𝐵𝑐,𝑌𝐴𝑡). Yet an additional 

equation is added as a ‘constraint equation’: 

𝑌𝐷𝑡
2 − 2𝑅𝑉𝑍𝐷𝑡 = 0           (9) 

which is solved to determine the value of the vertex radius 𝑅𝑉. Generating seven equations and 

seven unknown variables: 𝑋𝐵𝑡, 𝑌𝐵𝑡, 𝑍𝐵𝑡, 𝑌𝐵𝑐, 𝑍𝐵𝑐, 𝑅𝑣 , 𝑌𝐴𝑡. 

 The y position of ball A on the OAP, 𝑌𝐴𝑡 , will lead to the finding of the position of the 

indicator tip 𝐷𝑡  on the OAP segment.  These coordinates indicate the spherometer indicator 

position on the parabolic segment, which can be calculated from 𝑌𝐴𝑡  and the positions of the 

center of the spherometer balls. The measured sag value and the angle 𝛼 also depend on the 

position of spherometer balls. 

 Making equation (9) a ‘constraint equation’ instead of simply optimizing it with the previous 

equations was due to the fact that this equation has to always equal zero. Since  𝑍𝐷𝑡 depends on 

the measured sag and the vertex radius, this makes it extremely sensitive to sag error, giving it a 

higher weight than the others. 
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 All the equations listed above can be solved using the function fmincon in Matlab by 

inputting a starting value for the solution and finding the local solution. For this process to be 

successful a reasonably close guess must be used as a starting value. Since the algorithm 

proposed uses the fmincon optimization function, it requires a constraint equation, this is 

equation (9). This equation makes the indicator contact point 𝐷𝑡 satisfy the parabolic equation. It 

is important to have this constraint so that this condition is always satisfied because, as 

mentioned previously, the vertex radius calculation is very sensitive to sag changes since its 

measurement directly contributes to the vertex radius calculation. 

2.3.1 Calculating the vertex radius of the DKIST using a spherometer 

2.3.1.1 The Daniel K. Inouye Solar Telescope (DKIST) 

The DKIST telescope (formerly the Advanced Technology Solar Telescope, ATST) will be an 

off-axis reflecting telescope, which will have the spatial, temporal, spectral resolution and 

dynamic range that is needed to see and measure the basic magnetic structures found at the solar 

surface and into the outer atmosphere. Presently much of the magnetic field is invisible, therefore 

the DKIST will be vital for quantifying, understanding, and predicting the impacts of such 

magnetism on solar-terrestrial and astrophysical plasmas. This telescope will have the ability to 

observe fundamental magnetic and plasma processes occurring naturally, providing a better 

understanding of magnetic fields and their interaction with the embedding plasma present in 

solar activity. 

The DKIST represents a collaboration of 22 institutions, which encompasses a broad segment of 

the solar physics community. It will be the largest solar telescope in the world and it will use 

adaptive optics technology to provide the sharpest views ever taken of the solar surface. This will 

allow scientists to learn even more about the sun and solar-terrestrial interactions. Some of the 
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scientific questions this telescope will address include: how are cosmic magnetic fields generated 

and how are they destroyed? What role do cosmic magnetic fields play in the organization of 

plasma structures and the impulsive releases of energy seen ubiquitously in the universe? And 

what are the mechanisms responsible for solar variability (which ultimately affect the Earth)? 

[24] 

2.3.1.2  Vertex radius calculation of the DKIST primary segment using a spherometer 

The College of Optical Sciences at the University of Arizona fabricated the primary mirror of the 

Daniel K. Inouye Solar Telescope (DKIST), which is 4.24 m in diameter and 75mm thick. The 

outer 12 cm rim is masked by the aperture plate, thus allowing a 4 m aperture. The mirror is 

Schott Zerodur glass and it is an OAP with a 4 m off-axis distance. The size of the DKIST 

primary mirror is unprecedented since several telescopes use segmented mirrors that result in 

off-axis components, but the largest are only the 1.8 m wide.  

 During the grinding stages of the fabrication process one of the techniques used for 

measuring the vertex radius of the mirror was using a 56 inch diameter three ball spherometer. 

This technique has been used by others for decades since it allows to easily monitor the shape of 

an axisymmetric optic during the grinding stages of mirrors to monitor their profile. [22, 25, 26, 

27, 28] Several spherometer measurements were completed at different positions on the mirror 

while maintaining the spherometer along the axis of symmetry of the parabolic mirror as it was 

displaced for measuring. Figure 7 shows the large spherometer on the DKIST mirror measuring 

along its axis of symmetry. 
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Figure 7. Spherometer on DKIST primary mirror. (Photo courtesy of Chang Jin Oh) 

 A sensitivity study was carried out to identify the main error sources for this spherometer 

measurement. Table 1 shows the four main error sources identified, which were independently 

perturbed in order to find their effect on the vertex radius result: indicator reading (sag), indicator 

position (Y), spherometer radius (Rs) and spherometer ball radius (r). It was found, as shown in 

the table that the most sensitive error was the measurement of the sag. Note that when measuring 

a large mirror with a large vertex radius, even when the spherometer indicator position was 

known to within 3 mm, the vertex radius calculation only varied 1.52 mm. The algorithm 

indicated a calculated vertex radius of 15980 ± 3.835 mm where the final expected prescription 

was 16000 ± 15 mm. Since the mirror was measured during its grinding stages and there was still 

considerable figure error on the surface while the measurements were collected, the results 

indicate reasonable agreement. 

Table 1. Sensitivity analysis for DKIST measured sag. 

 Sensitivity 

[mm/µm] 

Tolerance Rv error [mm] 

Indicator reading: sag 1.214 ±2µm 2.43 

Indicator position: y 0.001 ±3000µm 1.52 

Indicator position: x 0.001 ±3000µm 2.44 

Spherometer radius: Rs 0.051 ±50µm 2.54 

Spherometer ball radius: r 0.001 ±25µm 0.02 

  RSS 4.54 
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 Finally, another study was conducted which showed that as the spherometer size increased, 

the effect of the sensitivity on the vertex radius calculation decreased because the sensitivity to 

the sag measurement is reduced. If the DKIST primary had been measured by a smaller 

spherometer, the errors associated with the sag measurements would have been greater than 

those showed in Table 1.  



32 

 

 

 

Chapter 3: Wavelength-tuning interferometry and 

Infrared computer generated holograms 

CGHs in conjunction with interferometers have become the industry standard to accurately 

measure aspheric optics. However CGHs have conventionally been used with visible light and 

piezo-shifting interferometers. However, when optical testing in the infrared is required, then 

infrared CGHs and an infrared interferometer are expected. Appendix B will detail a procedure 

on how to design and manufacture infrared CGHs and how these were successfully used to 

model and measure the WFIRST grism prototype elements. Additionally it will provide a 

parametric model, simulation results, and calculations of the errors and measurements that come 

about when interferometers introduce a phase variation via wavelength-tuning interferometry to 

measure precision aspheres. 

 This chapter summarizes and provides some additional background for wavelength-tuning 

interferometry and the use of CGHs which due to their DOE nature are wavelength dependent. 

This is one the three main techniques discussed in this dissertation. Additional details and 

advantages of this topic can be found in Appendix B.  

3.1 Piezo-shifting interferometry 

Today the most common method used to introduce a phase shift in an interferometer is to 

translate one of the mirrors or optical surfaces with a piezoelectric transducer (PZT). These 

devices require an externally applied voltage to expand or contract. The configurations may vary, 

but up to a few hundred volts could be applied to get a shift of a wavelength or less. When 

changing the applied voltage, the induced phase shift varies through a series of steps. If this is a 

smooth variation, any desired phase shift can be produced and the PZT can be calibrated. [10] 
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 The phase shift PZT configuration for the Fizeau interferometer, which is one of the most 

commonly used interferometers and which is the instrument used in the measured results 

presented in later in this chapter and in Appendix B, is shown in Figure 8. Where the 

transmissive reference objective or the test piece is translated by the PZT to introduce the phase 

shift. The reference surface is the final surface of the objective, and this surface is concentric 

with the focus of the test configuration shown. 

  

Figure 8. Phase shift configuration for a Fizeau interferometer.[10] 

 A different method that produces the phase shift either in a continuous or stepped form is by 

the use a tilted plane-parallel plate in the reference beam of the interferometer. [29] The optical 

path within the plate increases as the tilt angle is increased. This method is only used with a 

collimated reference beam to avoid introducing aberrations into the reference beam. There are 

other methods that can introduce relatively low frequency shifts, these include rotating a radial 

grating about its center, or using an acousto-optic (AO) Bragg cell. [30] These acoustic waves 

traveling through the cell create periodic index of refraction variations due to the pressure of the 

sound, and a moving diffraction grating is set up in the cell. This method allows for high phase 

shift rates to be achieved; some commercially available instruments have operating frequencies 

of 20–30 MHz. Another method used to vary the phase which is not widely used, is through the 
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use of rotating polarizers or phase retarders. However these have some mechanical limitations, 

which generally limit their operation to a few kilohertz. [31] 

 The use of fiber optics has introduced new phase shifts techniques. Like the improved 

accusto optical modulators, which enables full control of the phase in a collimated beam. This 

modulator consists of a crystal that by applying a frequency using a PZT exhibits density 

modulation in the crystal along the propagating wave. A single accusto optical modulator can 

have a similar effect on a grating, but the frequency of the grating can be changed by switching it 

on and off, allowing for the modification of the otherwise static grating. [32] Another method 

that makes use of optical fibers is a stretching fiber that adjusts the path inside itself by 

expanding a small amount. The fiber coil is usually expanded using a piezoelectric transducer. 

This allows for fast scanning rates which can be achieved by stretching the fiber up to 4.5 

millimeters for a coil 20 meters long fiber. [33] 

One of the most recent techniques developed to phase shift has to do with the direct modulation 

of the output wavelength of a laser diode, by either the use of temperature or current to produce 

the shifts. This type of phase shifting has been referred to by various names but in this 

dissertation we will refer to this technique as wavelength-tuning. 

3.2 Wavelength-tuning interferometry  

For unequal path interferometers like a Fizeau or a Twyman–Green, modulating the wavelength 

of the instrument’s source allows for a change of the phase in the interferogram pattern. For a 

given difference between the length of the test cavity in the interferometer, the resulting change 

in phase is a linear function of the change in laser frequency. [34] Therefore the wavelength 

change has to be large enough to allow enough phase change for the given interferometer cavity 

length. Figure 9 shows two of the most common methods used as external cavity feedback 
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options for tuning laser diodes, the Littrow and Littman/Metcalf configurations [35]. For both 

cases, the beam emitted by the diode is collimated before reaching the grating. In the Littrow 

configuration, the zero order exits the cavity and the first order is reflected back. By turning the 

grating using a piezoelectric transducer, the wavelength reflected back can be changed, allowing 

adjustability of the emitting wavelength. In the configuration done by Littman/Metcalf, the first-

order beam is coupled out of the laser, while the zero-order beam is coupled to a rotatable mirror 

which reflects the beam back onto the grating. The angle of the mirror is varied using a 

piezoelectric transducer, which allows to tune the lasers resonant wavelength within the gain 

curve. Both configurations have differences in output power. In the Littrow configuration, which 

contains the higher output power, the exiting beam changes angle when rotating the grating. In 

the Littman/Metcalf configuration the exit angle stays constant; however, the zero order from the 

second gratings reflection is lost upon exiting and this limits the overall output power of the 

system.  

 There are other techniques mentioned in the literature that can also cause the laser output 

wavelength to be continuously tuned. These are via a Dispersion-Compensating Mirror or by 

using a birefringent acousto-optic crystal, as mentioned previously. [36]  

 

Figure 9. Most common external feedback configurations to introduce wavelength-tuning. [10] 
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 These various wavelength-tuning techniques can introduce a wavelength variation that ranges 

in size, starting with a shift as small as 0.023 nm and as large as 25 nm depending on the 

application. [37, 38] 

 This wavelength-tuning method has significant advantages in Fizeau configurations over the 

conventional PZT method, because all parts in the instrument remain fixed except for the ones in 

the light-source. It especially avoids shifting the optics used for collimation, which can introduce 

some slight decollimation. This wavelength-tuning approach also allows to separate out different 

reflections from different surfaces, allowing to discriminate between the front and back surfaces 

of optics under test. In principle, different surface reflections will have a different phase, because 

the wavelength change introduces a phase change which depends on the cavity length, making 

each surface reflection different. 

 Figure 10 shows a basic schematic of a wavelength-tuning interferometer. Defined by the 

reference flat together with the test optic. For a cavity of length L with refractive index n and a 

specific wavelength λ. In such setup the laser wavelength increases linearly from λ to λ+Δλ 

during a specific time period. The wavelength-tuned laser light enters the interferometer with an 

unbalanced optical path difference and is divided by a beam splitter. The beams returning from 

test optic and reference optic recombine at the beam splitter and interfere with each other. The 

interference signal is given by  

𝐼(𝑡) = 𝐴 + 𝐵 cos(𝜑) ,    (10) 
 

where A is the bias intensity, B is the modulation intensity and 𝜙 is the phase difference between 

the test and reference beams, defined by [39]:
 

𝜑 = 𝜙𝑇 − 𝜙𝑅 = 2
2𝜋

𝜆
𝐿𝑛 =

4𝜋𝐿𝑛

𝑐
𝜈                  (11) 
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where 𝜈  is the optical frequency and c is the speed of light. If the cavity length and index are 

fixed, the variation in optical path (phase) as a function of optical frequency change is 

𝜕𝜑

𝜕𝑡
=

4𝜋𝐿𝑛

𝑐

𝜕𝜈

𝜕𝑡
.                   (12) 

 

 Therefore, the phase variation has a linear dependence with the optical frequency variation 

and a factor proportional to cavity length. With traditional PZT phase-shifting interferometers, 

images are collected when the phase is varied at a constant rate with a 90 degree phase 

increment. Depending on the phase extraction algorithm, the number of images collected varies 

typically between 4 and 7. In this case, the total phase change for a specific algorithm is constant. 

Equation (12) implies that the frequency change necessary to produce the required phase change 

will be proportional to the cavity length. Therefore, for a wavelength-tuning interferometer to be 

able to accommodate a large variety of cavity lengths, it is important to be able to adjust the 

optical frequency over a wide range.
 

 

 
Figure 10. Wavelength-tuning interferometer basic schematic with cavity length L. 

 One issue that can come about with wavelength-tuning is sensitivity to coherent artifacts. 

Stray reflections from cosmetic defects or dust particles on optical components outside the 

measurement cavity produce unwanted interference if they reach the camera. In conventional 

PZT phase-shifting interferometer this interference does not modulate during the measurement 

and is effectively suppressed by the extraction algorithm. Conversely, for wavelength-tuning 
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systems, this interference also modulates causing possible errors in the measurements. It is 

therefore very important to keep the optical system clean and dust free. [39]  

 A wavelength-tuning interferometer rather than concentrating on a single surface or 

attempting to fit the interferogram to the first-order frequencies through a least-squares 

procedure, it can use a complete Fourier analysis of the interferogram to extract the frequencies 

and phases of all the elemental cavities from a single wavelength-tuned acquisition. This 

technique is called Fourier transform phase-shifting interferometry (FTPSI). [40] This allows the 

instrument to measure surfaces in the presence of multiple-surface interference. It uses 

wavelength-tuning in conjunction with specific cavity geometries to minimize the spectral 

overlap of higher order multiple interference, by reducing phase errors associated with spectral 

contamination. As the number of surfaces increase in the interferometer cavity, the interferogram 

is a linear superposition of all the interferograms from the combinatorial collection of all possible 

elemental cavities. A cavity consisting of N surfaces contains N-1 gaps (the physical gap 

between adjacent surfaces), and N(N-1)/2 first-order interference frequencies, with even more 

higher-order frequencies. By analyzing the interferograms in the Fourier domain, FTPSI offers 

the ability to measure surface profiles in the presence of multiple surface interference. As long as 

the frequencies are well separated, the FTPSI analysis of the interferogram can extract the 

appropriate frequencies and calculate the spatial phase variations for all the elemental cavities in 

a single acquisition. [41] 

3.3 Computer Generated Holograms 

As mentioned in Chapter 1, CGHs are an alternative to null optics, which are needed to test 

aspheric optical components. Figure 3 and 4  show a few conventional test setups that illustrate a 

computer generated hologram with an interferometer used for testing an asphere. Apart from the 
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system or surface under test, the CGH null is the only element with an unknown error 

contribution. [5, 10, 17] 

 A CGH is a diffractive null lens that has been conventionally used for measuring aspheric 

optical surfaces. It is used together with a laser interferometer. An incident spherical or 

collimated wavefront is converted by the CGH to an aspheric wavefront that matches the shape 

of the ideal aspheric surface under test, resulting in a null test setup. The CGH changes the 

wavefront of the incident beam via diffraction caused by the phase grating on its surface.  

 The CGH consists of line patterns or fringes on a flat wafer. It is usually binary and there are 

two types of binary linear CGHs: amplitude CGH, where the intensity of the laser beam is 

modulated; and phase CGH, where phase of the laser beam is modulated. Figure 11 illustrates 

these two kind of CGHs. Both start with a chrome-on-glass blank where the grating is defined by 

the period P and the etching depth t. Duty-cycle is defined as D = b / P , where b is width of the 

etched area. A1 and A2 are the amplitudes of the output wavefront from the unetched area and 

etched area of the grating, respectively. The amplitude type CGH which is a chrome-on-glass 

substrate type CGH has the pattern defined by a thin layer of chrome coating on the glass. This 

type of CGH is widely used in optical testing, because it is not sensitive to fabrication errors 

when it is used in transmission. [42] 

 
Figure 11. Schematic of a (a) phase CGH and (b) amplitude CGH. 
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 The phase CGH has higher diffraction efficiency than the amplitude CGH. Where the later 

will have a maximum diffraction efficiency of 10% for the first order of diffraction. If the light 

intensity is not high enough, phase type CGHs can be used for optical testing. Phase type CGHs 

have the pattern etched into the glass substrate and the maximum diffraction efficiency on the 

first order for these can be up to 40%.This is the reason why a phase CGH is required to get 

fringes of higher contrast when testing an uncoated surface in a double pass setup, as shown in 

Figure 4(b). 

 A pure amplitude type CGH is not sensitive to variations in duty-cycle, chrome thickness and 

amplitude, so the irregularities in the CGH substrate and pattern distortion are the main sources 

of error. However, since substrate irregularities can be removed by calibration, only the pattern 

distortion error remains. Therefore, the overall wavefront accuracy using an amplitude type CGH 

can be as good as 0.005λ. Regarding the diffraction efficiency, since the fabrication errors of 

duty-cycle do not affect the wavefront phase for amplitude CGHs, the duty-cycle of 50% can be 

selected to maximize the first order diffraction efficiency to 10%. The zero order has 25% 

diffraction efficiency. 

 On the other hand, phase type CGHs can have up to 40% diffraction efficiency at the first 

order, making phase CGHs useful for low-light-intensity optical testing. For phase CGHs, the 

zero and non-zero order diffractions have different sensitivities to duty-cycle, etching depth and 

amplitude. When the zero order diffraction is measured and then subtracted from the non-zero 

order surface measurement, there are residual wavefront errors left from the fabrication non-

uniformities in duty-cycle, etching depth and amplitude. Furthermore, all these fabrication errors 

are coupled together to affect the wavefront phases for both zero and non-zero orders of 

diffraction. Zhou and Burge [42] developed a parametric model that relates each fabrication error 
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to wavefront performance and evaluates the overall effect of all the fabrication errors by 

combining the wavefront errors from each fabrication error by a root-sum-square. To verify the 

amount of wavefront errors caused by duty-cycle, etching depth and amplitude variation, the P-V 

variations in the etching depth, duty-cycle and amplitude are assumed to be  2%, 1% and 0.5%, 

respectively. Also both A1 and A2 are assumed to be unity. The P-V wavefront errors from CGH 

fabrication non-uniformities after subtracting the zero order wavefront can be calculated using 

their parametric model. 

 As mentioned previously CGHs can have unwanted diffraction orders. These orders form 

ghost fringes which reduce measurement accuracy if not fully blocked and they also reduce the 

number of photons of the wanted order which can degrade the fringe contrast. These detriments 

can be overcome by separating the diffraction orders by adding either a tilt carrier for lateral 

separation, or a power carrier for longitudinal separation. A phase CGH is used to increase the 

diffraction efficiency of the wanted order (usually the 1st order). In the CGH design process, 

effort should be spent eliminating the ghost fringes from the unwanted orders as best as possible. 

[10] 

 CGHs have been made for decades, but have been mostly used for testing aspheres. Testing 

optics with DOE patterns on their surfaces are less common more complicated cases that require 

a high light efficiency testing method (phase CGHs). This is why designing and using a CGH to 

test the grism elements from the WFIRST telescope represents a new challenge. The following 

section will show the effects of using a CGH to measure a DOE and some of its limitations. 
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3.4 Computer generated holograms with wavelength-tuning interferometry  

3.4.1 Parametric model 

 

Amplitude and phase are the two types of CGHs. The first consists of a chromium pattern written 

on glass, and the latter is the pattern etched into the glass. Most CGHs are a combination of the 

two types, however phase CGHs provide a much higher diffraction efficiency. The process for 

fabricating a phase CGH requires additional steps after an amplitude version is made. Each of 

these additional steps may introduce errors. If the interferometer used with the CGH is a 

wavelength-tuning one, then there may be an additional source of error coupled with the fact that 

the wavelength is varying. Zhou and Burge have discussed the various manufacturing errors 

associated with a phase CGH, such as the sensitivities associated with duty cycle, etch depth and 

amplitude variation. This section and Appendix B show an extension of their work to include the 

calculation of the sensitivity associated with wavelength variation and the effect it has on the 

phase of a CGH. [42] 

 Scalar diffraction theory assumes that the wavelength of incident light on a CGH is much 

smaller than the grating period. [30] When using a wavelength-tuning interferometer, the shift of 

the wavelength is assumed to be about 0.0003 % of the incoming light, which continues to be 

consistent with the theory.  During testing, it is assumed that the grating is illuminated with a 

wavefront at normal incidence. Figure 12 illustrates a binary, linear surface profile of a CGH 

grating. This grating has a period S and an etch depth t. The duty cycle is defined as 𝐷 = 𝑏/𝑆, 

where b is width of the etched area. The A0 and A1 coefficients represent the amplitudes of the 

output wavefront from the unetched and etched areas of the grating, respectively. The phase 

difference between the rays from the peaks and valleys represent the phase function of the 

grating structure in transmission, which is defined by  
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 𝜑 =
2𝜋

𝜆
(𝑛 − 1)𝑡.        (13) 

For a phase type CGH used in transmission, A0 and A1 are both unity. 

 

Figure 12. Schematic binary linear surface profile of a phase CGH. 

 Some wavefront phase sensitivity functions have been developed by Zhao and Burge. [43] 

Where the wavefront phase Ψ and its sensitivity functions 
𝜕Ψ

𝜕𝐷
,

𝜕Ψ

𝜕𝜑
,

𝜕Ψ

𝜕𝐴1
 specify the wavefront 

error caused by deviations in duty cycle, in phase and in amplitude respectively. However, since 

it is known that a variation in wavelength introduces an additional error in the wavefront phase 

calculation, where the phase is wavelength dependent. The following model introduces the 

wavefront sensitivity function  
𝜕Ψ

𝜕𝜆
 , which describes the wavefront error caused by a deviation in 

wavelength. Table 2 summarizes the sensitivity functions for the zero and the nonzero diffraction 

orders, which now includes this wavelength sensitivity function.  

 These various functions can be evaluated directly to give the wavefront error due to 

variations in duty cycle D, etch depth t, amplitude A1 and wavelength  𝜆. The functions are 

defined as: Δ𝑊𝐷 =
1

2𝜋

𝜕Ψ

𝜕𝐷
Δ𝐷, Δ𝑊𝜑 =

𝜕Ψ

𝜕𝜑
Δ𝜑, Δ𝑊𝐴1

=
1

2𝜋

𝜕Ψ

𝜕𝐴1
Δ𝐴1, Δ𝑊𝜆 =

1

2𝜋

𝜕Ψ

𝜕𝜆
Δ𝜆, respectively. 

Where Δ𝐷 is the duty-cycle variation across the grating; Δ𝑊𝐷 is the wavefront variation in waves 

due to duty-cycle variation; Δ𝜑 is the etching depth variation in radians across the grating; Δ𝑊𝜑 

is the wavefront variation in waves due to etching depth variation; Δ𝐴1  is the amplitude 

variation; Δ𝑊𝐴1
 is the wavefront variation in waves due to amplitude variation; Δ𝜆  is the 

wavelength variation; Δ𝑊𝜆 is the wavefront variation in waves due to wavelength variation. 
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Table 2. Summary of wavefront error sensitivity functions. 

 

 Zero order (m = 0) Nonzero order (m ± 1, ±2, …) 

𝑡𝑎𝑛Ψ 

(Ψ = wavefront phase) 

𝐴1 𝐷 sin 𝜑

𝐴0(1 −  𝐷) + 𝐴1 𝐷 cos 𝜑
 

𝐴1 sin 𝜑  𝑠𝑖𝑛𝑐 (𝑚𝐷)

(−𝐴0 + 𝐴1  cos 𝜑) 𝑠𝑖𝑛𝑐 (𝑚𝐷)
 

   

S
en

si
ti

v
it

y
 f

u
n

ct
io

n
s 

𝜕Ψ

𝜕𝐷
 

𝐴0 𝐴1  sin 𝜑

𝐴1
2 𝐷2 + 𝐴0

2 (1 − 𝐷)2 + 2𝐴0 𝐴1𝐷(1 − 𝐷) cos 𝜑
 {

∞, 𝑓𝑜𝑟 𝑠𝑖𝑛𝑐(𝑚𝐷) = 0
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

𝜕Ψ

𝜕𝜑
 

𝐴1
2 𝐷2 + 𝐴0 𝐴1𝐷(1 − 𝐷) cos 𝜑

𝐴1
2 𝐷2 + 𝐴0

2 (1 − 𝐷)2 + 2𝐴0 𝐴1𝐷(1 − 𝐷) cos 𝜑
 

𝐴1
2 − 𝐴0 𝐴1 cos 𝜑

𝐴1
2 + 𝐴0

2 − 2𝐴0 𝐴1 cos 𝜑
 

𝜕Ψ

𝜕𝐴1
 

𝐴0 𝐷(1 − 𝐷) sin 𝜑

𝐴0
2(1 − 𝐷)2 + 𝐴1

2 𝐷2 + 2𝐴0 𝐴1𝐷(1 − 𝐷) cos 𝜑
 

−𝐴0  sin 𝜑

𝐴1
2 + 𝐴0

2 − 2𝐴0 𝐴1 cos 𝜑
 

𝜕Ψ

𝜕𝜆
 

2𝜋𝐴1𝐷(𝑛 − 1)𝑡 (− 𝐴1𝐷 + 𝐴0(𝐷 − 1) cos 𝜑)

𝜆2(𝐴0 − 𝐴0𝐷 + 𝐴1𝐷 cos 𝜑)2  

 

where 𝜑 =
(𝑛−1)𝑡

𝜆
 

−
2𝜋𝐴1(𝑛 − 1)𝑡 ( 𝐴1 − 𝐴0 cos 𝜑)

𝜆2(𝐴0 −  𝐴1 cos 𝜑)2  

 

where 𝜑 =
(𝑛−1)𝑡

𝜆
 

 3.4.2 Phase CGHs, wavelength variation, power and tilt carriers 

Phase CGHs can have up to 40% diffraction efficiency at the first order, which is useful with low 

light level testing. However, the substrate on which this phase CGH is made can have significant 

errors which add to the various manufacturing errors previously mentioned in section 3.4.1. 

Therefore it is important to start with either a very good substrate or measure a lesser quality one 

prior to writing on it. To measure these errors, one can start by measuring the zero diffraction 

order to then subtract the non-zero order surface measurement. The effects of these fabrication 

errors have been discussed by Zhou and Burge. [42] However, the effect of the error caused by a 

varying wavelength has not been studied yet.  

 A number of simulations were carried out to evaluate the effect of the wavelength variation 

on the wavefront performance of a phase CGH. These simulations made use of a CGH to test a 

number of different conical surfaces. The designed CGHs had varying amounts of tilt and/or 

power carriers, depending on the conical surface.  
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 The figures below show the WFE caused by the wavelength varying up to 2 nm. These 

graphs show the effect the wavelength variation has on the WFE RMS of the simulated test. It is 

important to note that when using a wavelength-tuning interferometer, the amount of wavelength 

variation will be coupled with the testing configuration (cavity length). However, depending on 

the instrument and testing configuration this will be confined to no more than 0.4 nm. Section 

3.5.3 will discuss how some instruments often introduce a wavelength variation as low as 0.01 

nm. 

3.4.2.1 Power carrier phase CGHs  

Simulations were completed which varied the wavelength up to 2 nm (±1 nm) and the WFE 

RMS was calculated for a number of different conical surface tests (k = -0.5, -1, -2 and -3). 

Where their designed CGHs used various amounts of power carrier values to avoid ghosts and 

unwanted orders. Figure 13 shows the results of the simulation study which indicates that the 

best performance, with minimal WFE RMS was found at the center of the range of the graph 

where the WFE RMS equaled 0 nm. That minimum point represents the performance at the 

designed wavelength. Minimum WFE RMS would be expected at the designed wavelength. 

Where to the right and left of that minimum spot, the wavelength varies up to 1 nm. It can be 

observed that the performance is symmetrical with respect to that minimum wavefront point. 

This figure shows that as the conical constant value goes from -0.5 to -3, the magnitude of the 

error increases, where if the conic constant equals 𝑘 = −3 and the wavelength varies 0.1nm, this 

can introduce an error of 2.2 nm in single-pass. However, if the conic constant equals 𝑘 = −0.5 

with the same wavelength variation of 0.1 nm, this introduces an error as small as 0.4 nm in 

single pass. 
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  The variation of the wavelength definitely impacts the WFE RMS, as one would expect, but 

depending on the test optic, the impact can be small to negligible. Additionally as Burge and 

Zhao [43] show, when the rest of the CGH sources of error are taken into account, the total effect 

of all errors can equal a few nanometers. If the wavelength variation error is added to create a 

full error calculation, the additional impact which depends on the conical surface being measured 

is in the order of sub-nanometers.  

 

Figure 13. Numerical simulation result showing the wavefront error as a function of wavelength variation for various conics 

using power carrier CGHs 

3.4.2.2 Tilt carrier phase CGHs  

Similar to the previous section, Figure 14 shows the wavefront error associated with the change 

in wavelength when testing a number of different conical surfaces (k = -0.5, -1, -2 and -3) with a 

CGH. Where the designed CGHs used various amounts of tilt carrier values depending on the 

surface modeled. It is noted, just as it was in the previous figure, that the best performance, with 

minimal WFE RMS was found at the middle of the range, where the WFE RMS equaled 0 nm. 

That point represents the performance at the designed wavelength. Where to the right and left of 

that reference point the wavelength varies up to 1 nm on each side, for a total wavelength 
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variation of 2 nm (±1 nm). It can be observed that the performance is symmetrical with respect to 

that minimum point.  

Once again, it is observed that as the conical constant value goes from -0.5 to -3, the magnitude 

of the error increases. Where if the conic constant equals 𝑘 = −3 and the wavelength varies 0.1 

nm, this can introduce an error of 4 nm in single-pass. If the conic constant equals 𝑘 = −0.5 

with the same wavelength variation of 0.1 nm, this introduces a smaller error of 0.7 nm in single 

pass. The wavelength variation definitely has an impact on the WFE RMS independent of the 

conical constant value, but depending on the surface, this impact can be small to negligible.  

When the various CGH sources of error are taken into account (duty cycle, etch depth, substrate), 

their effect can equal a few single digit nanometers of error. If the wavelength variation error is 

added to the full error calculation, the additional impact which depends on the conic constant 

value is only in the order of sub-nanometers up to low single digit nanometers. 

 

Figure 14. Numerical simulation result showing the wavefront error as a function of wavelength variation for various conics 

using tilt carrier CGHs 

 The following section will even further validate the results of this simulation, since they 

show the use of infrared CGH’s.  Which have both power and tilt carriers and are used to test the 

grism prototype elements of the WFIRST telescope via wavelength-tuning interferometry and 
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with conventional PZT phase shifting techniques. Both results will be compared, and it will be 

observed that the difference between these techniques is insignificant.  

3.4.3 CGHs for testing the WFIRST grism prototype 

3.4.3.1 WFIRST and the grism prototype  

In 1998 scientists discovered that the expansion of the universe is accelerating, causing them to 

reconsider the models describing the formation of the universe. Cosmologists in an effort to 

explain these observations, assumed that three-quarters of the universe is filled with 'dark matter' 

and 'dark energy', both of which cannot be observed through traditional means, this has 

revolutionized cosmology. In order to further our understanding of dark energy, scientists and 

engineers have begun work on new space telescope concepts, which have led to the creation of 

the Wide Field Infrared Survey Telescope (WFIRST). WFIRST is a NASA observatory, the 

scientific goals of which are to answer essential questions in the areas of dark energy, 

exoplanets, and infrared astrophysics. WFIRST has a primary mirror that is 2.4 meters in 

diameter, the same size as the Hubble Space Telescope's (HST) primary mirror. WFIRST will 

have two instruments, the Wide Field instrument [1, 44] and a coronagraph instrument [45, 46]. 

It will also have eighteen 4k x 4k  HgCdTe infrared detector arrays in the Wide Field Imager 

instrument, a coronagraph instrument for direct imaging of exoplanets and an integral Field 

Spectrometer within the coronagraph instrument for exoplanet spectroscopy; along with eight 

imaging filters, a prism in the Wide Field Instrument from 0.76 to 2.0 µm and a slitless 

spectroscopy instrument with a grating prism (grism). [47, 48] 

 Surpassing Hubble’s accomplishments, the Wide Field Instrument on WFIRST will have a 

FOV about 90 times bigger than the Hubble’s Advanced Camera for Surveys’ FOV, and 

approximately 200 times bigger than the FOV of Hubble’s IR channel of the Wide Field Camera 
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3. Figure 15 shows this comparison. This capability will enable less observing time, while still 

capturing the same amount of sky, allowing WFIRST to measure light from a billion galaxies 

over the course of its lifetime, which is designed to be six years. Where Hubble has found 

only a few galaxies within 500 million years of the Big Bang, WFIRST is expected to find 

hundreds. The Wide Field Instrument will perform a microlensing survey of the inner Milky 

Way and it is expected to find approximately 2,600 exoplanets. The Coronagraph Instrument 

will perform imaging and spectroscopy of dozens of individual nearby exoplanets and will 

directly image their ice and gas. 

 

Figure 15. FOV comparison, to scale, of the WFIRST wide field instrument with the wide field instruments of Hubble and James 

Webb's Space Telescopes. Each square is a 4k x4k HgCdTe sensor array. [47] 

   The scientific objectives of the wide field instrument are to answer two fundamental 

questions: 1) Is cosmic acceleration caused by a new energy component or by the breakdown of 

General Relativity? And 2) If the cause is a new energy component, is its energy density constant 

in space and time or has it evolved over the history of the universe? To answer these questions, 

WFIRST will conduct three different types of surveys and by combining them it will be able 
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to make a big step forward in dark energy studies. These surveys are: Type la Supernovae 

(SNe) Survey, High Latitude Spectroscopy Survey and High Latitude Imaging Survey. [47] 

 The Type Ia Supernovae Survey will measure absolute distances. Patches of the sky will 

be monitored to discover new supernovae and measure their light curves and spectra. This 

measurement will provide insight into the evolution of dark energy over time, providing a 

cross-check with the other two surveys performed by this telescope. 

 The High Latitude Imaging Survey will measure the shapes and distances of a very large 

number of galaxies and galaxy clusters far away. By observing the shapes of these galaxies 

distorted by the bending of light as it passes more nearby mass concentrations, the distortions 

are used to infer the three-dimensional mass distribution in the Universe. This will also 

determine the evolution of dark energy over time. 

 The High Latitude Spectroscopic Survey will measure accurate distances and positions of 

numerous galaxies. The evolution of dark energy over time can be determined by measuring 

the changes in the distribution of galaxies. This survey will measure the growth of the 

universe. It will also measure the redshifts of tens of millions of galaxies via slitless 

spectroscopy, utilizing a grism, to survey the distribution of emission line galaxies. The predicted 

number of emitting galaxies in 2014 was estimated to be 20 million, meaning that the grism 

survey is expected to discover thousands of luminous quasars whose existence tracks the 

assembly of billion solar mass black holes a few hundred million years after the Big Bang. 

 The grism, by slitless spectroscopy, allows the surveying of a large section of the sky (about 

thousands of square degrees, where the whole sky is ~27000 sq. deg.) to find bright galaxies. The 

grism measures spectra from these galaxies and fixes their positions in angle and redshift to 

allow a three dimensional survey more than halfway back to the Big Bang. [49] 
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 In the case of Hubble, the dispersion of its grism was well characterized, but in order to set 

the wavelength zero-point, it was necessary to know the position of the target in the FOV. 

Hubble’s grism observations therefore consisted of a pair of a direct and grism images taken at 

the same sky location. An additional complication of the HST’s grism was the frequent overlap 

of spectra in both the spatial and dispersion direction, even across different spectral orders and at 

target distances of many pixels. [50] The grism design in the WFIRST shows an improvement to 

Hubble’s grism, where the divergence angle of the new grism is greater, in an effort to try to 

reduce the spatial overlap of the orders. Figure 16 shows the grism prototype, it consists of three 

elements with diffractive surfaces on two of the elements (E1 and E3). [51] 

 

Figure 16. (a) Optical layout of the prototype grism assembly. (b) CAD model of the mounted prototype grism assembly. 

 Table 3 shows the specifications for the grism prototype. The designed grism WFE is 

diffraction limited across the bandpass. Even though each individual element is highly aberrated, 

when assembled they become diffraction limited due to the compensations among them. The 

main challenge with the grism is the optical design due to its wide FOV, large dispersion, and 

relatively small f-number; this is solved by designing an instrument with two diffractive surfaces. 

Another challenge is the high-efficiency diffractive surfaces; this challenge is solved by using 
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the latest microlithography techniques from the semiconductor industry and by early vendor 

interaction. [52] 

Table 3. Grism prototype specifications. 

Wavelength range (µm) 1.35 – 1.95 

Beam diameter at GRISM (mm) 120 

Beam f/-ratio at GRISM (mm) ~f/8 

Wavefront error Diffraction limited at 1.65 µm 

Spectral resolution 645 – 900 

Size 70 mm total thickness 

 

 Each of the elements of the prototype are made of fused silica (Corning 7980) with each 

having different specifications and functions:  

- Element 1 (E1) is a plano-convex lens with a wedge, which has a spherical front surface 

(radius of curvature (ROC) is 1323.230 mm) and flat back surface (the normal of the plane is 

tilted 1.067° ± 0.008°) with a diffractive pattern on it. Its diameter is 112 mm with a clear 

aperture of 100 mm. Its function is to correct the wavelength scaled aberration from the grating 

in non-collimated space. 

- Element 2 (E2) is a bi-concave optic with a wedge (ROC of S1 is 1991.829 mm and S2 is 

662.244 mm), where the normal of the curvature is tilted 3.784° ± 0.008. Its diameter is 120 

mm with a clear aperture of 106 mm. The function of this prism is to deviate the beam to make 

the assembly zero deviation.  

- Element 3 (E3), is also a plano- convex lens, however this one does not have a wedge; its front 

surface is spherical in shape (ROC is 785.451 mm) and has a flat back surface with a 

diffractive pattern on it. Its diameter is 124 mm with a clear aperture of 116mm. Its function is 

to provide the required spectral dispersion driven by the requirement of the redshift emission 

line galaxies survey.  
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3.4.3.2 Designing and manufacturing the CGHs for grism elements E1 and E3 

 

Since the wavelength range for the grism prototype is 1.35- 1.95 µm, it requires to be tested 

within that range because of its wavelength dependent diffraction efficiency. Therefore an 

infrared interferometer was used for these measurements, which had a wavelength of 1.55 µm. In 

addition to the diffraction efficiency, in order to test the E1 and E3 diffractive surface 

performance an interferometer was used in collimated space in conjunction with a CGH.  To 

make the CGHs, the process was started by using Zemax, where the CGHs for E1 and E3 were 

designed by optimizing a Zernike Fringe Phase [53] type surface using a wavelength of 1.55 µm, 

which also falls in the center of the operational range of the grism.  

  Once the Zernike Coefficients were determined over the normalization radius, which was 

different for each element, they were converted into a GDS (Graphic Data System) format file. 

This file was read by a Heidelberg laser writer, which wrote the pattern onto a chrome on quartz 

6 inch x 6 inch, 6.35 mm thick square wafer. [54] Once it was written, developed, and chrome 

etched, it was dry etched by a Unaxis Reactive Ion Etching machine. An ideal etch depth was 

calculated and a recipe was developed so that the wafer could be adequately etched. [55] 

 During the development of the recipe a profilometer was used to determine the rate of the 

etching depth. Once the appropriate depth was obtained then the CGHs were stripped of 

photoresist to achieve its final state. Manufacturing the CGH was possible because of the use of 

the facilities at the NIST (National Institute of Standards and Technology) CNST (Center for 

Nanoscale Science and Technology). This center provides access to world-class nanoscale 

measurement and fabrication tools. 

 Two CGHs were made, one for E1 and one for E3. Using an IR Zygo commercial 

interferometer (λ = 1.55 µm) with a 4 inch diameter transmission flat. E1 and E3 were measured 
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individually in collimated space in a double pass setup with a return flat after the test element. 

Figure 1(a) shows a side view of the layout. The advantage of having the CGH in collimated 

space was the insensitivity to the placement of the CGH relative to the interferometer. The CGHs 

had three different sections, shown in Figure 1(b), two of which were designed to be used with 

visible light at 632.8 nm, the wavelength of the visible alignment beam originating from the 

interferometer. One of the alignment fiducials was placed in the center of the CGH and the other 

one was an annular area near the edge. In addition to this, the CGHs had orientation features to 

aid with positioning. The third section was the actual null test pattern designed to work with the 

interferometer’s infrared light. 

3.4.3.3 Testing E1 and E3 grism elements with a wavelength-tuning interferometry  

The simulations done in section 3.4.2 show the negligible impact a wavelength-tuning 

interferometer has on a CGH used to measure a DOE, however in this section experimental 

results are presented that add to the validation of those simulations. 

 It was already mentioned that two CGHs were made, one for E1 and one for E3. Moreover, 

two different interferometers were used to complete the measurements. 1) The IR3 

interferometer at NIST was originally developed for thickness measurements of silicon wafers. 

[56] It has wavelength-tuning and piezo-mechanical shifting capabilities with a 6 inch diameter 

transmission flat. 2) A commercial wavelength shifting interferometer (λ = 1.55 µm) with a 4 

inch diameter transmission flat. E1 and E3 were measured in collimated space in a double pass 

setup with a return flat after the test element. Figure 17 shows the E3 test setup with the IR3. The 

setup for E1 is basically the same but with E1 in the mount. 

  The IR3 used a single-mode tunable diode laser with a wavelength range centered at 1.55 

µm. The piezo-mechanical shifter had a range of about 420° at 1.55 µm, sufficient for basic 
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phase shifting algorithms. The mechanical phase shifting algorithm used seven samples and 60° 

phase shift between samples. When doing wavelength-tuning a phase shifting algorithm with 13 

samples and 60° phase increment between samples was used. Due to the long cavity (~1 meter), 

the wavelength change required for the 720° phase shift was very small. 

 

 

Figure 17. Test setup for measuring E3 at NIST with the IR3. The wavelength-tuning/ piezo-shifting IR3 interferometer is to the 

left of the picture. 

  The IR3 measured the full aperture of the elements and because of its dual phase shifting 

capability it could validate that a wavelength-tuning type interferometer can successfully test 

optics with diffractive surfaces using a CGH. The results from IR3 showed that both techniques 

(piezo-shifting and wavelength-tuning) yielded the same result for both E1 and E3. Table 4 

compares the measured WFE RMS by the IR3 using its two different capabilities. This 

demonstrates that wavelength-tuning for a long optical path length works as well as mechanical 

phase shifting. The IR3 wavelength shift during wavelength-tuning was calculated to be 

approximately 0.01 nm. Such as small shift, as shown in the section 3.4.2 does not cause 

significant measurement errors. 

Table 4. Measured WFE RMS of E1 and E3 with the IR3 interferometer. 

 Mechanical piezo-shifting Wavelength-tuning 

Grism prototype E1 62.2 nm ± 1.1 nm 63.1 nm ± 0.9 nm 

Grism prototype E3 57.3 nm ± 0.8 nm 57.5 nm ± 0.6 nm 
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 Figure 18 shows the wavefront maps measured for E1 and E3 by IR3. All wavefronts were 

analyzed with the same software, so that the same fitting algorithm was used on all the data. The 

results show that both elements meet the nominal requirements and results meet the assigned 

error in the error budget. 

 

Figure 18. Measured WFE maps for grism prototype E1 and E3. (a) E1 via piezo-shifting. (b) E1 via wavelength-tuning. (c) E3 

via piezo-shifting. (d) E1 via wavelength-tuning. 
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Chapter 4: Multi-field merit function regression 

method for system alignment 
 

4.1 Multi-field merit function regression method 

Computer aided alignment consists of optical alignment which can be obtained by inputting 

wavefront aberrations into optical design software and optimizing alignment by compensation. 

The compensation can be initially estimated by the use of sensitivity tables, where historically 

the WFE RMS or the modulation transfer function (MTF) were used to calculate such tables. 

Unlike the MTF sensitivity tables, low order Zernike Coefficients obtained from the wavefront 

error at the exit pupil are usually linearly varying to misalignments if the ranges of the 

misalignments are sufficiently small, allowing the minimization of the values of Zernike 

coefficients with or without the use of sensitivity tables. Additionally, both Zernike coefficients 

and sensitivity tables can also be used to reverse calculate unknown system misalignments. [4, 

18]  

 The algorithms that allow this reverse calculation have evolved with time and today allow for 

a faster optimization process. However the fundamental idea remains the same, where the 

wavefront aberration values at a set of points in the exit pupil are selected as targets and various 

alignment parameters are used as variables in the computer optimization. It is key to have a fine 

enough spatial sampling and distribution of the wavefront data, especially for wide field systems. 

After optimizing, the system can be adjusted to correct the calculated misalignments and 

depending on the obtained performance, another set of interferograms could be collected, and the 

procedure repeated. In theory only one iteration could be required to align the system, but the 

presence of noise and manufacturing errors can make additional iterations necessary. [19] 
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 The objective of aligning optical systems, be it symmetrical or not, is to minimize the 

aberrations in the system and obtain the best possible performance of the entire focal plane. 

Experimentally, after interferometric WFE measurements are completed, a compensator is then 

used to minimize the aberrations in the system. Such compensator should be capable of 

perturbing the various degrees of freedom (DOF) of the system: XY decentering translation, 

θx,θy,θz tipping, tilting and clocking, and Z axial translation along the optical axis. The 

alignment solution is limited by the alignment tool resolution. Using todays optical design 

software packages, this reverse optimization method can be called a merit function regression 

method as it will be called in the rest of this chapter and in Appendix C. These sections will 

present an improved method that expands on previous work and validates it through simulations 

and experimental data.  

 When the optical system has a small field of view (< than 0.1 deg), it can be more easily 

aligned by observing the interferogram on-axis. However, when the field of view is relatively 

large or the system has off-axis components, it is not as easy. Even if the interferogram shows 

low WFE RMS on-axis, the off-axis results may be quite large. This occurs because there are 

conditions under which there may be no coma for some fields, which is not noticeable when only 

measuring on-axis, but is amplified off-axis. The merit function regression method has been 

developed to align wide field of view systems like the WFIRST grism. [4]. 

 There are well known relationships between some adjustments and aberrations such as 

transverse aberrations which include astigmatism and coma, known to be coupled with 

decentering and tilting. Unlike longitudinal aberrations such as defocus and spherical, which are 

mostly coupled with spacing. To carefully understand these relationships, a sensitivity analysis 

of the system must be conducted. This allows for the creation of a well-defined relationship at 
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each field point, between the wavefront error and a combination of Zernike coefficients. These 

types of polynomials have a very useful feature, which is that they have a simple rotational 

symmetry that allows their expression as a product of the radial term (ρ) and a function of the 

angle (θ). [53] There are at least six different schemes that define Zernike polynomials. The 

Fringe Zernike Coefficients are a subset of these polynomials, where only the first nine or 

sixteen terms are commonly used because the lower-order terms provide sufficient insight into 

the misalignment of an optical system. For the studies carried out in this dissertation, sixteen 

terms were always used. 

 Zernike coefficients can be linearly related to the misalignments of any system, if that 

assumption is made then each coefficient can be derived from a linear combination of the 

different misalignment parameters, which are different at each field point. This relationship can 

be expressed as ΔZ = AΔD [7, 21], where 
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].    (14) 

 ΔZ is the difference between the measured and modeled Zernike coefficients; A is the 

sensitivity table obtained from the nominal model; and ΔD is the sum of the compensators of the 

alignment parameters xi; m and n are the total number of Zernike coefficients and the total 

number of alignment parameters, respectively. By using this technique, where the linear 

relationship between the Zernike coefficient sensitivity and the alignment perturbation is 

maintained, an accurate estimation of the misalignment parameters are obtained. [21] There can 

be cases where there may not be linearity between the Zernike coefficients and the alignment, 

this can occur when the system is significantly misaligned, creating a considerably high residual 

error when using this method. Furthermore, since the nominal model is used to generate the 
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sensitivity table (A), this may further aggravate the problem because the measured coefficients 

that contain field errors would increase the sources of the residual error. 

 The Merit Function (MF) is defined as the sum of the various field components. In optical 

design software, it is the sum of the errors of the different field components, with sixteen Fringe 

Zernike terms at each field point: 

𝑀𝐹2 =  
∑ 𝑊(𝑓,𝑍)(𝑉(𝑓,𝑍) − 𝑇(𝑓,𝑍))2

∑ 𝑊(𝑓,𝑍)
      (15) 

where W is the weighting factor of each term; V and T are the current and target values of the 

selected parameters, respectively; 𝑓 represents the various field components; and 𝑍 represents 

the sixteen Fringe Zernike coefficients for each field. The actively damped least square method, 

used in most optical design software’s, is used to minimize the MF value and obtain the best-fit 

parameters. The first sixteen Fringe Zernike coefficients from interferometric measurements are 

needed to define the initial MF for a system at full field. In equation (15) T(f,Z) represents the 

misaligned state of the system. The nominal Fringe Zernike coefficients are assigned to V(f,Z), 

which represents the nominal alignment status of the optical system. Afterward, the measured 

coefficients are assigned to T(f,Z) (the Merit Function Editor inputs the measured values in its 

“Target” column) and a weighting factor of unity is set for all the variables. This is followed by 

the minimization of the MF by running the optimization algorithm (i.e. the damped least square 

technique) embedded in the software. Allowing the optimization of the alignment parameters, 

which are the user defined variables, so that V(f,Z) approaches T(f,Z) as closely as possible. 

When the MF is minimized, the outputs are the alignment parameters, which indicate the current 

misalignment state of the measured optical system. 
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4.1.1 Field positioning and other errors 

When measuring the WFE of a specific field point, ideally the reference spherical wave from the 

interferometer should be focused on the exact field position relative to the focal plane of the 

system. However, in reality identifying the correct field position is difficult and usually involves 

a residual positioning error. A previous study has shown that the MF value approaches nearly 

zero at ±0.02 degrees from the on-axis field point, indicating that the MF regression method can 

be used to determine the shifted field position initially desired, making it very useful for 

computing the field positioning error. [20] 

 Additional error sources include environmental interferometric testing conditions. For 

instance, if the interferometer is exposed to turbulent conditions and the setup is not on a floating 

table, vibration may impact the measurement repeatability.  

4.2 Wide field of view systems  

4.2.1 WFIRST and the grism EDU 

As mentioned in the previous chapter the WFIRST is a NASA observatory designed to perform 

wide-field imaging and slitless spectroscopic surveys of the near-infrared sky. [48] The 

observatory utilizes a 2.4-m-diameter primary mirror and its payload includes two main 

instruments, a wide field instrument [1, 44] and a coronagraph instrument [45, 46]. The wide 

field instrument enables wide-field imaging and slitless spectroscopic capability through the use 

of a grism. WFIRST offers Hubble sensitivity and 0.1 arc-second resolution over a 0.28 square 

degrees field of view that is almost 100 times the field of Hubble’s visible cameras.  

 The grism instrument has been through multiple design cycles. In 2013 a grism prototype 

was modeled and manufactured. The prototype had a prism-like optic surrounded by two 

diffractive plano-convex lenses, described in detail in Chapter 3. [51, 57] Such instrument was 
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assembled and tested on-axis but did not satisfy the full field performance requirements. The 

following design iteration needed to cover a larger spectral range (1.0 – 1.9 µm) changing the 

design and making it four elements. This iteration was called the grism engineering development 

unit (EDU) which consists of four optical elements: E1–E4, with an integrated Lyot stop 

between elements E1 and E2.  

 Each of the elements of the EDU are made of Suprasil 3001 IR grade (Corning 7979) with 

each having different specifications and functions:  

- Element 1 (E1) is a thin plane-parallel plate with a diffractive pattern on the back surface. Its 

diameter is 118.5 mm with a clear aperture of 113.5 mm. Its function is to correct the 

wavelength scaled aberration from the grating in non-collimated space. 

- Element 2 (E2) is a wedged powered prism element, similar to a meniscus lens (ROC of S1 is 

1766.037 mm and S2 is 567.224 mm), where the normal of the curvature is tilted 1.16 ± 0.1 

degrees. Its diameter is 112 mm with a clear aperture of 107 mm. The function of this prism, 

along with E3, is to deviate the beam to make the assembly zero deviation.  

- Element 3 (E3) is a wedged powered prism element, similar to a meniscus lens and E2 (ROC 

of S1 is 551.273 mm and S2 is 1742.2 mm), where the normal of the curvature is tilted 2.306 ± 

0.1 degrees. Its diameter is 118.5 mm with a clear aperture of 113.5 mm. The function of this 

prism, along with E2, is to deviate the beam to make the assembly zero deviation 

- Element 4 (E4) is a thin plane-parallel plate with a diffractive pattern on the back surface. Its 

diameter is 123 mm with a clear aperture of 118 mm. Its function is to provide the required 

spectral dispersion driven by the requirement of the redshift emission line galaxies survey.  

 E1 is mounted on the mechanical baseplate, referred to as the grism deck, while E2–E4 are 

mounted in succession onto the deck in their respective mounts. The position of each element in 
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its mount can be adjusted through spherical washers that allow six DOF adjustment. Figure 19 

shows a side view of the grism EDU optical model and its Computer Aided Design (CAD) 

model. Figure 22 shows the actual assembled grism EDU instrument.  

 

Figure 19. Grism EDU side view: (a) Optical model. (b) CAD model. 

 The grism EDU nominal wavefront error is diffraction-limited across the entire system 

waveband. Like with the prototype, although each of its elements is highly aberrated, when 

assembled they become diffraction-limited through mutual compensation. Table 5 gives the EDU 

specifications, it is similar to Table 3. It has just been adjusted to compensate for the changes in 

the telescope design. The design of the “flight” grism that will actually fly aboard WFIRST will 

be different to both the prototype and EDU but will maintain similar specifications. 

Table 5. WFIRST grism EDU specifications. 

Wavelength range (μm) 1.0 – 1.9 

WFIRST FOV (degrees) 0.75 × 0.383 

Average beam diameter at grism (mm) 100 

Beam f/-ratio at grism (mm) ~f/8 

Wavefront error Diffraction limited at λ > 1.0 μm 

Spectral resolution 435 – 856  

Capability Dispersion and pointing for spectrometer 

Compactness ~80 mm total thickness for a fixed diameter ~120 mm 

Beam deviation Zero at 1.55 µm 
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4.2.2 Simulation study of the field sampling effect for wide field systems 

Ideally when measuring a wide field system, it is desirable to sample most of the field but in 

reality only a few field points can be practically measured due to space and schedule constraints. 

When this occurs, determining the appropriate number of measurements and their distribution 

can be difficult. It is obvious that the measurement of one on-axis field point may not yield 

sufficient information to obtain insight into the full field performance [6, 7]. If only one on-axis 

field point is measured, the results would certainly indicate misalignment, but it could also 

indicate manufacturing errors and even setup disturbances, because the various contributors 

cannot be independently isolated by a single measurement. Additional measurements are needed, 

but determining the number of these and their sampling is critical.  

 The simulation presented in this section perturbed the WFIRST grism EDU nominal model 

within the alignment tolerances using only the on-axis Fringe Zernike coefficients as input, but 

where E2 and E3 surface figures could be perturbed to simulate a manufacturing error. Under 

these conditions, both models would produce the same Fringe Zernike coefficients on-axis but 

for different reasons. This indicates that the same coefficients can be obtained by either 

misalignment and/or a specific manufacturing error.  

 Additionally, another simulation which made use of the MF regression method compared the 

alignment calculated by either using one single on-axis field point as input and 18 different field 

points. As expected, when more fields are measured, the model yields better results for the full 

field. Figure 20 compares the nominal performance with those that resulted from a simulated 

alignment via the MF regression method. The top of Figure 20 shows the spot diagram of the 

nominal grism EDU assembly for 18 field points, one per detector, the spot diagrams are 
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similarly positioned (vertically and horizontally) to the corresponding points on the detector 

shown in Figure 15.  

 

 

 

Figure 20. WFIRST grism EDU footprint and spot diagrams of 18 field points: (top) nominal performance. (center) performance 

obtained using on-axis only input. (bottom) performance obtained using multiple field points input. Please, note that the field 
angles are in the grism coordinate frame, which is different from the WFIRST telescope FOV in Table 5. 
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 The nominal performance spot diagrams have an Airy disk circle of 14.59 μm radius. The 

center spot diagrams show the case of a single on-axis input into the simulation, yielding few 

diffraction limited spot diagrams. The bottom spot diagram shows the result of using 18 field 

points as input, this one shows most spot diagrams to be diffraction limited. As the number of 

field points inputted into the simulation increases, the performance, improved by alignment 

modifications increases as well. 

 To obtain the best possible performance from the alignment, it is important to know the 

minimum number of field points that should be inputted to the simulation. Figure 20 clearly 

indicates the need for more than one field point, and while it is always desirable to measure most 

of the FOV for any system, this is often time-consuming and rarely practical. Figure 21 shows 

the results of various simulations of both the WFIRST grism EDU system and a grism-like 

system. For both simulations, random errors were assumed to be present, such as random 

measurement errors, surface shape errors, and misalignment. Assuming these conditions, the 

Zernike coefficients of the on-axis field point were first collected in the simulations and used to 

optimize the alignment configuration. This was performed 10 times, with another field point 

added to the input each successive time. The simulation results indicate that a minimum number 

of three field points should be measured for the alignment of a large FOV instrument in the 

presence of all the actual uncertainties and noise. The plotted results indicated that the use of 

only one on-axis field point for the optimization may generate an aligned system for the on-axis 

imaging, but that by increasing the number of sampled field points the overall WFE RMS would 

decrease, and that the use of more than three field points barely impacts the alignment. Even 

when the number of field points inputted to the model increased to 10, the WFE RMS remained 

the same.  



67 

 

 

 

 

Figure 21. Mean WFE RMS versus number of field sampling points for the MF regression method input. The error bar represents 
the ±1σ standard deviation. 

 Another simulation was completed using the same number of field points (four as the 

suggested minimum) as the MF regression method input but with two different sampling 

distributions. In one simulation, only central field points were inputted, and in the other, a wider 

sampling distribution of field points were selected. Figure 5 shows both field sampling 

distributions, where Figure 5(a) displays the nominal 18 field points, one per detector over a 

20×14 degree FOV. Where Figure 20(a) shows its associated nominal spot diagrams. Figure 5(b) 

shows the four selected field points (out of 18 total field points) located in the center portion of 

the field and Figure 5(c) also only samples four field points, but their distribution encompasses a 

wider area, creating a better sampling distribution. These field points were selected to sample the 

center and edges of the FOV.  

 Results indicate that both models can converge to obtain an alignment solution. However, the 

model that combined both central and edge field points (Figure 5c) produced a more accurate 

alignment solution (63 nm WFE RMS on average) when compared with the model that only had 

central field points as input (Figure 5b), which generated a WFE RMS of 71 nm on average. This 

suggests that better results can be obtained by sampling a larger portion of the field, even when 
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the sampling is not symmetric, rather than only sampling the central or on-axis section of the 

field. This also highlights the importance of mindful (instead of a naive minimum or maximum) 

field sampling during the actual alignment of a wide FOV optical system. 

4.2.3 WFIRST grism EDU alignment using the merit function regression method 

4.2.3.1 WFIRST grism EDU assembly and initial alignment  

The individual elements of the EDU were fabricated with alignment fiducials written on the 

optics, and integral flats polished on their sides to allow for opto-mechanical alignment with six 

DOF.  These features allowed for a better controlled alignment, where each element was 

installed on a hexapod and positioned in its nominal orientation relative to the grism deck, shown 

in Figure 19(b). Each element was individually first placed on the hexapod and theodolites were 

used to measure its side flats or the actual optical surface to set the tip/tilt. While a Micro-Vu 

non-contact multisensor measurement system, which looked directly at the optical surface, was 

used to set the spacing between the parts, decenter, and clocking, as shown in Figure 22. All the 

measurements were completed relative to the grism deck, which rested on its bond fixture.  

 
Figure 22. Fully bonded WFIRST grism EDU under the Micro-vu system on a hexapod and bond fixture. 
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 The hexapod enabled the adjustment of the various DOF, which allowed the bonding of one 

optic at a time. The fine hexapod adjustments (0.5±0.3 µm in X and Y, 0.2±0.1 µm in Z, 3.5±4 

and 3.5±8 µrad for tip, tilt and clocking) [58] enabled precise placement of the grism elements in 

their mechanical cells within the allowable tolerances relative to the grism deck: <20 µm for 

XYZ translation and <45 µrad (~9 arc seconds) for tip, tilt, and clocking. This was important 

because it allowed the assembly of the EDU to be well characterized at the individual element 

level, to minimize alignment adjustments for the future. However, any such adjustments would 

be small, given the substantial effort that had been made to position the optics in their nominal 

position.  

 Once the opto-mechanical alignment and bonding was completed, the EDU was placed on a 

large hexapod in front of an infrared Zygo interferometer. It had a 6 inch f/7.2 IR transmission 

sphere and an operating wavelength of 1.55 µm. Several field points were measured on the EDU, 

extending over a 20×14 degree FOV for the local grism coordinate system, measured relative to 

the grism pupil (which sits between E1 and E2). Figure 23 shows the test setup in the laboratory, 

including the various metrology instruments used (infrared interferometer, laser tracker, 

hexapod, and micrometer digital display XYZ stage). A spherically mounted retroreflector 

(SMR) was placed at the interferometer focus so that the laser tracker could measure its position 

along with various other metrology targets located on the grism EDU deck. These targets were 

used as targets for monitoring the EDU position and allowing the accurate measurement between 

the EDU and the focus position. 
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Figure 23. Grism EDU on large hexapod in front of the infrared interferometer to measure WFE at various field points. The red 
cone illustrates the infrared beam emitted by the interferometer. 

 The wavefront error was measured at seven different field points selected to represent the 

edges of the WFIRST FOV (see Figure 15) as shown in Figure 24, as to best sample most of the 

FOV. The hexapod allowed accurate placement of the grism relative to the interferometer and its 

focus. The on-axis distance between the grism E2 surface 2 and the interferometer focus was 

725.054±0.025 mm. The on-axis (0,0) measurement was recorded when the grism was normal to 

the interferometer beam. Adjustments were made to compensate for focus in the other field 

positions. After completion of the first set of measurements, as would be expected for any 

complex non-symmetrical system, it was observed that the measured WFE RMS at the various 

field points did not meet the requirements, with the results being particularly poor at the edge of 

the field. It is important to note that the repeatability of the WFE measurement was 

approximately 4% of the interferometrically measured value. This is due to various unstable 

laboratory conditions, including the fact that the interferometer was placed on a table that was 

not floating.  
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Figure 24. Number and position of the measured seven field points of the WFIRST grism EDU for initial alignment using the 
multi-field MF regression method. 

 After the first round of measurements, it was decided that only E2 would be used as an 

alignment compensator in the EDU because it was the thickest element and sensitivity studies 

had shown that it could best be used to correct the power and astigmatism terms over the entire 

system by adjusting its spacing and tip/tilt. The other grism optics did not have this 

characteristic, where their Zernike terms were more coupled and adjusting one of the DOF would 

significantly perturb the others. Additionally, the fine-tuning of only one element enabled better 

adjustment control. The alignment sensitivities calculated indicated that E2 DOF (spacing (∆z), 

tip (θx), and tilt (θy), clocking (θz) and X, Y, Z decenter translations) could be successfully used to 

minimize the field-dependent WFE and confocality of the EDU.  

 Multiple alignment attempts were made after the first measurement, during which only E2 

was adjusted. Where the tip, tilt and spacing adjustments could be easily and accurately be 

measured using theodolites and micrometer gauges, including the thickness of the shims used to 

adjust tip and tilt. After completing various adjustments, an alignment that met the requirements 

was obtained. The alignment sensitivity tables were used for the entire process because an 

attempt had not been made to apply an MF regression method. The employed MF regression 
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method was only applied after the known required adjustments had been made due to schedule 

issues, with the initial WFE measurements across the field used as input. This represented a type 

of “reverse engineering” approach. This method successfully demonstrated and confirmed its 

efficacy by optimizing the alignment using the multi-field MF regression process and comparing 

the optimized results with the initial measurements.  

4.2.3.2 WFIRST grism EDU final alignment using the multi-field MF regression method  

Once the wavefront performance met requirements by the alignment sensitivity table method, a 

MF was created using the multi-field MF regression method by inputting the measured Fringe 

Zernike coefficients (4–16) for each field point, with all the Zernike coefficients having equal 

weight. A constraint was set in the model that would restrict the range of each of the optimized 

variables so that the system would make reasonable adjustments of the E2 despace, tip, and tilt. 

Table 6 compares the adjustments measured by theodolites (tip, tilt, and clocking of the 

alignment cubes), micrometer gauges (shim thickness), and the Micro-Vu measurement system 

(focus) with those calculated by the multi-field MF regression method. Table 7 compares the 

measured and calculated WFE RMS for the all measured fields. 

Table 6. Comparison between the measured and calculated (via de Multi-field MF regression method) E2 adjustments 

E2 DOF adjustment 
Measured with 

theodolite/micrometer 

Multi-field MF regression 

method modeled 

E2-E3 Z-space (∆z) [µm] 323 ± 75 407.2 ± 2.3 

E2 tilt about X (θx) [deg] -0.190 ± 0.025 -0.187 ± 0.002 

E2 tilt about Y (θy) [deg] 0.110 ± 0.025 0.124 ± 0.0004 

E2 clocking about Z [deg] 0.040 ± 0.034 0 ± 0.0 

 

Table 7. Comparison between the measured and calculated WFE RMS using the multi-field MF regression method. 

Field position No. 1 2 3 4 5 6 7 

Measured  

WFE RMS [nm] 
201 ± 6 216 ± 6 311 ± 7 265 ± 7 307 ± 7 259 ± 7 186 ± 6 

Multi-field MF calculated  

WFE RMS [nm] 
234 ± 1 204 ± 2 324 ± 1 272 ± 1 269 ± 1 220 ± 1 168 ± 2 
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 Even though the E2 adjustments match those estimated by the multi-field MF regression 

method within reasonable error, it is noted that there is a large error when comparing the 

measured spacing between E2 and E3. This discrepancy is due to the use of the Micro-vu system, 

which has large errors when focusing on a coated optic, and these transfer to the spacing 

measurement. All the other angle adjustments are within error uncertainties. Additionally, it is 

observed that the WFE RMS values are not exactly equal, some contributors to these 

discrepancies are surface shape errors, misalignment of other elements and measurement 

repeatability errors. Figure 25 compares the measured values with those optimized by the MF 

regression method. 

 The sensitivity table method which was initially used to align the grism EDU was successful, 

but it required seven time-consuming iterations. Unlike the multi-field MF regression method, 

which once the model was set up correctly, calculating the required E2 adjustments only required 

running the numerical model for an accurate optimization. This proves the superiority of the 

multi-field MF regression method with regard to accuracy, speed, and ease of use.  

 
Figure 25. Comparison of the WFIRST grism EDU measured and optimized WFE RMS for each field point. The error bar 

represents the ±1σ standard deviation.  
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Chapter 5: Concluding Remarks 

 
This dissertation presented some novel tools and techniques for the use of surface and wavefront 

metrology and alignment. These techniques are necessary for the quickly changing optical 

metrology and alignment requirements, which are critical for advancing a variety of optical 

systems, such as precision wide field and high-resolution optical systems like optical telescopes, 

for both ground and space observations. 

 The scope of the work presented can be divided into three main topics. The first topic 

expands on work done previously and provides the mathematical frame work to build a reliable 

algorithm which makes use of spherometer measurements to compute the vertex radius for an 

off-axis parabola by optimization using Matlab. The second topic presents a procedure on how to 

design and manufacture infrared CGHs. Additionally, a parametric model and calculations of the 

errors is provided, which studies the errors that come about when interferometers introduce a 

phase variation via wavelength-tuning interferometry to measure precision aspheres. Finally, the 

third topic expands on a previously used algorithm that uses a merit function regression method 

to align complex optical systems by minimization of the measured Zernike coefficients of such 

system. 

 By using a spherometer to measure the surface of an OAP during its grinding stages, it is 

shown that the measured sag obtained by a three-ball spherometer measurement is successful at 

calculating the vertex radius by using a minimization function with a constraint equation. Where 

the parabolic equation can be used as a constraint. It is important to note that this effort has 

proven to be successful when maximizing the use of symmetries for both the optic under test and 

the spherometer, where the spherometer rests along the meridional plane of the parabolic 

segment being simulated and measured. This was successfully applied to a pair of optical 
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systems of different sizes. These results further motivated the need of a separate trade study 

which indicated that as the size of the spherometer increases, the sensitivity to the vertex radius 

calculation decreased. This is due to the fact that that the sensitivity to the measured sag is 

reduced as the footprint of the spherometer increases. Furthermore, it was showed by simulations 

that  astigmatism, coma, and trefoil are independent of spherometer clocking along the meridian 

plane of an OAP. In conclusion, the vertex radius algorithm was found to have a precision of 

<1% for OAP measurements. Future work can focus on expanding this algorithm to measure any 

conical surface, while still in its grinding stages, starting with low-order aspheric coefficients and 

then expanding it to high-order coefficients, on and off-axis while making use of symmetries 

whenever possible. 

 After aiding with surface figure measurements during grinding stages, and after the optics 

have been coated, Computer Generated Holograms can be used to measure their final 

performance, to then use that data to construct an as-build model of a full system or its parts. 

When using CGHs it is important to understand the proper design strategy and manufacturing 

process, especially when using one that is less conventional, like being used in the infrared. This 

dissertation addresses all these concerns and it also presents a developed parametric model, 

which enables an estimation of the wavefront phase error due to all possible errors, including 

wavelength variations as part of the testing error, which occurs when using a wavelength-tuning 

interferometer. Moreover, numerical simulations of the WFE of various DOEs and conical 

surfaces were completed and showed the small impact that wavelength variation has on the final 

WFE RMS when varying the wavelength ±1 nm for a given cavity length. This result is 

consistent with the calculated errors associated with the wavelength sensitivity function. 

Additionally, when comparing wavelength-tuning with piezo-shifting measuring techniques with 
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CGHs, the results  essentially matched, for both in WFE RMS and fitted Zernike fringe 

coefficients. This verified that the CGH phase error models and simulation studies agree with the 

measured performance. Future work can focus on simulating and experimentally using CGHs to 

measure freeform optics in the infrared with wavelength-tuning techniques. There are two 

challenges in this work, using infrared light removes some useful CGH features that only exist in 

the visible, and wavelength-tuning could introduce some unwanted errors in the freeform 

measurement. 

 After fabricating and measuring the performance of an individual optic within a system, what 

follows is the need to assemble the system and align it. The objective of aligning any optical 

system, be it symmetrical or not, is to minimize the aberrations in the system and obtain the best 

possible performance over the entire focal plane. Experimentally, this has been conventionally 

accomplished by using an interferometer to measure the WFE RMS values for various field 

points that best represent the full field of the system. Subsequently, a compensator is identified, 

via sensitivity analysis, and used to minimize the aberrations in the system. Such compensator 

should be capable of perturbations corresponding to the various DOF of the system: XYZ 

decentering and translation, θx,θy,θz tipping, tilting and clocking. Doing this is important 

because aligning wide field of view optical telescopes will continue to be a desirable capability 

for the years to come, specially optimizing the process to streamlining it and make it more 

efficient. Currently there are some commonly used methods that can achieve the same goals, but 

these methods are less efficient and standardizing a faster more efficient process is desirable. In 

this dissertation previous similar work is extended upon where weighting factors are applied to 

the algorithm but most importantly where the minimum number of field points needed to 

measure a wide field of view is determined via numerical simulations. The proposed technique 
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utilizes MF minimization of the measured Zernike Fringe coefficients of the optical system. 

Additionally through an examination of the field sampling effect, a successful approach is 

presented and validated. This is particularly the case when the field sampling effect is 

considered, with a minimum number of four field points required for adequate sampling of a 

large FOV. When appropriately distributing field sampling points throughout the field, the 

method presented can be used to achieve better convergence in the alignment of a wide range of 

optical systems. Future work will focus on improving the multi-field Merit Function regression 

method to improve the alignment of the grism instrument on the WFIRST telescope. The work 

presented here proved its value when verifying the alignment of the grism EDU, but in the years 

to come the grism engineering testing unit (ETU) and the flight unit will still be manufactured 

and will require to meet thigh alignment specifications at ambient and cryogenic conditions, 

encouraging the need to have an efficient strategy to aid with its alignment. Further developing 

the multi-field Merit Function regression method for such wide FOV systems and having a good 

as-built model to as a starting point is necessary. 

 Three important and novel methodologies have been introduced for improving optical 

metrology and alignment. The underlying basics, operational principles, parametric models, 

algorithms developed, applications and experimental verification have been discussed. It is 

believed that this work will continue to help the optical metrology and alignment community and 

will help further the development other strategies to be used in the ground based and space 

telescope applications. 
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Abstract. A spherometer is often used to precisely measure the radius of curvature of a spherical surface. It can
also measure the vertex radius of a more complex surface such as an off-axis parabola (OAP). This paper
provides a reliable algorithm to find the vertex radius of an OAP by solving a few equations based on the
test geometry. This algorithm can also be easily expanded to any conic surface with high-order aspheric
coefficients. The algorithm was verified by measuring an 8-inch diameter OAP and comparing the results
with its known prescription. Results show good agreement. An example of measuring the vertex radius of
a 4-m diameter OAP is also presented. In addition to this, a calculation was done to show that the coma
and astigmatism are independent of the clocking of the spherometer on the optic. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.12.124107]

Keywords: spherometer; vertex radius; off-axis paraboloid.
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1 Introduction
Several techniques for measuring the radius of curvature
have been known and used for more than 100 years.
These techniques can be classified into direct and indirect
methods. For direct methods, the center of curvature is mea-
sured by mechanical or optical means. For indirect methods,
the radius of curvature is obtained from a measurement of
the sagitta or sag of the surface. These indirect methods are
extremely sensitive to sag measurement errors.1 The direct
method requires a large work space for long radii and is sus-
ceptible to distance measurement errors. When making direct
measurements of the radius of curvature, an interferometer
and a digital encoder on a slide are often used. The distance
measured is from the “confocal” position, where a nulled
fringe pattern indicates the interferometer point focus is
coincident with the surface center of curvature, to “cat’s-eye”
position, where a nulled fringe pattern indicates the point
focus is at the surface of the sphere.2 Another direct method
that also measures the distance from the “confocal position”
to “cat’s-eye” position is the autostigmatic measurement,
which makes use of a traveling microscope and a vertical
illuminator. Just like the previous explanation, the radius
distance is the length measured from where the microscope
is first focused on the test optic to its center of curvature
position.3

Laser trackers, which make use of distance measuring
interferometry, have also been used for this type of direct
measurement. This device essentially acts as a coordinate
measuring machine where a laser beam is sent out and
reflected back by a sphere-mounted retroreflector (SMR).
The tracker can detect the SMR movement down to micron
level accuracy allowing accurate measurement of the radius
of curvature.1

An instrument that measures the curvature indirectly but
measures the sag directly is the spherometer. This contact
method can have three equally spaced balls as feet or a
ring format, as shown in Fig. 1. This device is first calibrated
using a flat surface.4 The saggita is the difference between
the spherometer indicator reading when it is sitting on a
plane surface and when the spherometer is resting on the
curved surface to be measured.

The three-ball spherometer sag measurement is simple
when measuring spheres, since the spherometer balls
touch the surface, which makes them normal to the surface
and these go through the center of curvature of the sphere
and through the centers of the balls of the spherometer.
The radius R in terms of the measured sag t when using
a three ball spherometer is3

EQ-TARGET;temp:intralink-;e001;326;309R ¼ S2

6t
þ T

2
� r; (1)

where S is the distance between the center of the balls and r
is the radii of the spherometer ball feet and T ¼ t − r, as
shown in Fig. 2(b). The sign in the equation will be positive
if the surface being measured is concave, and negative if it is
convex.

With aspheric surfaces, the ball centers are still aligned
with the normals to the aspheric surface, but the normals
no longer go through the center of curvature of the asphere.
An and Parks6 provided geometry equations and Excel solver
solutions that compute the vertex radius for an off-axis
parabola (OAP). We expand on their work and provide a reli-
able algorithm that simultaneously solves those nonlinear
equations by optimization plus an additional constraint that
accurately calculates the vertex radius of an OAP using
MATLAB.
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The geometry of the spherometer on the optic will be pre-
sented in Sec. 2. The OAP equations, algorithm developed,
and constraint equation will be presented in Sec. 3. Section 4
presents verification results, where an 8-inch OAP was mea-
sured and the algorithm created was used to verify that the
calculated vertex radius is the same as its manufacturer’s
prescription. Section 5 presents an example of the primary
mirror of the Daniel K. Inouye Solar Telescope (DKIST,
formerly the advanced technology solar telescope, ATST)
and the calculation of its vertex radius while in grinding.
Section 6 discusses the insensitivity of the astigmatism and
coma to the spherometer rotation and position on the optic.
Finally, Sec. 7 summarizes the work discussed.

2 Geometry of the Spherometer Resting on an
Axisymmetric Parabola

The shape of a paraboloid is determined by Eq. (2), where
the z-axis is the axis of symmetry of the parabola and RV is
the vertex radius. Any point (X, Y, Z) on a parabola satisfies
this equation.

This equation originates from the general expression for
a conic surface of revolution,7 where if the conic constant
K ¼ −1, it is a parabola. If this conic constant value is
modified, different solutions can be found

EQ-TARGET;temp:intralink-;e002;326;462X2 þ Y2 − 2RVZ ¼ 0: (2)

A spherometer has three balls, A, B, and C, and its indi-
cator resting on the OAP and in the geometric center of the
balls. The three balls of the spherometer are located at the
vertices of an equilateral triangle. Rs is the radius of
the spherometer circle through the centers of the balls, S is
the length of the side of the triangle, and the distance
between ball centers, r is the spherometer ball radius, Dt
is the spherometer indicator position, and E is the height of
the triangle, as shown in Fig. 3. The x- and y-slopes for any
point on the parabola are X

RV
and Y

RV
, respectively.

Subscripts c, which are used in the subsequent figures,
indicate the center for either the A, B, or C balls. In other
words, points Ac, Bc, and Cc are the centers of the balls.
Subscript t indicates the contact point with the parabola for
these balls. The y-axis lies in the meridional plane, which is
the plane of symmetry of the parabola.

To simplify the math and geometry and to make use
of the symmetries of the spherometer and the parabola,
ball A is placed on the meridian plane with the tip of the
indicator Dt on this plane also and on the origin (0,0,0)
of the parabola. This would be the axisymmetric case,
where XAc

¼ XDt
¼ YDt

¼ 0. In this case, the position
YAc

, which depends on the location of the spherometer tip
indicator on the y-axis, is the Rs distance away from the ori-
gin along y. The position of the center of ball A on the z-axis
will be a distance of r higher along the normal to the surface
than where the ball touches the parabola. Once the position
Ac has been found, positions Bc and Bt can be calculated
using the geometry of the spherometer, where Bc would be
E length away along the y-axis and s∕2 along the x-axis with
respect to position Ac.

Fig. 1 (a) The 2-inch three-ball spherometer with blue tape on feet for mirror protection. (b) Ring
spherometer.5

Fig. 2 (a) Top view of three-ball spherometer on an off-axis parabolic
segment, where Dt denotes the indicator tip position on the meridian
plane. (b) Side view of the spherometer measuring the sag T of an off-
axis parabolic segment, where T ¼ t − r . Dt is the position of the
spherometer indicator tip on the parabola.

Optical Engineering 124107-2 December 2016 • Vol. 55(12)

Dominguez et al.: Vertex radius measurement of an off-axis parabola with a three-ball spherometer

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 17 Apr 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

81



3 Geometry of the Spherometer Resting on
an Off-Axis Parabola

An off-axis paraboloid also satisfies Eq. (2) and if the y-axis
also lies on the meridian plane, it can again make use of the
symmetries of the spherometer by having ball A placed on
the meridian plane along with the tip of the indicator Dt
which is now, unlike in the previous section, placed some
off-axis distance away from the origin of the parabola.
Once again XAc

¼ 0 and XDt
¼ 0, as shown in Fig. 2(a).

An off-axis parabolic segment is determined by its off-axis
distance L, shown in Fig. 2(b), which is the distance from the
parent vertex to the center of the off-axis segment. A three-ball
spherometer can be placed on the parabola at a known dis-
tance L on the axis of symmetry and the vertex radius can
be computed by measuring its sag t, which will be positive
for a concave surface and negative for a convex one. The
next section explains the algorithm used to calculate the ver-
tex radius from the measured sag. The sag and the slope of
the normals are the result of knowing the position of Dt.

4 Algorithm and Equations of Spherometer Resting
on an Off-Axis Parabola

Based on the geometry shown in Sec. 2, the following five
nonlinear equations, which were previously presented by
Kyoung and Parks, calculate the vertex radius of an OAP.
These should all equal zero when the correct solutions are
found6

EQ-TARGET;temp:intralink-;e003;63;214

The contact point of ballB on the parabolic surface∶

X2
Bt
þ Y2

Bt
− 2RVZBt

¼ 0: (3)

EQ-TARGET;temp:intralink-;e004;63;165

The ball radius r∶

r −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXBc

− XBt
Þ2 þ ðYBcc − YBt

Þ2 þ ðZBc
− ZBt

Þ2
q

¼ 0:

(4)

The relationships between the center of the ball B (Bc)
and the points of tangency with the parabola (Bt) are
found along the surface normal

EQ-TARGET;temp:intralink-;e005;326;515XBt
þ
�
−
XBt

RV

�
r − XBc

¼ 0; (5)

EQ-TARGET;temp:intralink-;e006;326;478YBt
þ
�
−
YBt

RV

�
r − YBc

¼ 0; (6)

where XBt
RV

and XBt
RV

are the slopes of the surface normal.
The distance between ball centers S

EQ-TARGET;temp:intralink-;e007;326;412S −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXBc

− XAc
Þ2 þ ðYBc

− YAc
Þ2 þ ðZBc

− ZAc
Þ2

q
¼ 0;

(7)

where XAc
¼ 0 since ball A sits along the meridional plane of

the parabola.
Finally, Eq. (8) verifies the distance from the parent vertex

to the center of the off-axis segment, distance L

EQ-TARGET;temp:intralink-;e008;326;315L − YDt
¼ 0: (8)

These six equations have six associated unknown varia-
bles, XBt

, YBt
, ZBt

, YBc
, ZBc

, and YDt
. Since YDt

from Eq. (8)
depends on YAt

, the latter is the unknown variable. Finally,
an additional equation, known as the “constraint equation” is
added as Eq. (9), which originated from the general expres-
sion for a conic surface of revolution8,9

EQ-TARGET;temp:intralink-;e009;326;215Y2
Dt

− 2RVZDt
¼ 0: (9)

This is solved to determine the value of the vertex radius
RV . We will then have a total of seven equations to solve with
seven unknown variables: XBt

, YBt
, ZBt

, YBc
, ZBc

, Rv, YAt
.

As mentioned previously, the y position of ball A on the
OAP YAt

can enable to find the position of the indicator tip
Dt on the OAP segment, in other words position ðYDt

; ZDt
Þ,

or the other way around. The subscript Dt indicates the con-
tact point of the tip indicator with the parabola, whereas the
subscript Dc indicates the center of the indicator tip. The
ðYDt

; ZDt
Þ coordinates indicate the spherometer indicator

Fig. 3 Top view of three-ball spherometer.
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position on the parabolic segment, which can be calculated
from YAt

and the positions of the center of the spherometer
balls, the measured sag, and the angle α which depends on
the position of balls A and B of the spherometer. Therefore,
these ðYDt

; ZDt
Þ coordinates can be calculated from the

following equations:

EQ-TARGET;temp:intralink-;e010;63;685YDt
¼ YDc

þ T · sin γ; (10)

EQ-TARGET;temp:intralink-;e011;63;652ZDt
¼ ZDc

− T · cos γ: (11)

EQ-TARGET;temp:intralink-;e012;63;624Subsequently; YDc
¼ YAc

þ RS · cos α; (12)

EQ-TARGET;temp:intralink-;e013;63;596ZDc
¼ ZAc

þ RS · sin α; (13)

where (YAc
, ZAc

) depend on YAt
because YAc

¼ YAt
− r ·

sin θ and ZAc
¼ ZAt

þ r · cos θ, where θ ¼ tan−1
�
YAt
Rv

�
.

From Eqs. (10) and (11), T ¼ t − r (see Figs. 2 and 3)
and γ ¼ a tan½ðZBc

− ZAc
Þ∕ðYBc

− YAc
Þ�.

The motivation for making Eq. (9) a “constraint equation”
instead of simply optimizing it together with the first six is
the fact that this equation has to always equal zero. ZDt

depends on the measured sag and the vertex radius, which
makes it extremely sensitive to sag error, as Secs. 5 and 6
will show. Therefore, Eq. (9) should have more weight
than the others and that is why it was a constraint set in
the algorithm that should always be met.

It is important to note that it is not necessary to solve for
XBc

because its value can be easily found given the triangular
shape of the spherometer and the fact that XAc

¼ 0 since, in
this case, ball A sits on the meridional plane of the parabola.
Therefore, XBc

¼ S∕2 (see Fig. 3). If the spherometer
was not resting on the meridional plane of the parabola,
an additional off-set value would have to be added to find
the center of ball B and this would have to be another
variable that would have to be optimized in the algorithm.

The six nonlinear equations listed above, Eqs. (3)–(8), are
solved using the function fmincon in MATLAB by inputting
a starting value for the solution and finding the local solution.
This function iterates until it finds a minimum for these equa-
tions, using the measured sag T as input. For this process to
be successful, reasonable approximations must be used as
a starting value to avoid wrong solutions.

To arrive at reasonable starting guesses needed for the
function to work, the symmetrical geometry of the spherom-
eter presents a great advantage. An approximate value of the
vertex radius must be provided. Once an approximate off-
axis distance is also known, the value of YDt

can be assumed
to be the same, which indicates the position of the spherom-
eter indicator tip Dt on the OAP segment along the y-axis.
An approximate value of YAt

can be calculated from this
depending on the orientation of the spherometer. Or if YAt

is known first, then YDt
can be calculated from YAt

. If the
spherometer is pointing away from the parabolic vertex,
the spherometer radius distance must be added to the YDt

value. If it is pointing toward the parabolic vertex, it should
be subtracted. Once an approximate value of YAt

and YDt
are

calculated, using the spherometer geometry, the center of the
ball B along the x- and y-axes can be calculated. The same
starting value can be used for both YBt

and YBc
. Since the

vertex radius is approximately known and the YAt
approxi-

mation has also just been calculated, then an approximate
value of ZBt

can also be calculated from Eq. (2), where X
can be equal to zero to simplify the calculation. Again,
since the spherometer is small and its geometry is known,
the same starting value can be used for both ZBt

and ZBc
.

Note that all of these are approximated values, which is
the advantage of this algorithm where even if the starting
values are off by various millimeters, it can still converge to
the correct solution. Detailed steps of the calculation of
the starting guesses for a specific case are shown in Sec. 5
as an example.

The algorithm proposed uses the fmincon optimization
function where there is a constraint equation required by
the function, in this case, this is Eq. (9). This equation
makes the indicator contact point Dt satisfy the parabolic
equation. It is important to have this equation as a constraint,
so that this condition is always satisfied because the vertex
radius calculation is very sensitive to sag changes since
its measurement directly contributes to the vertex radius
calculation.

Algorithm 1 shows the MATLAB code written to find the
vertex radius value of the example in Sec. 5. It lists the equa-
tions that must be solved as well as the constraint equations,
all listed previously. The case solved in Algorithm 1 is for
when the distance from the parent vertex to the center of
the off-axis segment, distance L, is 139.7 mm.

This algorithm can easily find the vertex radius using the
measured sag at the origin of a parabola. This is the case
when YDt

¼ 0, making Eq. (8) L ¼ 0, indicating that the
off-axis distance for the OAP is zero, which means it is
no longer an OAP but an on-axis parabola. This also implies
that in Eq. (9) ZDt

¼ 0. Figure 4 shows the case when the
spherometer is resting along the meridional plane and when
the tip indicator on the spherometer is located on the origin
of the parabola.6 The meridional plane indicates the plane of
symmetry of the parabola.

5 Verification Experiment Using an 8-inch Off-Axis
Parabola

To verify that the above proposed algorithm works, an 8-inch
off-axis parabolic segment was measured using a 2-inch
diameter spherometer. The manufacturer’s prescription was
known and was used for comparison purposes.

Care was taken to protect the optic during the contact
measurements by using blue tape on the feet of the spherom-
eter, as can be seen in Fig. 1.

To arrive at the reasonable starting points needed for the
function to work, the symmetrical geometry of the spherom-
eter was used and the steps indicated in the previous section
were followed. Initially, one must know an approximate
value of the vertex radius (∼1300 mm). Once an approxi-
mate off-axis distance L is also known, the value of YDt

can
be assumed to be the same. In this case, YDt

¼ 139.4 mm,
which can be rounded up to YDt

∼ 140 mm to make the rest
of the calculations easier. This YDt

value indicates the posi-
tion of the spherometer indicator tip Dt on the OAP segment
along the y-axis from the parabolic origin.

An approximate value of YAt
can be calculated from YDt

depending on the orientation of the spherometer. In this case,
the spherometer was pointing toward the parabolic vertex,
therefore, ball A was closer to the origin than ball B, just
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Algorithm 1 Algorithm used in Sec. 5

% Using optimization function fmincon minimizes the sum-square of 5 eqns

% Constrained by gral conic eqn % Numerical values are in mm

% The distance from the parabolic vertex to the OAP center is 139.7 mm (ceq) but can be

% changed. When varying this distance, different starting guesses must be provided

function find_Rv

%x0 = [Xbt; Ybc; Ybt; Zbc; Zbt; Rv; Yat]; % Variable description

x0 = [x(1); x(2); x(3); x(4); x(5); x(6); x(7)]; % Starting guess

options = optimset(‘TolCon’,1e-22, ‘TolFun’,1e-9, ‘MaxFunEvals’,1e20, ‘MaxIter’, 1e5); % Tolerance constraints

Rs = Spherometer radius (2” spherometer circle)

r = Spherometer ball radius (1/4” balls)

S = Distance between 2 ball centers

sag = Measured average value [position 2 in Fig. 5(a)]

T = r + sag; % Distance between spherometer center and parabolic surface [Fig. 2(b)]

[x,fval] = fmincon(@myfun, x0,[],[],[],[],[],[],@constraint,options)

[c,ceq] = constraint(x) % Constraint function

function f = myfun(x);

m = (x(7)/x(6)); % Slope of normal at Yat, tan(theta)

theta = atan(m); % angle between y-axis and normal to A-ball in radians

Xac = Center of Ball A in X

Yac = x(7) - r*sin(theta); %Center of Ball A in Y

Zat = (x(7)^2)/(2*x(6)); % Sag: Point of contact on coordinate Z

Zac = Zat + r*cos(theta); %Center of Ball A in Z

Xbc = S/2; %Center of Ball B in X

Eq1 = (x(5) - ((x(1)^2 + x(3)^2)/(2*x(6))));

Eq2 = (S - sqrt((Xbc - Xac)^2 + (x(2) - Yac)^2 + (x(4) - Zac)^2));

Eq3 = (r - sqrt((Xbc - x(1))^2 + (x(2) - x(3))^2 + (x(4) - x(5))^2));

Eq4 = (x(1) + (-x(1)/x(6))*r - Xbc);

Eq5 = (x(3) + (-x(3)/x(6))*r - x(2));

f = (Eq1^2+Eq2^2+Eq3^2+Eq4^2+Eq5^2);

end

function [c,ceq] = constraint(x);

Yac = x(7) - r*sin(theta); %Center of Ball A in Y

Zac = Zat + r*cos(theta); %Center of Ball A in Z

k = Conic constant

cv = 1/x(6); % Vertex radius curvature

a1 = x(2) - Yac;
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as it is shown in Fig. 2, therefore, the radius of the spherom-
eter (2-inch diameter) was subtracted from YDt

, indicating
that YAt

¼ 140 − 25 ¼ 115 mm. Once YAt
was calculated

using the spherometer geometry, the center of the ball B
along the x- and y-axes was also approximately calculated
and the same value was used as a starting point for both
YBt

and YBc
because the spherometer ball feet are so

small. In this case, the position of ball B along the x-axis
was less than an inch away from the meridional plane, there-
fore, XBt

∼ 20 mm. Also, since YBt
was further away from

the parabolic origin than the indicator tip, then roughly less
than an inch was added to the off-axis distance to find
the position of ball B on the y-axis, making YBt

∼ YBc
¼

140þ 20 ¼ 160 mm. Since the vertex radius was approxi-
mately known to be 1300 mm and YBc

∼ 160 mm, then
an approximate value of ZBt

and ZBc
was calculated from

Eq. (2) for ball B, where X can be equal to zero because
it is a small spherometer and it simplifies the calculation.
Once the numbers were plugged into the equation
ZBt

∼ ZBc
∼ 10 mm. Again, since the spherometer is small

and the geometry is known, the same starting value can be
used for both ZBt

and ZBc
. These seven calculated values

were the needed starting guesses for the algorithm.

Several measurements were completed at three different
positions on the mirror, as shown in Fig. 5(a), while making
an effort to maintain the orientation of the spherometer along
the axis of symmetry of the parabolic mirror as it was
displaced along the meridional plane. The spherometer
was rotated 180 deg at each position on the mirror and the
average and error at each position are shown in Fig. 5(b). In
this case, L ¼ 139.7 mm in Eq. (8), where the tip of the indi-
cator position Dt, was 139.7 mm away from the parabola
vertex origin (0,0,0), which is shown as point 2 in the plot.

Table 1 shows the results of the sensitivity analysis carried
out on the measured data using the 2-inch diameter spherom-
eter. The tolerances listed were based on our specific setup
configuration. The five main sources of error listed were
independently perturbed to find their effects on the vertex
radius result. This table clearly shows that the most sensitive
error source when calculating that the vertex radius is the
measurement of the sag, where the sag sensitivity is signifi-
cantly higher than the others. It is also important to note that
it is key to have the spherometer measure along the meridian
plane, since there is some sensitivity associated with the
placement of the indicator tip along the x-axis. Multiple mea-
surements were collected at each spherometer position.

Other error sources such as indicator position along the
y-axis and spherometer radius contributed to changes of
up to 3.28 mm in vertex radius results. The smaller error con-
tributor was the radius of the spherometer balls, where even
if they dilated or contracted up to 25 μm, the RV would only
vary about 10 μm. Note that even when the spherometer
indicator position was known to within 3 mm along the
y-axis, the vertex radius calculation only varied <1 mm,
making the calculation of the vertex radius not very sensitive
to indicator position along the y-axis. The effect on the x-axis
was five times greater, making the knowledge of position
along the x-axis more sensitive.

Table 1 shows that the vertex radius measurement of the
8-inch diameter OAP mirror using a three-ball spherometer
has an uncertainty of 13.61 mm with the nominal radius
of 1270 mm. The results of the algorithm indicated a calcu-
lated vertex radius of 1269� 13.61 mm, which is within
the known prescription value of 1270� 3.175 mm. As men-
tioned previously, sag is the most sensitive parameter since

Algorithm 1 (Continued).

b1 = x(4) - Zac;

angle = atan(b1/a1);

Ydc = Yac + Rs*cos(angle); %Tip of indicator in y along spherometer plane

Zdc = Zac + Rs*sin(angle); %Tip of indicator in z along spherometer plane

Ydt = Ydc + T*sin(angle); %Tip of indicator in y on parabola

Zdt = Zdc - T*cos(angle); %Tip of indicator in z on parabola

c = []; % Inequality constraint

ceq = [Zdt*(1+((1-(k+1)*(cv^2)*Ydt^2)^(1/2))) - cv*Ydt^2; Ydt-L]; % constraint eqn (general expression for
a conic surface of revolution); off- axis distance: L = 139.7 mm (5.5 in)

end

end

Fig. 4 Three-ball spherometer placed symmetrically on a parabola.
The plane of the lines connects the ball centers of the spherometer,
whereas the vertical line represents the tip indicator, which is
perpendicular to the plane and sits on the origin of the parabola.10
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the vertex radius calculation is directly found from the sag
measurement.

6 Example: Daniel K. Inouye Solar Telescope Sag
Measurements

The 4-m primary mirror of the DKIST was fabricated in the
basement of the College of Optical Sciences at the University
of Arizona. It is an OAP and its off-axis distance is 4 m.
One of the methods for measuring the vertex radius of the
mirror when grinding was using a three ball, 56-inch diam-
eter spherometer. Several measurements were completed at
different positions on the mirror while making an effort to
maintain the spherometer along the axis of symmetry of
the parabolic mirror as it was displaced on its surface, as
shown in Fig. 6. In this case, L ¼ 4 m in Eq. (8), where
the tip of the indicator Dt was 4 m away from the parabolic
origin (0,0,0).

Table 2 shows the results of the sensitivity analysis carried
out on the DKIST spherometer measured data. As with the
previous table, the five main sources of error were independ-
ently perturbed to find their effects on the vertex radius
result. The table shows that one of the most sensitive sources
of error when calculating the vertex radius error is the meas-
urement of the sag. Note that when measuring this large mir-
ror with a large vertex radius, even when the spherometer
indicator position was known to within 3-mm along the
y-axis, the vertex radius calculation only varied 1.52 mm
unlike the case when the spherometer position along the

x-axis was known to within 3 mm where the vertex radius
calculation varied 2.44 mm, making the calculation more
sensitive to spherometer position knowledge on the x-axis
than to the y-axis.

Table 2 shows that the vertex radius measurement of
the DKIST primary mirror using a three-ball spherometer
had an uncertainty of 4.54 mm with the nominal radius of
16,000 mm. The algorithm calculated a vertex radius of
15;980� 4.54 mm. Since the mirror was measured during
its grinding stages and there was still considerable figure
error on the surface while the measurements were collected,
the results indicate reasonable agreement with the final
expected prescription of 16;000� 15 mm.

Tables 1 and 2 show the various test setup sensitivities and
their effect on the vertex radius calculation. A simple and
quick way to obtain approximate sensitivities, and verify
the results presented on the tables, is by calculating the
derivative of Eq. (9). The derivatives of the vertex radius
with respect to sag and with respect to spherometer radius
separately show similar results to the ones indicated in the
tables in terms of dependency with sag and spherometer
radius, respectively.

The tables also show larger sensitivities when using a
smaller spherometer. A study was conducted which showed

Fig. 5 (a) Top view of the 8-inch mirror with three different spherometer positions indicated. (b) Vertex
radius error per spherometer position along the meridian plane.

Table 1 Sensitivity analysis for 8-inch OAP measured sag.

Sensitivity
(mm∕μm)

Tolerance
(μm)

Rv error
(mm)

Indicator reading: sag 5.9954 �2 11.99

Indicator position: y 0.0003 �3000 0.76

Indicator position: x 0.0018 �3000 5.51

Spherometer radius: Rs 0.0656 �50 3.28

Spherometer ball radius: r 0.0005 �25 0.01

RSS 13.61

Fig. 6 Spherometer on DKIST primary mirror. (Photo courtesy of
Chang Jin Oh).
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that as the spherometer size increased, the effect of the sen-
sitivity on the vertex radius calculation decreased.

7 Spherometer Clocking Independency to Coma,
Astigmatism, and Trefoil

When calculating the vertex radius of an OAP with a spher-
ometer, it is important to know if the spherometer will be
able to detect astigmatism, coma, and trefoil present in the
optic. More importantly, it is essential to understand if the
presence of these aberrations affect the sag measurements
of an optic.

Since the results presented in this paper make use of
the spherometer symmetry and only present measurements
collected from off-axis parabolic segments exclusively along
the axis of symmetry of the parabola, it was important to
verify if the clocking orientation of the spherometer along
the meridional axis was sensitive to these aberrations.

Therefore, in order to verify the dependency of astigma-
tism, coma, and trefoil to spherometer clocking around the
meridian, the Zernike polynomials were analyzed for these
aberrations. In all three cases, the average of the polynomial
was calculated as it phase shifted while looking for a depend-
ency in angle ϕ. If the calculated average depended on ϕ,
then the spherometer clocking would be dependent on such
a Zernike polynomial.

For astigmatism, the average was calculated of its math-
ematical description r2 cosð2θ þ ϕþ n � 120 degÞ for three
cases, when n ¼ 0, 1, 2. The results indicated that the aver-
age calculated was independent of ϕ. In other words, the
sag reading is independent of the clocking position of the
spherometer along the meridional plane for astigmatism.

The same study was conducted for the coma Zernike pol-
ynomial definition ð3r3 − 2rÞ cosðθ þ ϕþ n � 120 degÞ for
n ¼ 0, 1, 2 and the trefoil Zernike polynomial definition
r3 cosð3θ þ ϕþ n � 120 degÞ for n ¼ 0, 1, 2. The same
conclusion was obtained, where the sag reading is indepen-
dent of clocking position of the spherometer along the
meridional plane for coma and trefoil.

8 Summary
It has been shown that the sag of an OAP measured with a
three-ball spherometer may be used to calculate the vertex
radius of the segment using a minimization function with
a constraint equation in MATLAB where the parabolic
equation was set as the constraint equation and where the

starting values for the function can be easily calculated.
The algorithm was applied to a pair of optical systems. A
sensitivity analysis was done first on the 8-inch OAP mirror
segment, where the vertex radius calculation was found to be
1269 � 13.61 mm, which is within the known prescription
value of 1270 � 3.175 mm. Second, on the DKIST mirror,
it found the vertex radius to be 15;980� 4.54 mm. Since
the mirror was measured during its grinding stages and
there was still considerable figure error on the surface, this
result indicates reasonable agreement with the final expected
prescription of 16;000� 15 mm.

In addition to this, the sensitivity calculation and a sep-
arate trade study indicated that as the size of the spherometer
increases, the sensitivity to sag is reduced. Moreover, that
astigmatism, coma, and trefoil are independent of spherom-
eter clocking along the meridian plane of an OAP. Also, the
vertex radius algorithm was found to have a precision of
<1%. Finally, it is important to note that the algorithm
presented can be easily expanded to any conic surface with
high-order aspheric coefficients, as shown in Algorithm 1.
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Abstract. Interferometers using computer-generated holograms (CGHs) have become the industry standard to
accurately measure aspheric optics. The CGH is a diffractive optical element that can create a phase or
amplitude distribution and can be manufactured with low uncertainty using modern lithographic techniques.
However, these CGHs have conventionally been used with visible light and piezo-shifting interferometers.
Testing the performance of transmissive optics in the infrared requires infrared CGHs and an infrared interfer-
ometer. Such an instrument is used in this investigation, which introduces its phase shift via wavelength-tuning.
A procedure on how to design and manufacture infrared CGHs and how these were successfully used to model
and measure the Wide-Field Infrared Survey Telescope grism elements is provided. Additionally, the paper pro-
vides a parametric model, simulation results, and calculations of the errors and measurements that come about
when interferometers introduce a phase variation via wavelength-tuning interferometry to measure precision
aspheres. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.7.074105]

Keywords: optical testing; computer-generated hologram; infrared; wavelength-tuning; interferometry; grism; diffractive optical
elements.
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1 Introduction
Wide-Field Infrared Survey Telescope (WFIRST) is a NASA
observatory that will study dark energy, exoplanets, and
infrared astrophysics. WFIRST has a primary mirror that
is 2.4 m (7.9 feet) in diameter, the same size as the Hubble
Space Telescope’s (HST) primary mirror. WFIRSTwill have
two instruments: the wide-field instrument1 and the corona-
graph instrument.2 The telescope will have a field-of-view
(FoV) about 90 times bigger than the HST and ∼200
times larger than the HST IR channel of wide-field camera
3. This capability will enable the telescope to capture more of
the sky with less observing time, allowing WFIRST to mea-
sure light from a billion galaxies over the course of its 6 year
lifetime. While Hubble has found only a few galaxies within
500 million years of the Big Bang, WFIRST is expected to
find hundreds.3

The scientific objectives of the wide-field instrument are
to answer two fundamental questions: (1) is cosmic acceler-
ation caused by an energy component or by a breakdown of
general relativity? and (2) if the cause is an energy compo-
nent, is its energy density constant in space and time or has it
evolved over the history of the universe? To answer these
questions, WFIRST will conduct three different types of
surveys, which are: type la supernovae survey, high-latitude
spectroscopy survey, and high-latitude imaging survey. This

last survey will measure accurate distances and positions of
numerous galaxies, allowing us to measure the growth of
the universe. It will also measure the redshifts of tens of
millions of galaxies via slitless spectroscopy, utilizing a
grism (combination of a grating and a prism) to survey the
distribution of emission line galaxies. The predicted number
of emitting galaxies in 2014 was estimated to be 20 million,
meaning that the grism survey is expected to discover
thousands of luminous quasars, whose existence tracks the
assembly of billion solar mass black holes a few hundred
million years after the Big Bang. The grism, by slitless
spectroscopy, will allow the surveying of a large section of
the sky (about thousands of square degrees, where the whole
sky is ∼27;000 square degrees) to find bright galaxies.4

1.1 WFIRST Grism Prototype Design

The first design version of the grism was a three-element sys-
tem, as shown in Fig. 1. It consists of three lens elements
with diffractive surfaces on two of the elements, element
1 (on surface 2) and element 3 (on surface 2). It has a spectral
range of 1.35 to 1.95 μm. The designed grism wavefront
error (WFE) satisfies its diffraction-limited performance
across the wavelength band. Even though each individual
element is highly aberrated, they become diffraction-limited
due to the compensations among them when assembled. The
main challenges with the grism are the optical design due to

*Address all correspondence to: Margaret Z. Dominguez, E-mail: margaret.z
.dominguez@nasa.gov; Dae Wook Kim, E-mail: letter2dwk@hotmail.com 0091-3286/2018/$25.00 © 2018 SPIE
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its wide FoV, large dispersion, and relatively small f-num-
ber, and fabrication of high-efficiency diffractive surfaces.5–7

Each of the elements was made of fused silica (Corning
7980þ. Element 1 (E1) is wedged with a spherical front sur-
face and a flat back surface that has a diffractive pattern on it.
The function of E1 is to correct the wavelength scaled aber-
ration from the gratings being used in noncollimated space.
Element 2 (E2) is also wedged and biconcave. The function
of E2 is to deviate the beam to make the assembly zero
deviation. Element 3 (E3), similar to E1, has a spherical
front surface and flat back surface with a diffractive pattern
on it but does not have a wedge. The function of E3 is to
provide the required spectral dispersion for the instrument.
To measure each element in transmission, a separate com-
puter-generated hologram (CGH) was designed and manu-
factured. The detailed design strategy and procedure are
presented in Sec. 2. Table 1 shows the grism prototype
specifications.

1.2 Wavelength-Tuning Infrared Interferometry

Binary CGHs are widely used for testing advanced optics
like aspheres, freeforms, or those with grating patterns on
them. However, working with them comes with a few
disadvantages, such as unwanted diffraction orders. These
unwanted orders form ghost fringes, which reduce measure-
ment uncertainty if not fully blocked. They also reduce
fringe contrast. These disadvantages can mostly be overcome
by separating the diffraction orders by adding carriers, either
a tilt carrier for lateral separation or a power carrier for

longitudinal separation. In the CGH design process, where
the wanted order is often the first order, efforts were made
to eliminate the ghost fringes from the unwanted orders as
best as possible.8

For decades, binary CGHs and interferometers have
successfully been used to measure aspheres. However, con-
ventional phase-shifting infrared interferometers can have
limitations because they require moving a reference surface.
An alternative to this conventional method is phase-shifting
via wavelength-tuning, which provides a smooth and repeat-
able optical phase variation without the need to physically
move any components within the optical cavity. It allows
a simpler test setup and reduces susceptibility to external
vibrations on phase measurements. Also, using a wave-
length-tuning interferometer can remove the need of having
the interferometer on a floating table, allowing measure-
ments in not necessarily stable environments.9

A basic layout of an interferometer configured to test
a flat using wavelength-tuning for phase shifting is shown
in Fig. 2. The interferometer cavity is defined by the refer-
ence flat together with the test optic. For a cavity of length L
with a refractive index n and a specific wavelength λ, the
difference in phase between the test and reference beams is
as follows:9

EQ-TARGET;temp:intralink-;e001;326;295φ ¼ ϕT − ϕR ¼ 2
2π

λ
Ln ¼ 4πLn

c
ν; (1)

where ν is the optical frequency and c is the speed of light.
If the cavity length and index are fixed, the variation in
optical path (phase) as a function of optical frequency change
is as follows:

EQ-TARGET;temp:intralink-;e002;326;210

∂φ
∂t

¼ 2π
2Ln
c

∂ν
∂t

: (2)

Therefore, the phase variation has a linear dependence
with the optical frequency variation and a factor proportional
to cavity length. With phase-shifting interferometers, images
are collected while the phase is varied at a constant rate with,
e.g., a 90-deg phase increment. Depending on the phase
extraction algorithm, the number of images collected is typ-
ically five or seven.8 Equation (2) implies that the frequency
change necessary to produce the required phase change will

Fig. 1 (a) Optical layout of the grism prototype, indicating the diffractive pattern (dashed line) on the flat
surfaces of E1 and E3. (b) Three-dimensional solid CAD model of the grism with optomechanical
structure.

Table 1 WFIRST grism prototype specifications.

Wavelength range (μm) 1.35 to 1.95

FoV (deg) 0.788 × 0.516

Beam diameter at grism (mm) 120

Beam f∕# at grism ∼f∕8

WFE Diffraction limited at 1.65 μm

Minimum dispersion length (mm) >4.91

Size 70-mm total thickness
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be inversely proportional to the cavity length. The frequency
variation is accomplished with a tunable laser source.10

Section 2 describes the design and manufacturing process
of a phase CGH that is used to test the individual elements
of the WFIRST grism prototype. Section 3 presents a
parametric model, which will show various wavefront phase
sensitivity functions, including the one associated with
wavelength. Since our interferometer used a wavelength-
tuning technique to introduce the phase shift, the impact of
varying the wavelength on a phase type CGH needs to be
quantitatively investigated, modeled, and predicted. The
same concern extends to the diffractive elements of the
grism. This will be done by calculating the sensitivity and
error associated with wavelength-tuning for infrared CGHs
and comparing that to the simulated results of the CGHs
designed and manufactured to measure the WFIRST grism
elements E1 and E3. Finally, Sec. 4 presents the experimen-
tal results obtained with the independent elements of the
WFIRST grism prototype. The measured results will be dis-
cussed, including a comparison of measurements done using
a conventional piezo-shifting technique and a wavelength-
tuning one, both in the infrared. Finally, Sec. 5 summarizes
our findings.

2 Infrared CGHS Design Strategy for WFIRST
Grism Metrology

The infrared CGHs that used to measure the transmitted
WFE of the WFIRST grism elements were designed at
Goddard Space Flight Center and manufactured at the
NIST Center for Nanoscale Science and Technology. The

comprehensive design approach is stated in this section
for the retrace-ability of the presented work.

The process started with a Zemaxþ (raytracing software)
model of each independent grism element in collimated
space. The grism has a broad wavelength range (1.35 to
1.95 μm). A wavelength close to the center of the range is
a good starting point, 1.55 μm. Since this is the fiber
communications C-band wavelength, it is easier to find it
on interferometers. The interferometer used had 1.55 μm as
its operating wavelength. A CGH substrate was placed at
a specific distance in front of each of the individual grism
elements in collimated space, as shown in Fig. 3. The
advantage of having the CGH in collimated space was the
insensitivity to the placement of the CGH relative to the inter-
ferometer in translation; tip/tilt still needs to be controlled.

It is important to keep in mind that in order to make
a working design, a good quality substrate must be used.
Depending on the error requirement, it is important to
start with either a high-optical quality substrate or to measure
a lesser quality one prior to writing on it, and introduce
the measured imperfections into the model or calibrate them
out at their zero-order after measuring. For grism prototype
testing, in which results are discussed in Sec. 4, we used a
lower-quality CGH substrate and proceeded to calibrate its
zero-order out.

A flat mirror was added after the grism element, setting its
tip/tilt angle to be variable. Immediately after the CGH glass
surface, a Zernike fringe phase type surface was added.
The Zernike fringe phase surface in Zemaxþ can be used
to model some holograms and binary optics surfaces. The
phase of the surface is given by

Fig. 2 Schematic wavelength-tuning interferometer layout with a cavity length L.

Fig. 3 (a) Zemaxþ layout of the CGH and its three different sections used to measure E3. From left to
right includes the interferometer with its transmission flat, collimated space, the CGH, diverging space,
E3 grism element, collimated space, and return flat. (b) Final phase CGH made for testing the E3 grism
element, with three sections: main, retro, and ring fiducial. It includes additional orientation features
contained inside the retro section in the center.

Optical Engineering 074105-3 July 2018 • Vol. 57(7)

Dominguez et al.: Infrared computer-generated holograms: design and application for the WFIRST grism using wavelength-tuning interferometry

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 17 Apr 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

92



EQ-TARGET;temp:intralink-;e003;63;752Φ ¼ 2πM
XN
i¼1

AiZiðρ;φÞ; (3)

where N is the number of the Zernike coefficients in the
series, Ai is the coefficient of the i 0th Zernike fringe poly-
nomial, ρ is the normalized radial ray coordinate, φ is the
angular ray coordinate, and M is the diffraction order.11

The parameters of the Zernike fringe phase type surface of
the CGH were specified, including the diffraction order, the
number of Zernike terms, and the normalization radius, all of
which are indicated in Table 2.

Up to 21 Zernike coefficients12 were set to be variable and
optimized to create the null testing condition. Figure 4 shows

the designed phase maps of the CGH main section used for
measuring the grism elements E1 and E3. The shape for the
phase maps indicates a high amount of power, Z4, which is
consistent with the values listed in Table 2, where the power
term is the dominant Zernike coefficient value.

After the main CGH section was designed, alignment aids
and fiducial sections were designed and added to the multi-
pattern CGH. There were three sections: the main pattern, the
retro in the center that used about 5% to 10% of the surface
area of the CGH pattern, and a 6-mm-wide ring fiducial
surrounding the main section. Both the retro and the ring
sections work with the interferometer’s visible alignment
aid light, so they were designed to work at 632.8 nm.
Figure 3(a) shows the Zemaxþ layout of the CGH measuring
E3 with its three different sections in different colors. The
retro section, which focuses at the center first surface of
the grism element, is shown in red, and the ring fiducial
forming a visible ring around the clear aperture of the
element is shown in green. The main section is shown in
blue. Additional alignment aids were added to the retro
section pattern to define orientation. Figure 3(b) shows the
entire CGH pattern with various CGH sections and align-
ment aids. During the optimization process, care was taken
to ensure that there was no overlap of various diffraction
orders at the image plane in the main section of the CGH.
This was done by adding tilt and/or power carriers to the
design. Since the first order was the designed order, the
zeroth order and þ3 order had to be carefully monitored.
If various orders overlapped each other, this could contribute
to detrimental ghost fringes.

The optimized Zernike coefficients along with the nor-
malization radius values were converted into a graphic
data system (GDS) type format file for processing with
a laser writer. The GDS file was written by the laser writer
onto a 6 in: × 6 in: quartz photomask with chrome and
resist. After chrome etching, an interim amplitude CGH
pattern on the substrate was created. However, the grism ele-
ments E1 and E3 have diffractive optical elements, making
phase type CGHs necessary. Therefore, an etch depth value
was calculated, ∼1.7-μm deep. This was achieved using
a reactive ion plasma etcher.13 Afterward, the depth was
verified to meet the specification to within 10%. The final
product is shown in Fig. 3(b).

Table 2 E1 and E3 main (i.e., testing) CGH section specifications,
where the Zernike fringe coefficients (RMS normalization) are in
waves at 1550 nm.

E1 E3

Diffraction order 1 1

Normalization radius (mm) 55 60

Z1 (waves) 0 0

Z2 (waves) 0 0

Z3 (waves) 100.00000 100.00000

Z4 (waves) 153.39081 488.97245

Z5 (waves) 27.84660 −52.76998

Z6 (waves) −1.67776 3.19355

Z7 (waves) 0.01360 −0.11743

Z8 (waves) 11.08712 −28.28801

Z9 (waves) 0.16952 1.96446

Z10 (waves) −0.02739 0.14608

Z11 (waves) 0.30601 1.19632

Note: Only the first 11 Zernike coefficients are listed here.

Fig. 4 Surface phase map of main CGH section for (a) E1 and (b) E3. Phase is in units of periods, one
period represents a phase change of 2π.
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Unlike the visible light CGH design process, the align-
ment features that would normally be visible are no longer
available, making the design and alignment of these CGHs
more challenging when using an IR-only interferometer.
If a visible and IR interferometer is available, sections like
the retro and ring features can be used.

3 Infrared CGH Wavefront Error Analysis

3.1 Parametric Phase CGH Wavefront Error
Sensitivity Model

There are two types of CGHs used for optical testing: ampli-
tude and phase. The first one often consists of a chromium
pattern written on high-quality optical glass, and the latter is
such a pattern etched into the glass. Most CGHs are a com-
bination of the two types, however, phase CGHs provide
a much higher diffraction efficiency, which may be required
for testing bare-glass surfaces in a double pass setup.
Binary phase CGHs can have up to 40.5% 13,14 diffraction
efficiency at the first orders, much greater than binary ampli-
tude CGHs, making them useful then testing with low-fringe
contrast. When considering either CGH types, the substrate
on which this CGH is made can have errors. To measure
these substrate errors, we start by measuring the zero-diffrac-
tion order, and later subtract it from the nonzero order
measurement.

Zhou, Zhao, and Burge15,16 have discussed various manu-
facturing and test errors associated with the use of a phase
CGH, such as the sensitivities associated with duty cycle,
etch depth, and amplitude variation. We expand on this
work to include the calculation of the sensitivity associated
with wavelength variation and the effect it has on the phase
of a CGH when measuring an optic using of wavelength-tun-
ing interferometry. Scalar diffraction theory assumes that the
wavelength of incident light on a CGH is much smaller than
the grating period S, as shown in Fig. 5, while in our case, the
period was about 100 μm. When using a wavelength-tuning
interferometer, the shift of the wavelength can be assumed to
be small, no more than single-digit nanometers, but ulti-
mately depend on the cavity length, as shown in Sec. 4,
which continues to be consistent with scalar diffraction
theory. During testing, it is assumed that the grating is illu-
minated with a wavefront at normal incidence. Figure 5 illus-
trates a surface profile of a binary phase CGH grating,
assuming that the light is propagating from the bottom

upward. This grating has a period S and an etch depth t.
The duty cycle is defined as D ¼ b∕S, where b is the
width of the unetched area. The A0 and A1 coefficients re-
present the amplitudes of the output wavefront from the
unetched and etched areas of the grating, respectively.
The phase difference between the rays from the peaks and
valleys represents the phase function of the grating struc-
ture in transmission. For a phase-type CGH used in transmis-
sion, A0 and A1 are approximately unity.

The wavefront phase sensitivity functions are calculated
from the wavefront phase function. It is approximated as
tan Ψ ≈ Ψ due to the assumption that Ψ is sufficiently
small. The zero and nonzero m’th order wavefront phase
functions are as follows:

EQ-TARGET;temp:intralink-;e004;326;478

Ψ ¼
8<
:

A1 D sin Φ
A0ð1−DÞþA1 D cos Φ ; m ¼ 0;

A1 sin Φ sin cðmDÞ
ð−A0þA1 cos ΦÞ sin cðmDÞ ; m ≠ 0;

(4)

and its sensitivity functions can be evaluated directly to be
∂Ψ
∂D ; ∂Ψ∂ϕ ;

∂Ψ
∂A1

. These specify the WFE caused by small devia-
tions in duty cycle, phase, and amplitude, respectively.
Furthermore, a variation in wavelength introduces an addi-
tional error in the wavefront phase calculation, where the
phase

EQ-TARGET;temp:intralink-;e005;326;349Φ ¼ 2π

λ
ðn − 1Þt; (5)

adds a wavelength dependency to each of the sensitivity
functions. The model is extended with the introduction of
the wavefront sensitivity function ∂Ψ∕∂λ, which for the
zero and nonzero orders are as follows:

EQ-TARGET;temp:intralink-;e006;63;246

∂Ψ
∂λ

¼

8>>><
>>>:

−
2πA1Dðn−1Þt cosΦ

λ2ðA0ð1−DÞþA1D cosΦ
−

2πA2
1D

2ðn−1Þt sin ϕ2

λ2ðA0ð1−DÞþA1D cosΦÞ2 ¼
2πA1Dðn−1Þtð−A1DþA0ðD−1ÞcosΦÞ

λ2ðA0−A0DþA1D cosΦÞ2 ; m¼ 0;

2πA1ðn−1Þt cosΦ
λ2ð−A0þA1 cosΦÞ−

2πA2
1ðn−1Þt sin ϕ2

λ2ð−A0þA1 cosΦÞ2 ¼−
2πA1ðn−1ÞtðA1−A0 cos ΦÞ

λ2ðA0−A1 cosΦÞ2 ; m≠ 0:

(6)

To simplify these equations, it can be assumed that
A0 ¼ A1 ¼ 1, if the CGH is used in transmission with uni-
form light irradiance. Additionally, the binary pattern on a
CGH often has a duty cycle of D ¼ 0.5. These assumptions
simplify the sensitivity functions to:

EQ-TARGET;temp:intralink-;e007;63;113

∂Ψ
∂λ

¼
8<
:

2πð1−nÞt
λ2ð1þcos ΦÞ ; m ¼ 0;

− πðn−1ÞtðcscΦ2Þ2
λ2

; m ≠ 0:
(7)

These parametric models allow a method to calculate
phase changes in the wavefront that result from wavelength
variations. The various sensitivity functions are evaluated
directly to estimate the WFE due to small variations in duty
cycleD, etch depth t, amplitude A1, and wavelength λ. These
functions are defined as follows: ΔWD ¼ 1

2π
∂Ψ
∂DΔD, ΔWϕ ¼

∂Ψ
∂ϕ Δϕ, ΔWA1

¼ 1
2π

∂Ψ
∂A1

ΔA1, ΔWλ ¼ 1
2π

∂Ψ
∂λ Δλ, respectively,

where ΔD is the duty-cycle variation across the grating
pattern; ΔWD is the wavefront variation in waves due to

Fig. 5 Schematic binary linear surface profile of a phase CGH.
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duty-cycle variation; Δϕ is the etching depth variation in
radians across the grating; ΔWϕ is the wavefront variation
in waves due to etching depth variation;ΔA1 is the amplitude
variation; ΔWA1

is the wavefront variation in waves due to
amplitude variation; Δλ is the wavelength variation; and
ΔWλ is the wavefront variation in waves due to wavelength
variation.

The impact of the wavelength variation in the WFIRST
grism metrology case using wavelength-tuning was esti-
mated using the wavelength sensitivity functions. With a
wavelength of λ ¼ 1550 nm, it is assumed that the phase
CGH receives uniform light irradiance in both etched
and unetched regions, meaning A0 ¼ A1. Additionally,
the binary pattern on the CGH was measured such that
the duty cycle was D ¼ 50%� 1%, and the etch depth t
was also measured to be 1.7 μm on average, with a variation
of ∼60 nm.

Depending on the instrument and testing configuration,
most wavelength variations on interferometers will be con-
fined to no more than 0.2 nm. However, due to the large
cavity size of the WFIRST grism elements test setup, the
wavelength varied only Δλ ¼ 0.01 nm. Additionally, the
CGHs were designed to use their first-diffraction order,
making m ¼ 1 in Eq. (4). Therefore, the WFE associated
with using the CGHs to test the WFIRST grism elements
can be obtained from Eq. (7). The WFE calculated from
the sensitivity function is ΔWλ ¼ 1

2π
∂Ψ
∂λ Δλ, where

EQ-TARGET;temp:intralink-;e008;63;452

∂Ψ
∂λ

¼ −
πð1.44402 − 1Þð1.7 μmÞð1.00084Þ2

ð1.55 μmÞ2 ; (8)

making ΔWλ ¼ −2.44 pm when multiplied by 1550-nm
wavelength, which is negligible in the total CGH errors.

If the wavelength sensitivity functions defined in Eq. (7)
are studied more closely, over a 2-nm wavelength range, it
can be observed that the sensitivity for the nonzero order is
much less sensitive than that of the zero-order. For a wave-
length variation of Δλ ¼ 0.01 nm from the reference wave-
length of 1550 nm, the WFE introduced for the zero-order
case is ΔWλ ¼ −1.45 nm, unlike the case for the nonzero
order, where ΔWλ ¼ −2.44 pm. This latter result is much
less sensitive. Figure 6 shows the wavefront sensitivity

function ∂Ψ
∂λ for both the zero-order and nonzero order

cases, as shown in Eq. (7).

3.2 WFIRST CGH Wavefront Error Simulation for
Wavelength-Tuning Interferometry

Two optical simulation studies were performed to cross-
check the fidelity of the parametric model and to numerically
estimate the WFEs caused by a wavelength variation of
2 nm (i.e., �1 nm from the nominal wavelength) using the
Zemaxþ CGH models of the WFIRST grism elements E1
and E3. These studies show the effect that the wavelength
variation for a 360-mm long cavity has on the CGH phase
in the measurement of each of the grism elements. It is
important to note that when using a wavelength-tuning inter-
ferometer, the amount of wavelength variation will depend
on the testing configuration (cavity length), as discussed in
Sec. 1.2.

Figure 7 shows the simulated WFEs of the CGH meas-
uring E1 and E3 when varying the wavelength of �1 nm.
The nominal wavelength that used to model the CGH
test setups was 1550 nm, which is the wavelength of the
interferometer used in the measurement. By design, a zero
WFE was found at the nominal wavelength, as expected.
To the right and left of that minimum, the wavelength varied
up to 1 nm, making the full wavelength range of 1549 to
1551 nm.

These simulations confirm what the parametric sensitivity
models in Sec. 3.1 indicate. The impact of wavelength varia-
tion is negligible since the sensitivity to wavelength variation
for the nonzero case, where m ¼ 1 in Eq. (4), is of the order
of picometers. For a wavelength change of 0.01 nm from
nominal, the parametric sensitivity model-based WFE was
−2.44 pm from the wavelength sensitivity function defined
in Eq. (7). The optical simulation study results in Fig. 7 show
that the WFE equals ≈0.15 nm for a 0.01-nm wavelength
change when the first order was used in the WFIRST
grism CGH test. Since the ray-trace simulations model the
actual testing conditions much better, including the retrace
error and effects of the grism diffractive elements, these
results are more precise. However, this still confirms a
good agreement between the parametric estimate and the
case-by-case numerical simulation outcomes.

Fig. 6 Analytical results of the wavefront sensitivity function ∂Ψ
∂λ versus wavelength over a 2-nm range for

the (a) zero-order and (b) nonzero order.
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4 WFIRST Grism Test Results Using Infrared
Wavelength-Tuning Interferometry

The designed infrared phase CGHs were manufactured and
used to measure the actual WFIRST grism prototype ele-
ments. In an effort to verify that the wavelength-tuning
capability was equivalent to the conventional piezo-shifting
technique, the IR3 interferometer at the National Institute of
Standards and Technology (NIST) was used during this
WFIRST grism testing campaign. This instrument was origi-
nally developed for thickness variation measurements of
silicon wafers.17 Unlike a typical interferometer, it has both
wavelength-tuning and mechanical piezo-shifting capabil-
ities at 1550 nm with a 152.4-mm diameter transmission
flat. Both E1 and E3 were measured in collimated space in
a double pass setup with a return flat after the test element.
Figure 8 shows the E3 test layout with the IR3 (the layout for
E1 requires swapping the grism element and its correspond-
ing CGH).

The IR3 interferometer is a configurable tool, which can
be used in two ways, as a Fizeau or Twyman–Green inter-
ferometer. In the Fizeau configuration, the interferometer can
introduce phase-shifting via wavelength-tuning. Allowing
the interferometric cavity to be fixed in size, making it unaf-
fected by vibration and turbulence. The Twyman–Green con-
figuration is used when the Fizeau mode cannot or when the
cavity exceeds the tuning range of the laser source. In this
case, phase shifting is implemented by mechanically moving
the reference mirror with a piezoelectric shifter.18

A lot of commercial interferometers that exist today
introduce the phase variation via mechanically shifting
the reference mirror. However, since grism testing required
a more vibration insensitive instrument, a wavelength-tuning
phase shift was better suited for this. Yet, a verification,
where both phase-shifting techniques were appropriate due
to the wavelength sensitivity nature of the parts, was needed,
creating the necessity to compare both techniques.

Once the grism element and the CGH were placed and
aligned in the layout shown in Fig. 8, without altering the
test configuration, the interferometer measured the wavefront
first by varying the wavelength and second by introducing
a piezo-mechanical shift in the position of the transmission
flat. The IR3 uses a single-mode tunable diode laser with
a wavelength range centered at 1550 nm. The piezo-
mechanical shifter had a range of about 420-deg phase
shift at 1550 nm, sufficient for basic phase-shifting algo-
rithms. The mechanical phase shifting used seven phase
steps with a 60-deg phase shift between them. Phase decod-
ing was done using the Larkin–Oreb algorithm. When doing
wavelength-tuning, a phase shifting algorithm with 13 steps
and 60-deg phase increment between the steps was used.19,20

As mentioned earlier, due to the 360-mm cavity length, the
wavelength change required for the 720-deg phase shift was
only ≈0.01 nm.

It has been reported in the literature that binary phase
CGHs can have up to 40.5%13,14 diffraction efficiency at
the first orders. To verify the uniformity of the CGHs
made for E1 and E3 testing, various random locations on
the CGH were measured for etch depth and period; to verify
that these should meet the required diffraction efficiency,
they met specifications within <10%.

IR3 measured the full aperture of the elements. Because of
its dual phase-shifting capability, it could cross-check the
insignificant WFE predicted during wavelength-tuning with
results obtained using piezo-mechanical shifting. The wave-
front measurement results from IR3 shown in Fig. 9 indicate
that both techniques yielded matching results for E1 and E3,
within approximately a nanometer.

Table 3 compares the average WFEs over five measure-
ments for both E1 and E3 and it demonstrates that
wavelength-tuning for a long optical path length works as
well as mechanical phase-shifting methods. The ≈0.01-nm
wavelength shift during the wavelength-tuning process

Fig. 8 Test setup of WFIRST grism prototype element E3 using the
wavelength-tuning/piezo-shifting IR3 interferometer. IR3 collimator is
to the left of the picture.

Fig. 7 Numerical simulation result showing the WFE as a function of wavelength variation over a 2-nm
range for the phase CGHs designed to measure the WFIRST grism elements (a) E1 and (b) E3.
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successfully measured the WFIRST grism elements and did
not impact the WFE, as modeled and simulated in Sec. 3.

Figure 10 shows a comparison of the measured Zernike
fringe coefficients (from RMS normalized Z1 to Z25), via
wavelength-tuning and piezo-shifting. These various coeffi-
cients are the result of the fitted wavefront maps, as shown in
Fig. 9. They indicate how both measuring techniques essen-
tially yield matching results, both in WFE RMS and fitted
Zernike fringe coefficients. Figure 10 indicates that the dis-
crepancy between the two IR3 measurement techniques is

Fig. 9 Measured WFE maps for E1 and E3. (a) E1 measurement via piezo-shifting. (b) E1 measurement
via wavelength-tuning. (c) E3 measurement via piezo-shifting. (d) E3 measurement via wavelength-
tuning.

Table 3 MeasuredWFERMS of theWFIRST grism elements E1 and
E3 with the IR3 interferometer.

Phase-shifting
technique

Wavelength-
tuning

Mechanical
piezo-shifting

Grism E1 Measured WFE RMS 63.1� 0.9 nm 62.2� 1.1 nm

Grism E3 Measured WFE RMS 57.5� 0.6 nm 57.3� 0.8 nm

Fig. 10 Zernike fringe coefficient (RMS normalized) comparison between piezo-shifting and wavelength-
tuning techniques, from Z1 to Z25 of the measured wavefront for (a) E1 and (b) E3.
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negligible. The infrared wavelength-tuning interferometry
for the WFIRST grism test CGH was successfully verified
and the CGH low estimate error models and simulation
studies agree with the measured performance.

5 Conclusion
This paper discusses the design strategy and manufacturing
process of an infrared CGH. It also presents a developed
parametric model, which enables an estimation of the wave-
front phase error due to wavelength variations as part of the
testing error, which can occur when using a wavelength-
tuning interferometer. Also, numerical simulations of the
WFE expected for the E1 and E3 WFIRST grism CGH
tests were completed and showed the small impact that
wavelength variation has on the final measurement when
varying the wavelength �1 nm for the given cavity length.
This result is consistent with the calculated errors associated
with the wavelength sensitivity function.

Additionally, it was shown that both piezo-shifting and
wavelength-tuning measuring techniques used on the
WFIRST grism testing with CGHs essentially yield match-
ing results, both in WFE RMS and fitted Zernike fringe coef-
ficients. The discrepancy between the measurements using
the two phase-shifting techniques was negligible, and the
infrared wavelength-tuning interferometry data successfully
verified that the CGH phase error models and simulation
studies agree with the measured performance.

Furthermore, these results successfully show the perfor-
mance of E1 and E3 at 1.55 μm; however, since the wave-
length range of the telescope covers 1.35 to 1.95 μm,
additional testing of the image performance via phase
retrieval at other wavelengths is still needed. As well as
measuring the full field of the instrument, since only the
center field position was measured in the presented results.
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Abstract: The grism, slitless spectrometer aboard the Wide Field Infrared Survey Telescope 
(WFIRST) enables survey of emission-line galaxies. To facilitate its opto-mechanical 
alignment, a six-degree-of-freedom element was fabricated using alignment fiducials and 
integral flats and used to measure a wavefront by using an infrared interferometer placed at 
various field points over a 20×14-degree field of view in the grism coordinate frame. The 
positioning of the Element 2 prism compensator based on the modeled alignment sensitivities 
was determined to minimize the field-dependent wavefront error. The merit function 
regression method for a wide field of view was further used to verify the higher efficiency 
and accuracy of the proposed alignment technique compared with the conventional sensitivity 
table method. 

© 2019 Optical Society of America  

1. Introduction 

The precision alignment of optical systems with relatively small fields of view (FOV) has 
historically been achieved by on-axis interferometry [1,2]. However, the process is lengthy 
and time-consuming for the alignment of optical systems with relatively large FOVs. For 
example, when aligning the WFIRST grating prism (grism) [3], which is a four-element 
refractive optics system, the wavefront errors (WFEs) observed at the extreme edges can be 
large, although the root mean square (RMS) of the WFEs of the on-axis measurement may be 
low. This is because of the presence of coma-zero conditions in non-symmetrical optical 
systems, resulting in misalignment possibly not noticeable in on-axis measurements while 
they are amplified in off-axis measurements. 

One of the issues of this type of alignment is the determination of how many field points 
should be measured. There is the need for both on-axis and off-axis measurements [4,5]. 
Ideally, a large number of field points should be measured, although measurement of the 
entire field is often challenging, time-consuming, and unrealistic. This brings the field 
sampling effect into play, and the imperative of determining the minimum number of field 
points to be measured, as well as their sampling distribution. 

A reverse-search algorithm attempts to discover the misalignment of components by 
measurement of the system WFE at a specific number of field points. It then applies the 
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theoretical Zernike sensitivity table to the misaligned parameters and the measured Zernike 
coefficients of the optical system under the disturbed alignment. This technique has been well 
developed and implemented in optical design software. If the variation of the Zernike 
coefficient with the misalignment parameters is sufficiently linear, the technique affords 
relatively high accuracy and convergence to the misalignment state determined by reverse 
estimation. 

In the present study, we extended a previously reported reverse optimization algorithm 
that uses merit function (MF) regression instead of a sensitivity table, employing various 
weighting factors. The proposed technique utilizes MF minimization of the measured Zernike 
coefficients of the optical system [2, 6–8]. The regression process also utilizes the damped 
least squares method through active adjustment of the selected misalignment parameters of 
the modeled optical system until the minimum MF value is obtained. We used the proposed 
technique to determine the best alignment state of the WFIRST grism system and verified the 
results by comparing them with those of the currently employed sensitivity table method.  

Section 2 of this paper describes the optical characteristics of the WFIRST grism system. 
Section 3 presents the theoretical basis of the MF regression method and the field-dependent 
error sources. Section 4 describes some large-FOV simulations that were performed using 
various field samplings, to determine the minimum number and distribution of measurement 
field points required for the alignment of a system with a large FOV similar to that of the 
WFIRST. The simulations included runs using the actual grism EDU model. Section 5 
presents the results of the alignment simulation and experimental measurements to 
demonstrate the superior performance of the proposed MF regression method compared with 
the sensitivity table method used for alignment of the WFIRST grism. A summary of the 
study is finally presented in Section 6. 

 

2. WFIRST grism spectrograph 

The WFIRST is a NASA observatory designed to perform wide-field imaging and slitless 
spectroscopic surveys of the near-infrared sky [9]. The observatory utilizes a 2.4-m-diameter 
primary mirror and its payload includes two main instruments, namely, a wide field 
instrument [10,11,12] and a coronagraph [13,14]. The wide field instrument enables wide-
field imaging and slitless spectroscopic capability through the use of a grism. Figure 1 
compares the WFIRST FOV with those of the James Webb and Hubble telescopes. WFIRST 
offers Hubble sensitivity and 0.1 arcsec resolution over a 0.28 square degrees field of view 
that is 100 times the field of Hubble’s visible cameras.  

 
Fig. 1. Comparison of the field of view of different space telescopes [12]. 
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 The grism has been through multiple design cycles. In 2013, a compound grism was 
modeled, with the design including a prism-like optic surrounded by two diffractive plano-
convex lenses. The design was used to build the grism prototype [3,15], which was assembled 
and tested on-axis but did not satisfy the full field performance requirements. 

In the latest design cycle effort, the need to cover an even larger 1.0 – 1.9 µm spectral 
range was introduced, changing the design and making it four elements. The current grism 
engineering development unit (EDU) thus consists of four optical elements, E1–E4, with an 
integrated Lyot stop. E1 and E4 are thin plane-parallel plates containing binary diffractive 
elements that balance dispersion and aberration. The gratings are etched onto only one of the 
surfaces of the diffractive elements. E2 and E3 are powered prism elements with wedges and 
have only spherical surfaces similar to meniscus lenses. E1 is mounted on the baseplate, 
referred to as the grism deck, while E2–E4 are mounted in succession on the grism deck in 
their respective mounts. The position of each element in its mount can be adjusted through 
spherical washers that allow six degrees of freedom (DOF) adjustment. Figure 2 shows a side 
view of the grism optical model, its Computer Aided Design (CAD) model, and the actual 
assembled grism instrument.  

 
Fig. 2. Grism engineering development unit. From left to right: optical model, CAD model and assembled grism 
instrument. 

The WFEs of the grism are within values that afford satisfactory diffraction-limited 
performance across the entire wavelength band of the system. Although each of its elements 
is highly aberrated, they become diffraction-limited through mutual compensation when 
assembled. The main challenge of the optical design is the wide FOV, high dispersion, 
relatively small f-number, and the difficulty of fabricating the required high-efficiency 
diffractive surfaces. Table 1 gives the EDU specifications, Figure 3 shows the nominal design 
residual WFE RMS performance of the grism, where each square represents a detector. 

Table 1. WFIRST Grism EDU specifications 

  
Wavelength range (μm) 1.0 – 1.9 
WFIRST FOV (degrees) 0.75 × 0.383 
Average beam diameter at grism (mm) 100 
Beam f/-ratio at grism (mm) ~f/8 
Wavefront error Diffraction limited at λ > 1.0 μm 
Spectral resolution 435 – 856  
Capability Dispersion and pointing for spectrometer 
Compactness ~80 mm total thickness for a fixed diameter ~120 mm 
Beam deviation Zero at 1.55 µm 
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Fig. 3. Nominal design residual WFE RMS performance of grism EDU at 1.55 µm. The unit of the scale is nm [15]. 

 

3. Multi-field merit function regression method  

3.1 Multi-field merit function regression method for non-symmetric systems 

The objective of aligning any optical system, be it a symmetrical or nonsymmetrical one, is to 
minimize the aberrations in the system and obtain the best possible performance of the entire 
focal plane. Experimentally, this has been conventionally accomplished by using an 
interferometer to measure the WFE RMS values for various field points that best represent the 
full field of the system. A compensator is then used to minimize the aberrations in the system. 
Such a compensator should be capable of perturbations corresponding to the various DOFs of 
the system:  XY decentering translation, θx,-θy tipping and tilting, θz clocking, and Z axial 
translation along the optical axis.  
 There are established relationships between some adjustments and aberrations such as 
transverse aberrations, which include astigmatism and coma, known to be coupled with 
decentering and tilting; and unlike longitudinal aberrations such as defocus and spherical, 
which are mostly coupled with despacing. More detailed versions of such relationships can be 
obtained for any system by conducting a sensitivity analysis. This enables observation of the 
WFE at any field point set by a combination of Zernike coefficients.  
 These coefficients are useful for expressing wavefront data because they are of the same 
form as the aberrations observed in optical tests. One of the useful features of a Zernike 
polynomial is that it has a simple rotational symmetry that allows its expression as a product 
of the radial term (ρ) and a function of the angle (θ). [17] There are at least six different 
schemes for defining a Zernike polynomial. The Fringe Zernike set is a subset with a 
mathematical description as presented in Table 2 [18,19]. Often, only the first nine or sixteen 
terms are used because the lower-order terms provide sufficient insight into the misaligned 
optical system without the need to use the high-order terms (not included in Table 2). 
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Table 2. Mathematical representation of the first 16 Fringe Zernike polynomials, type of aberration and 
graphical expression [18] 

Zernike term 
Mathematical 
representation 

Aberration WFE map 

Z1 1 piston 

 
Z2 ρ cosθ 

distortion / tilt 

 Z3 ρ sinθ 

Z4 2ρ2 – 1 defocus / field curvature 

 
Z5 ρ2 cos2θ 

primary astigmatism 

 Z6 ρ2 sin2θ 

Z7 (3ρ3 – 2ρ) cosθ 
primary coma 

 
Z8 (3ρ3 – 2ρ) sinθ 

Z9 6ρ4 – 6ρ2 + 1 primary spherical 

 
Z10 ρ3 cos3θ 

elliptical coma (trefoil) 

 
Z11 ρ3 sin3θ 

Z12 (4ρ4 – 3ρ2) cos2θ 
secondary astigmatism 

 Z13 (4ρ4 – 3ρ2) sin2θ 

Z14 (10ρ5 – 12ρ3 + 3ρ) cosθ 
secondary coma 

 
Z15 (10ρ5 – 12ρ3 + 3ρ) sinθ 

Z16 20ρ6 – 30ρ4 + 12ρ2 – 1 secondary spherical 

 
 
 

 If it is assumed that the Zernike coefficients are linearly related with the misalignments, 
then each coefficient can be derived from a linear combination of the different misalignment 
parameters, with each having its own relevant sensitivities per field point. This can be 
expressed as ∆Z = A∆D [5,7,8], where 
 

∆ = ∆⋮∆ = ⋮ − ⋮ ,			 = ⋯⋮⋯ 			 	∆ = ∆⋮∆ = ⋮ − ⋮ .  (1) 

 
 Here, ∆Z is the difference between the measured and modeled Zernike coefficients; A is 
the sensitivity table obtained from the nominal model; and ∆D is the sum of the disturbances 
or compensators of the alignment parameters xi, such as the XYZ and tilt (θxyz) displacements; 
and m and n are the total number of Zernike coefficients and the total number of alignment 
parameters, respectively. 
     This method affords highly accurate estimation of the misalignment parameters as long as 
the linear relation between the Zernike coefficient sensitivity and the alignment perturbation 
is maintained [6,8]. If the system is significantly misaligned, the resulting nonlinearity of the 
Zernike sensitivity would considerably affect the residual error of the method. Additionally, 
the fact that the nominal model is used to generate the sensitivity table (A) may further 
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aggravate the problem because the measured coefficients that contain field errors would 
increase the sources of the residual error.  
 In optical design software, the MF is defined as the sum of the various field components. 
In the present case, it is the sum of the errors of the different field components, with sixteen 
Zernike terms (see Table 2) at each field point: 
 =	∑ ( , )( ( , )	 	 ( , ))∑ ( , )       (2) 

 
where V and T are the current and target values of the selected parameters, respectively;  
represents the various field components;  represents the sixteen Fringe Zernike coefficients 
for each field; and W is the weighting factor of each term. In most commercial optical design 
software, the actively damped least square method is used to minimize the MF value and 
obtain the best-fit parameters.  
     The MF regression method for the full field of a system requires the initial determination 
of the first sixteen Fringe Zernike coefficients from interferometric measurements. Here, 
T(f,Z) represents the misaligned state of the system. The ideal or nominal model Fringe 
Zernike coefficients are then assigned to V(f,Z), which represents the nominal alignment 
status of the optical system. Subsequently, the measured coefficients are assigned to T(f,Z) 
(measured values inputted to the “Target” column of the Merit Function Editor), and a 
weighting factor of unity is set for all the variables. This is followed by running the 
optimization algorithm (using, for example, the damped least square technique) embedded in 
the software to minimize the MF. This allows the variation (optimization) of the alignment 
parameters, which are selected by the user as the variables, so that V(f,Z) approaches T(f,Z) as 
closely as possible. When a minimized MF is obtained, the outputs are the alignment 
parameters, which indicate the current misalignment state of the measured optical system. 

3.2 Error sources: field sampling, positioning and others 
Ideally, in the measurement of the WFE for a specific field angle, the reference spherical 
wave from the interferometer should be focused on the exact field position relative to the 
focal plane of the telescope. However, in reality, identification of the correct field position at 
the telescope level is difficult and usually involves a residual positioning error. This error 
constitutes an estimation error source for the given alignment state in the sensitivity table 
method. A previous study [6] has shown that the MF value approaches nearly zero at ±0.02 
degrees from the on-axis field point, indicating that the MF regression method can be used to 
determine the shifted field position being sought for and is thus very useful for computing the 
field positioning error. 
     Another field-associated error is related to sampling when measurement of the full field is 
ideal but only a few field points can be practically measured due to time and space 
constraints. In this case, the determination of the appropriate number of measurements can be 
difficult. The following section describes a simulation process that was used to address this 
issue. 
     Other sources of error include the environmental interferometric testing conditions. For 
example, if the interferometer is exposed to turbulent conditions and the setup does not 
include a floating table, vibration may come into play, decreasing the measurement 
repeatability to a lower level of 3 - 4 nm RMS compared with the normal level of 1 nm or less 
RMS. 
 

4. Simulation study of the field sampling effect  

When attempting to determine the number of field points required to align a wide field 
system, the measurement of one on-axis field point does not yield sufficient information to 
obtain insight into the full field performance [4,5]. If only one on-axis field point is measured, 

106



 

 

the results would certainly indicate misalignment, but it could also be due to manufacturing 
errors and even setup disturbances because the various contributors cannot be independently 
isolated by a single measurement.  

     Figure 4 shows the footprint and spot diagrams of the nominal grism EDU assembly for 18 
field points, one per detector (as shown in Fig. 3). The spot diagrams are similarly positioned 
(vertically and horizontally) to the corresponding points in the footprint diagram and the 
detector positions. 

 
 

 
Fig. 4. Footprint diagram (top) and spot diagram with Airy disk circles of 14.59 µm radius (bottom) of 18 nominal 
field points for the WFIRST grism EDU. Please, note that the field angles are in the grism coordinate frame, which is 
different from the WFIRST telescope FOV in Table 1.  

  
 The following simulation results verify that a manufacturing error could be confused and 
interpreted as a misalignment. The simulation assumed that the nominal model was perturbed 
within the alignment tolerances if only the on-axis Fringe Zernike coefficients were sampled 
and used to simulate the same performance but the E2 and E3 surface figures could be 
perturbed to simulate a manufacturing error. Under these conditions, both models would 
produce the same Zernike coefficients on-axis but for different reasons. This indicates that the 
same Zernike coefficients can result from misalignment and/or a specific surface shape error 
(i.e., manufacturing error). Figure 5 compares the spot diagram obtained when using on-axis 
and 18 field points (one per detector) as the input to optimize the alignment performance of a 
system by the MF regression method. Expectedly, when more fields were measured, the 
model yielded better results for the full field. The spot diagram aligned using 18 field points 
input case shows most spot diagrams to be successfully diffraction limited (Fig. 5 bottom), 
unlike the case of on-axis single input in which there was a fewer number of diffraction 
limited spots (Fig. 5 top).  
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Fig. 5. WFIRST grism EDU Spot diagrams performance comparison obtained using on-axis only (top) and multiple 
field points (bottom) input. Please, note that the field angles are in the grism coordinate frame, which is different 
from the WFIRST telescope FOV in Table 1. 

For these types of measurements and/or simulations, it is important to know the minimum 
number of field points that should be inputted to the model to obtain the best possible 
performance from the alignment. Figure 5 clearly indicated the need for more than one field 
point, and while it is always desirable to measure most of the FOV for any system, this is 
often time-consuming and not always practical. Figure 6 shows the results of various 
simulations of both a grism EDU system and a grism-like system. In both cases, random 
errors were assumed to be present in the system, such as random measurement error, surface 
shape error, and misalignment, all which could be realistically measured. With these 
assumptions, the Zernike coefficients of the on-axis field point were first collected in the 
simulations, and used to optimize the alignment configuration. This was performed 10 times, 
with another field point added to the input each successive time. The results suggested the use 
of a minimum of four sampled measurement field points for the alignment of a large FOV 
instrument in the presence of all the actual uncertainties and noise. The plotted results 
indicated that the use of only one on-axis field point for the optimization may generate an 
aligned system for the on-axis imaging, but that increasing the number of sampled field points 
would decrease the overall field WFE RMS, and that the use of more than four field points 
barely impacted the alignment. Even when the number of field points inputted to the model 
increased to 10, the WFE RMS remained the same. This highlights the importance of optimal 
(instead of a naive minimum or maximum) field sampling during the actual alignment of a 
wide FOV optical system. 
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Fig. 6. Mean WFE RMS versus number of field sampling points for the MF regression method input. The error bar 
represents the ±1σ standard deviation. 

As another case study, other simulations were run using the same number of field points 
(four) as the MF regression method input but with different sampling distributions. In one 
model, only central field points were inputted, and in another, only edge field points were 
inputted. The results indicated that both of these models could converge to obtain an 
alignment solution. However, the model to which a combination of central and edge field 
points of the FOV were inputted produced a more accurate alignment solution, yielding 
smaller WFEs across the field. This suggests that better results can be obtained by sampling a 
larger portion of the field, rather than only the central or on-axis section of the FOV as shown 
in Fig. 7.  

 

 

 
Fig. 7. Comparison of the MF regression method input sampling field distribution footprint (left) and the finally 
aligned spot diagrams at the overall 18 field locations (right) for two different field distribution cases (top vs. bottom) 
after the MF regression alignment. The WFE RMS after alignment is distribution-dependent. Please, note that the 
field angles are in the grism coordinate frame, which is different from the WFIRST telescope FOV in Table 1. 
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Figure 7 compares the spot diagrams for two different distributions of four inputted field 
points. The footprint diagram for the wider FOV has a corresponding set of spot diagrams 
with lower WFE RMS values across the field, the average being 63 nm. In contrast, the 
average WFE RMS value for the smaller distribution is 71 nm. Furthermore, the spot diagram 
reveals a higher number of diffraction-limited spot diagrams when the sampling distribution 
is over a larger FOV when using the MF regression method. The footprint diagram (Fig. 7 
left) shows the fields used as input for the alignment optimization and the identical 18 field 
locations’ spot diagrams (same as Figure 4) are presented (Fig. 7 right) to objectively 
evaluate/compare the final aligned optical system’s performance. 
 

5. WFIRST grism EDU alignment using the multi-field MF regression method  

5.1. WFIRST grism EDU alignment setup  
As mentioned in Section 2, the individual grism elements were fabricated with alignment 
fiducials written on the optics, and integral flats polished on their sides to allow for opto-
mechanical alignment with six DOFs.  Each element was installed on a hexapod and 
positioned in its nominal orientation relative to the grism deck (Fig. 2). Each element was 
separately first placed on the hexapod and theodolites were used to measure it to set the 
tip/tilt, while a Micro-Vu non-contact multisensor measurement system was used to set the 
spacing between the parts, decenter, and clocking as shown in Fig. 8. All the measurements 
were relative to the grism deck, which was mounted on a ground support equipment bond 
fixture.  
  

 
Fig. 8. Fully bonded WFIRST grism EDU on a hexapod under the Micro-Vu measurement system. 

 The adjustment of the various DOFs was enabled by the hexapod, which allowed the 
bonding of one optic at a time. The step size adjustment for the hexapod was 0.5±0.3 µm in 
the X and Y directions, and 0.2±0.1 µm in the Z direction. The tip and tilt adjustments of the 
hexapod were respectively 3.5±4 and 3.5±8 µrad for clocking (about Z) [20]. These fine 
adjustments enabled precise placement of the grism elements in their mechanical cells. 
Therefore, once the full assembly was mounted, all the optics were positioned within the 
allowable tolerances relative to the grism deck: <20 µm for XYZ translation and <45 µrad (~9 
arcseconds) for tip, tilt, and clocking. This was important because it allowed the assembly of 
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the grism EDU to be well characterized, so that any required adjustment after the 
measurement of the wide FOV could be easily accommodated. However, any such 
adjustments would be small, given the substantial effort that had been made to position the 
optics in their nominal position. Figure 8 shows the grism assembly held by the mini hexapod 
and bond fixture, with the entire unit placed under the Micro-Vu system in a cleanroom 
environment during assembly. 
 After completing the opto-mechanical alignment and bonding, the grism EDU was placed 
on a large hexapod in front of an infrared Zygo interferometer with a 6-in f/7.2 IR 
transmission sphere and an operating wavelength of 1.55 µm to make it suitable for testing 
the grism, which had a design wavelength range of 1.0–1.9 µm. It is important to note that 
this test configuration does not precisely represent the actual setup of the grism in the 
WFIRST telescope. In the telescope, the source is moveable while the grism remains fixed. 
However, in the present test, the grism was moveable while the source (the interferometer) 
remained fixed. There were multiple reasons for the present test setup: 1) firstly, we should 
note that further simulation tests are planned that would utilize a movable source and cover 
the entire waveband of the grism; 2) it was preferable in the present test not to move the 
interferometer each time a new measurement was to be made; and 3) the hexapod allowed for 
a very precise DOF adjustment of the grism [21].  
 Several field points were measured on the grism, extending over a 20×14-degree FOV for 
the local grism coordinate system, measured relative to the grism pupil. Figure 9 shows the 
test setup in the laboratory, including the various metrology instruments used, such as the 
infrared interferometer, laser tracker, hexapod, and micrometer digital display XYZ stage. A 
spherically mounted retroreflector (SMR) was placed at the interferometer focus so that the 
laser tracker could measure its position along with various other targets located on the grism 
deck that were used as tie points for monitoring and ensuring that the translational 
displacements between the grism and the focus were the same for all the field points, as is the 
case in the telescope. 

 
Fig. 9. Grism EDU on hexapod, in front of infrared interferometer to measure WFE at various field points. The red 
cone illustrates the infrared beam emitted by the interferometer. 

5.2. Non-uniform wavefront sampling for grism EDU alignment  

The grism EDU wavefront error was measured at seven different field points selected to 
represent the edges of the WFIRST FOV, as shown in Fig. 3 and Fig. 10. The hexapod 
allowed the placement of the grism relative to the interferometer and its focus. The initial on-
axis distance between the grism deck plane and the interferometer focus was 725.054±0.025 
mm, with further adjustments made for focus over the entire duration of the measurements. 
The on-axis (0,0) field point measurement was recorded when the grism was normal to the 
interferometer beam. Figure 10 shows the measured seven field positions and their 
distribution on the detector plane of the WFIRST telescope. 
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Fig. 10. Number and position of the measured seven field points of the WFIRST grism EDU 

alignment using the multi-field MF regression method. 

As would be expected for any complex, non-symmetrical system, it was observed after 
completion of the first set of measurements that the measured WFE at any of the field points 
did not meet the requirements, with the results being particularly poor at the edge of the field. 
It must be borne in mind that the repeatability of the WFE measurement was approximately 
4% of the interferometrically measured value, due to various unstable laboratory conditions, 
coupled with the fact that the interferometer was placed on a table that was not floating, 
owing to experimental limitations.  

The first alignment correction was attempted using modeled alignment sensitivities. It was 
decided that only E2 would be used as a compensator because it was the thickest element and 
sensitivity studies have shown that such could best be used to correct the power and 
astigmatism terms of the entire system by adjusting its spacing and tip/tilt. This is unlike the 
case of other grism optics, which have Zernike terms that are more coupled and the 
adjustment of one DOF would significantly perturb the other terms. Additionally, the 
adjustment of only one element in the present case enabled better adjustment control. The 
alignment sensitivities indicated that E2 could be successfully used to minimize the field-
dependent WFE and confocality under ambient and cryogenic conditions. This paper 
discusses only the measurements under ambient conditions; those under cryogenic conditions 
are ongoing and will be reported at a later time. 

Multiple alignment attempts were made under the first measurement, during which only 
E2 was adjusted with three DOFs: spacing (∆z), tip (θx), and tilt (θy). Clocking (θz) and X and 
Y decenter translations of E2 were controlled by bushings, which fixed E2 relative to the 
grism deck. Adjustment of the X and Y decenter translations was avoided because of the 
difficulty of controlling it. However, control of all the DOFs will be enabled in the design of 
the grism flight unit.  

The tip, tilt and spacing adjustments could be easily and accurately measured using 
theodolites and micrometer gauges, including the thickness of the shims used to adjust the tip 
and tilt. However, the clocking measurement was relatively imprecise because clocking could 
more easily combine with XY displacement. 

After completion of the various adjustments, an alignment that met the requirements was 
obtained as presented in Table 3. Alignment sensitivity tables were used for the entire process 
because an attempt had not been made to apply an MF regression method. The employed MF 
regression method was only applied after the known required adjustments had been made, 
with the initial WFE measurements across the field used as input. This represented a type of 
“reverse engineering” approach and was successfully demonstrated and confirmed by 
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optimizing the alignment using the multi-field MF regression process and comparing the 
optimized results with the initial measurements, as described in Section 5.3 and Table 3. 

Table 3. Comparison between the measured and multi-field MF regression calculated WFE RMS 

Field position No. 1 2 3 4 5 6 7 

Measured  
WFE RMS [nm] 

201 ± 6 216 ± 6 311 ± 7 265 ± 7 307 ± 7 259 ± 7 186 ± 6 

Multi-field MF 
calculated  

WFE RMS [nm] 
234 ± 1 204 ± 2 324 ± 1 272 ± 1 269 ± 1 220 ± 1 168 ± 2 

 

5.3. WFIRST grism EDU final alignment performance using multi-field MF regression 
method  
After the achievement of the required wavefront performance by the alignment sensitivity 
table method, an MF was created using the multi-field MF regression method by inputting the 
measured Fringe Zernike coefficients (4–16) for each field point, with all the Zernike 
coefficients having equal weight. An additional constraint was used to restrict the range of 
each of the optimized variables so that the system would make reasonably optimized 
adjustments of the E2 despace, tip, and tilt.  
 Table 4 compares the adjustments measured by theodolites (tip, tilt, and clocking of the 
alignment cubes), micrometer gauges (shim thickness), and the Micro-Vu measurement 
system (focus) with those calculated by the multi-field MF regression method. Although the 
∆z adjustment does not match the optimized value, it is in reasonable agreement; its large 
error originates from issues related to measurement of its alignment fiducial using the Micro-
Vu instrument. All the other angle adjustments are within their error uncertainties, indicating 
that the MF regression method successfully predicted the necessary adjustments for 
improving the grism alignment to meet the requirements. The errors of the MF regression 
method are related to the repeatability of the WFE measurement. 

Table 4. Comparison between the measured E2 adjustments and those calculated by the multi-field MF 
regression model 

E2 DOF adjustment Measured with theodolite/micrometer 
Multi-field MF regression 

method modeled 

E2-E3 Z-space (∆z) [µm] 323 ± 75 407.2 ± 2.3 

E2 tilt about X (θx) [deg] -0.190 ± 0.025 -0.187 ± 0.002 

E2 tilt about Y (θy) [deg] 0.110 ± 0.025 0.124 ± 0.0004 

E2 clocking about Z [deg] 0.040 ± 0.034 0 ± 0.0 

 
Although the E2 adjustments match those estimated by the multi-field MF regression 

method within the error limits, we acknowledge that the respective WFE RMS values are also 
only comparable and not exactly equal. The large errors of the measured spacing between E2 
and E3 contribute to the discrepancies, because measurement of the spacing between the 
coated optics using the Micro-Vu system was difficult. Other contributors to the discrepancies 
are surface shape errors, misalignment of other elements, and measurement errors. The 
measurement results are compared with the values optimized by the MF regression method in 
Table 3 and Fig. 11.  
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Fig. 11. Comparison of the WFIRST grism EDU measured and optimized WFE RMS for each 
field point. The error bar represents the ±1σ standard deviation.  

The sensitivity table method used initially to align the grism EDU was successful, and it 
required seven time-consuming iterations. In the case of the presented and cross-confirmed 
multi-field MF regression method, once the model was correctly set up, calculating the 
required E2 adjustments only required running the numerical model for an accurate 
optimization. This substantiates the superiority of the multi-field MF regression method with 
regard to accuracy, speed, and ease of use.  

 

6. Summary 
Through an examination of the field sampling effect, we successfully presented and validated 
the use of the multi-field MF regression method for a wide FOV optical system alignment. 
The method utilizes an MF consisting of Fringe Zernike coefficients that represent the 
misaligned system, and attempts to minimize the MF to estimate the misalignment state using 
actively damped least square algorithms. The results of simulations and case study 
experiments confirmed that the method was more effective and accurate than the conventional 
Zernike coefficient sensitivity table method. This is particularly the case when the field 
sampling effect is considered, with a minimum number of four field points required for 
adequate sampling of a large FOV. Seven field points were sampled in the present work, in 
which the multi-field MF regression method was specifically used to verify the alignment of 
the WFIRST grism EDU instrument under ambient conditions. We believe that, with the use 
of the required distribution of the field sampling points, the method can be used to achieve 
better convergence in the alignment of a wide range of optical systems. 
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