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aJames C. Wyant College of Optical Sciences, The University of Arizona, 1630 E University Blvd. 

Tucson, Az USA 85721;  
bMIT Kavli Institiute for Astrophysics and Space Research, Massachusetts Institute of Technology, 
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ABSTRACT  

Currently, high-resolution X-ray telescope mirrors, such as for the Lynx X-Ray Observatory concept, are measured 

using a Fizeau interferometer with a cylindrical null corrector. Uncertainties in the null wavefront directly couple into 

the surface measurement uncertainty, including the axial figure and cone angle variation. We extend the absolute surface 

metrology method of lateral shift mapping for measuring X-ray telescope mirror segments. Lateral shift mapping 

involves laterally shifting the surface under test relative to the null to multiple positions. The null wavefront can be 

extracted from the difference between these shifted measurements, leaving only the surface under test. Accurately 

extracting quadratic terms of the surface under test requires measuring its tilt during shifting. We will show surface 

metrology results of optical flats measured by Fizeau-based lateral shift mapping with the required angle measured using 

an autocollimator and compare these results against a three-flat test. We will show how we plan to extend this method to 

conical X-ray telescope mirror metrology. The lateral shift mapping method reduces the uncertainty introduced by the 

cylindrical null, a critical step toward making high-resolution X-ray telescope mirrors.  

Keywords: X-ray telescope, Lynx, metrology, absolute metrology, X-ray mirror metrology. 

*bchal@arizona.edu   

1. INTRODUCTION  

Currently the low-spatial frequency height error (figure) of X-ray telescope mirrors is measured using a variety of 

approaches: X-ray pencil beam1 or Hartmann2 metrology, Fizeau interferometry with a refractive or diffractive 

cylindrical null3,4,5 (Figure 1), long trace profilometry6,7, Shack-Hartmann wavefront sensing8,9, and deflectometry10. 

Fizeau interferometry is particularly useful for quickly making high-precision (sub-nm repeatability) full-surface 

measurements of segmented X-ray mirrors at atmospheric pressure. However, the cylindrical reference surface or 

wavefront is difficult to characterize due to its lack of point symmetry. To achieve the Lynx X-ray Observatory concept 

performance goal of a 0.5 arcsec half-power diameter on axis11, the mirrors need to be characterized to the 5 nm rms 

domain12. If the reference can only be characterized to this level or worse, it is impossible to tell whether a feature in the 

interferogram is due to the null or the surface under test (SUT). For systems with point symmetry (flats and spheres), this 

problem is solved with absolute measurement techniques13. These methods provide the surface profile without the 

uncertainty of manufactured perfectness in the null.  

A well-known optical absolute surface metrology method is the three-flat test13. Three flats are put through a sequence of 

measurements and the result is a singular line on each surface that can be known with very low uncertainty. In this 

method, there is a line along the surfaces that is invariant, and this property is exploited to separate the reference and test 

surfaces which are added together in the interferogram. The three flat test is a great absolute test for optical flats and has 

been examined for many years. It has been expanded to measure the entire surface of the flats, not just along the 

invariant line14, but it can’t be expanded to curved surfaces. Absolute testing has been expanded to spheres through the 

shift rotation method15,16. This method involves obtaining the rotationally asymmetric terms through a surface rotation, 

and the rotationally symmetric terms through a lateral angular shift. Both methods have their limitations as neither can 

be expanded to X-ray telescope mirrors, which are acylindrical surfaces that have a small cone angle (~1°) and curved 

axial profile.  

X-ray telescope mirrors are difficult to characterize due to their off-axis parabolic and hyperbolic surface profiles17. The 

acylindrical surface profile implies that the new absolute metrology technique must be viable for curved surfaces without 
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point symmetry. Here we present lateral shift mapping, an interferometric absolute surface measurement for X-ray 

telescope mirrors. This method was studied in 2010 for flat surfaces18, and the work here is a confirmation of the method 

that was proposed then. We recreate this method for flat surfaces and present requirements and plans to expand this 

method to X-ray telescope mirrors. A rendering of an X-ray mirror can be seen in Figure 1. X-rays entering the telescope 

will travel along the z-direction and reflect off the mirror, meaning the curve along the z-direction (axial profile) and its 

relation to the optical axis (cone angle) are crucial for system performance11. An X-ray telescope mirror metrology 

system should therefore measure axial profile and cone angle variation, with special attention to the quadratic term in the 

axial profile (Figure 1). The lateral shift mapping method presented here aims to measure the quadratic and higher-order 

terms with the goal of extending this to X-ray mirrors with similar accuracy. 

 

 

Figure 1. a) Rendering of an X-ray telescope mirror segment with coordinate frame. b) An illustration showing various 

types of errors that affect X-ray telescope performance. c) A Fizeau interferometer with cylindrical null. Due to the single 

line of symmetry and difficulty of manufacturing, cylindrical nulls are extremely difficult to characterize. Lateral shift 

mapping aims at easing the characterization of this cylindrical null to allow for quicker more accurate measurements of X-

ray telescope mirrors. 

2. METHOD 

In lateral shift mapping, one of the optical surfaces is held static (relative to the interferometer) and the other surface is 

shifted perpendicular to the optical axis of the interferometer18. Absolute surface information can only be extracted along 

the direction of shifting, but the surface of both the static and shifted surfaces can be extracted. In this experiment the 

reference and test surfaces are transmission flats, in a cylindrical system for X-ray mirrors, the reference will be a 

cylindrical null wavefront and the SUT will be an X-ray mirror. 
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2.1 Matrix surface extraction 

A measurement by the Fizeau will be a surface profile that contains both the imperfections of the SUT and the reference 

surface. The measurement can be described as  

 ,i j i ih S R= +  (1) 

where h is the surface height at position index i, j is the shift index (0 for the first measurement), S is the actual height of 

the SUT, and R is the actual height of the reference. The SUT then needs to be shifted by an integer number multiplied 

by the projected pixel size of the interferometer CCD19. This then gives a height measurement of  

 , 1 1i j i ih S R+ += +  (2) 

where the surface index i is in reference to the interferometer pixel index. In each measurement, contributions due to the 

reference surface will stay the same in every measurement and contribution by the SUT will move by the integer number 

of pixels every shift (Figure 2). This relationship is true for every pixel along that line. This creates a linear system of 

equations that can be described in matrix form as  

 K z m=  (3) 

where z is a vector of the actual surface heights of the reference and SUT at each surface index and m is the collection of 

all measurements at each pixel. Expanding equation (3) gives 
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where in the z-vector, R and S represent the reference and SUT respectively from pixel 1 to pixel N, and in the m-vector, 

each entry, mp,q, is the value of the pth measurement at the qth pixel, from measurement 1 to M and pixel 1 to N. The K 

matrix is then built to relate the z vector to the m vector using the principles behind equations (1) and equation (2). The z 

vector is of length 2N and the m vector is of length MN, meaning the K matrix is of size MN×2N. Between the 4th and 5th 

numeric column in equation (4) is the transition of multiplying by the reference pixels in the z-vector to multiplying by 

the SUT pixels in z-vector. Both halves are identity matrices, except the SUT half of the K matrix must shift right and up 

one after every N rows to reflect the physical shift of the system. This can be seen between the 3rd and 4th numeric row 

and 7th and 8th numeric row of equation (4), which are transitions from measurement 1 to measurement 2 and from 

measurement 2 to measurement 3. A diagram showing how values in the z vector relate to values in the m vector can be 

seen in Figure 2. 

Since K is not square it cannot be inverted. Instead, equation (3) can be solved using a well-known least mean squared 

error method of the Moore-Penrose inverse. Equation (3) is thereby solved   

 
1( ) TTz K K K m K m+−= = , (5) 

Proc. of SPIE Vol. 11822  118220X-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10 Nov 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

 

 

from which we can extract the surface profile of both the reference and SUT. When two measurements (i.e., only one 

shift) are made, K is invertible. As more measurements are made it becomes an over-defined set of equations, but it has 

more values that contribute to the least mean squared approach. This allows errors due to vibrations and air currents to 

be averaged out. 

 

 

Figure 2. Each surface measurement is a pixel-by-pixel addition of the SUT and the reference. Once shifted, the surfaces 

are now added together at different indices. This allows the system of shifts to be described by equations (1) - (3) and 

ultimately solved. Locations where only one surface has a value will not have a value in the Fizeau surface profile, thus 

information is lost at the edges if the SUT is larger than the reference. This method can also be performed with multipixel 

shifting19 and the K matrix must be built to reflect this. 

 

2.2 Removing quadratic errors 

The matrix extraction method can be thought of as an integration of slope across the surface, therefore linear tilt errors in 

the measurements will become quadratic errors in the final extracted surface profile. In lateral shift mapping, stage 

rotations inevitably occur during lateral shifting. These tilts produce interferogram tilt fringes that can be removed, but 

quadratic profiles of the SUT or reference would also produce tilt fringes during shifting, and the two cannot be 

distinguished without an external independent measurement of the stage tilts (or a reference or SUT with perfectly-

characterized quadratic error). This can be dealt with in two ways. The first is to fit a quadratic model to the data and 

subtract it out, artificially ignoring this term. The second method uses an autocollimator to measure the relative tilt 

introduced between two measurements as the SUT shifts. An autocollimator is placed with its optical axis perpendicular 

to the optical axis of the interferometer. As the SUT shifts towards it, the autocollimator will measure the angle that the 

interferometer would see as a tilt. Using this measurement of angle, the relative tilts between two measurements can be 

removed, which would eliminate the quadratic error in the system. This method relies on an autocollimator that has a 

low noise floor and low drift. This blindness to the quadratic without an external measurement system is a problem 

specific to lateral shift mapping. Long-trace profilometry is a metrology method that is not blind to this term7. Standard 

interferometry with an uncharacterized reference or null is of course blind to quadratic as well as higher-order terms. 

3. EXPERIMENTAL SETUP 

A Zygo Verifire Fizeau interferometer was used to obtain the surface profiles of the flats. Two Zygo optical transmission 

flats rated at λ/20 P-V (λ = 633 nm) were used as the reference and test surface. An optical flat was connected to the 

head of the interferometer, becoming the reference surface. The other optical flat was inserted into a Zygo 5-axis mount. 

This mount was on an Aerotech XY130 stage that was able to shift perpendicular to the optical axis (x-axis in Figure 3). 

To shift according to the method prescribed, the optical axis translation was not needed, rather the SUT was shifted in 

the x-direction.  

To measure the relative tilts between measurements, an Elcomat 3000 autocollimator was placed along the x-axis. The 

relative tilts would be tilts of the SUT about the y-axis. This also required a mirror to be rigidly attached to the SUT and 
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perpendicular to the optical axis for the autocollimator. A mount was designed that attached to the face of the Zygo 

5-axis mount that holds the SUT in bayonet mounts. This ensured there was minimal hardware between SUT and 

autocollimator mirror. 

We found that vibrations and air currents were limiting sources of noise. To mitigate air currents, an air box was 

constructed around the system. To reduce vibrational noise, the system was moved to a quiet environment and onto a 

vibration isolation table. The Fizeau interferometer, autocollimator, and translation stage were all controlled remotely, 

which allowed it to operate without a user creating vibrations in the lab. To lessen vibrations due to the system shifting, 

the stage would shift and a time interval would elapse to allow the system to settle before the measurements of the 

interferometer and the autocollimator would begin. The system diagram can be seen in Figure 3 and the physical set up 

can be seen in Figure 4. 

 

Figure 3. Plan view of experimental setup. The SUT was shifted on the translation stage in the x direction while the 

autocollimator measured rotations of the SUT about the y axis, which create quadratic error in the extracted surface. Tilts 

about the z axis are minute and will have no effect on the system. The interferometer, autocollimator, and translation stage 

were controlled remotely to avoid the operator adding vibrations to the measurement. 

 

 

Figure 4. Experimental set up with the autocollimator in place. The SUT on the translation stage moves perpendicular to 

the optical axis. The SUT is hidden from view in its mount. An airbox was constructed around this set up before data 

taking to minimize airflow in the optical cavity. 
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4. RESULTS 

Here we show the results of extracting this data two ways, depending on how a quadratic error is removed. This 

quadratic error is due to angular rotations about the y-axis (Figure 3) as the surface is shifted along the x-axis. The 

results shown are using the same set of data taken with the Fizeau interferometer. The final surfaces are the result of 

averaging 25 sets of measurements, and each set was comprised of 40 shifts with a shifting distance of 2 pixels each 

(100 μm per pixel). To minimize noise from vibrations and air currents, the interferogram was averaged 100 times per 

measurement and the autocollimator collected 1000 data points per measurement. With these high number of averages 

per measurement, the full 25 sets of measurements took 36 hours in total, but that time scale will be reduced in the future 

by optimizing the averaging and measuring in a low noise environment. A three-flat test was also performed on the same 

day using a third optical flat. This was to ensure that the comparison three-flat test data was taken under the same 

environmental conditions. Three separate three flat tests were performed and averaged together to avoid any 

environmental effects, such as vibrations. A low pass spatial frequency filter was applied to filter all signals with a 

spatial wavelength smaller than 1 mm to eliminate effects due to scattering. The filter was applied to both lateral shift 

mapping measurements and three-flat test data. 

4.1 Artificial removal of quadratic error 

The artificial quadratic term extraction involves fitting a quadratic model to the data and then subtracting this model 

from the data. This artificial quadratic extraction was done to both the lateral shift mapping surface and the three-flat test 

surface to ensure that any post processing done was done equally to both surfaces. Therefore, the power term is missing 

in the three flat test profile as well. This is to test whether the lateral shift mapping method is accurate for higher-order 

terms. 

A comparison between the three-flat test measurement and the lateral shift mapping method can be seen in Figure 5. The 

rms difference between the two measurements is 0.53 nm for the SUT and 0.68 nm for the reference. This great 

agreement between the two surfaces demonstrates that lateral shift mapping is a valid absolute measurement technique 

when the quadratic term is left out. This also means that with the power term left in the extraction, it is possible to 

extract the surface of the two flats as long as the method for dealing with the quadratic error is precise enough.  

 

Figure 5. SUT (left) and reference surface (right) when extracted by the three-flat test and by lateral shift mapping with 

the quadratic term artificially removed. The rms difference between the three-flat test method and lateral shift mapping 

method for the SUT was 0.53 nm and for the reference surface was 0.68 nm. These extractions are without autocollimator 

data, meaning that all quadratic error was removed by fitting a quadratic model to the final surface and subtracting it out. 

This removes all knowledge of the power along the line extracted. 

 

4.2 Autocollimator removal of quadratic error 

Using autocollimator measurements, we remove the relative tilts of the reference surface and SUT before processing the 

data. For each surface measurement, the autocollimator gathered and averaged 1000 points of data to minimize random 

error. In a set, which has 40 shifts/measurements, the autocollimator measurement was used to remove any relative tilt 
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by subtracting a best fit line of angle times surface length. If there was no error in the autocollimator, all surfaces would 

then have the same linear trend as the first line, with different surface values because of the shifts.  

The extracted surfaces are shown in Figure 6 and a clear quadratic trend can be seen. Since this data is the same as the 

artificial power extraction, the surface information is present, just hidden by the quadratic term. This quadratic term is 

due to either angle measurement errors or unmeasured relative tilts between the reference and SUT. The surfaces have an 

rms difference of 18.90 nm for the reference surface and 20.07 nm for the SUT when compared to the Three flat test. 

The source of the noise must be found and reduced for this method to prove viable for X-ray telescope mirrors.  

 

Figure 6. SUT (left) and reference surface (right) when extracted by the three-flat test and by lateral shift mapping when 

the tilt in the mirror is measured and removed with an autocollimator. The rms difference between the three-flat test 

method and lateral shift mapping method for the SUT was 20.07 nm and for the reference surface was 18.90 nm, which is 

a large error compared to removing the quadratic artificially (Figure 5). This is due to a drift in the autocollimator which 

will be discussed in section 4.3 Sources of error. 

 

4.3 Sources of error  

The largest source of measurement error, by far, is in the relative tilt measurement between the reference and SUT, as 

evidenced by the quadratic error in the autocollimator removal method. The autocollimator random noise was 260 nrad 

rms over about 78 seconds. We simulated measurements with this error included, and the resulting quadratic error was 

about 1 nm, suggesting this is not a cause of the observed quadratic error. The error is likely a product of drift 

somewhere in the system. Unmeasured tilt error could have been introduced by the reference surface (not monitored 

during this experiment) drifting in the tip tilt mount of the interferometer, or the autocollimator mirror mounted to the 

SUT drifting in reference to the SUT. It was discovered that in the direction that we were measuring (rotations about the 

y-axis) the autocollimator measured a linear drift of ~150 nrad/hr (Figure 7). Simulating measurements with 150 nrad/hr 

tilt produced quadratic errors of about 90 nm rms. This is much larger than the error that we measure. An autocollimator 

drift of 35 nrad/hr produces an error of 20 nm rms, which suggests angular drift on this scale as a plausible cause of the 

quadratic error. It is possible that there is an unobserved drift on the order of 35 nrad/hr (for example, the unmonitored 

reference surface could be drifting in its mount) which is masked by the larger 150 nrad/hr drift we did measure and 

accounted for in our analysis. In future experiments the source(s) of this drift, observed and possibly unobserved, will 

need to be determined and mitigated to allow the autocollimator power extraction method to work at an acceptable level. 

Faster measurement, or different measurement ordering strategies may help mitigate effects of drift. 

The effect of temperature on the system has not yet been explored, but at these height scales (~5 nm rms) it can be 

assumed that thermal expansion and contraction of the system will have a detrimental effect on the system. In the future 

the air box will be replaced with a thermally controlled container.  
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Figure 7. Angle measured by the autocollimator over the course of the measurement. The trend has a slope of 

-150 nrad/hr. Each sinusoidal period is the system shifting from the starting to ending position and then resetting. 

 

5. FUTURE WORK 

The first item that needs to be addressed with this project is the drift in the autocollimator measurement. This will allow 

us to confirm that we can absolutely extract the SUT while knowing the power term. Once that is confirmed we can 

continue on to expanding this method to curved X-ray telescope mirrors. 

Expanding to curved X-ray mirrors will require the design of systems around the interferometer. The first system will be 

a cylindrical null. This null will most likely be composed of 2 cylindrical lenses and fill the full 4-inch aperture. This 

system of cylindrical lenses will be used to generate a cylindrical reference wavefront similar to the one seen in Figure 1. 

A z-theta stage is being designed to move the SUT in discrete pixel steps in the orthogonal z and theta directions 

independently (Figure 8). Motion in the z-direction will be provided by a linear stage, placed on an air bearing platform 

so that it can be moved by the theta control scheme. Motion in the theta direction will involve a theta stage at the center 

of curvature, which is then connected to the floating z-stage via a radial arm. Analysis for the z-direction will be very 

similar to the analysis presented here. An autocollimator must still be present to measure the tilt as the z-stage moves up 

and down because the quadratic term along those surface profile lines will determine the mirror’s effectiveness. Figure 8 

shows a concept as to how the autocollimator can be implemented in the scanning system by passing the beam through 

the center of the theta stage. This configuration will allow for a full surface profile to be measured with a known power 

term along the z-direction.  
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Figure 8. Design of z-theta stage for absolute measurement of X-ray telescope mirrors. Top view (top) shows test beam 

passing through the null, converging at the center of curvature and reflecting off of the SUT. This will allow the SUT to 

shift a discrete number of pixels in the theta direction without affecting any other rigid body motions. Side view (bottom), 

excluding the interferometer, shows how the theta portion will slide on an air bearing plate, moved by the theta stage 

through the radial arm. It also shows how the autocollimator measures the angle of the SUT as it translates in the z-

direction. The autocollimator’s optical axis will be along the x-axis (as in the top view), but shown along the y-axis here 

to demonstrate how its beam will be folded to the mirror under the SUT. Pentaprisms are not shown in the top view. 

 

6. CONCLUSION 

We presented results demonstrating the ability to absolutely measure a surface profile of an optical flat using lateral shift 

mapping if the power term is artificially removed. We confirmed this by comparing results for lateral shift mapping 

against the results for a three-flat test, a well-known absolute metrology technique. The rms difference between the 

surface profiles of the two methods were 0.53 nm for the SUT and 0.68 nm for the reference surface. This result 

confirms that the surface profile, without the power term, can be extracted using this method. We also showed results for 

extracting the surface, but eliminating the power term by removing relative tilts with autocollimator measurements. 

When compared against a three flat test the surfaces have an rms difference of 20.07 nm for the SUT and 18.90 nm for 

the reference surface. It was found that the large difference in the two methods is due to long term drifting of the 

autocollimator. This error source will be addressed before continuing on to curved optics.  

We finished by presenting a concept for a z-theta stage that will allow lateral shift mapping to be extended to curved 

optics, specifically acylindrical optics. This will allow cylindrical nulls, which are historically difficult to measure, to be 

characterized to the 5 nm rms domain. Well characterized cylindrical nulls will aid in the characterization of X-ray 
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telescope mirrors, with the overall impact of aiding the effort to create a diffraction limited X-ray telescope like the Lynx 

X-ray Observatory concept. 
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