
ABSTRACT 

WOODSIDE, ROBERT M.  Metrology of Reflective Optical Systems.  (Under the 
direction of Dr. Thomas A. Dow.) 
 

A functioning reflective optical system requires designing, fabricating, and assembling 

complicated optical surfaces.  However, once these surfaces have been fabricated, an 

accurate metrology process must be available to ensure the fabricated optical and fiducial 

surfaces conform to the designed surfaces.  The goal of this research is to apply 

metrology techniques to reflective optical systems and their components.  A two mirror 

Ritchey-Chretién telescope was designed and fabricated as a vehicle to test these 

metrology techniques.  This system involves two rotationally symmetric conic mirrors.  A 

conic mirror is much more difficult to measure than a simple flat or spherical mirror 

because of the added variable of a second focusing location.  Measuring the Ritchey-

Chretién telescope components is intended to provide a knowledge base to build 

metrology techniques for more complicated systems such as a three mirror anastigmatic 

optical system.  Techniques must be available to measure the individual optical surfaces, 

the fiducial surfaces used for assembly and the complete system. 

  

The available techniques to measure an optical system include interferometry, 

profilometry, optical targets and coordinate measuring machines.  The Zygo GPI Fizeau 

interferometer was used in a dual-pass setup to measure optical surface form error and the 

assembled optical system performance.  The GPI can produce three dimensional form 

error maps and also measures wavefront error and modulation transfer function (MTF).  

The Zygo NewView White Light Interferometer was used to measure the surface finish 



 

of an optical surface.  Profilometry with the Taylor-Hobson Talysurf Profilometer and a 

unique rotational profilometer were used to measure the form error of the optical surface 

as well as the fiducial surface errors.  Profilmoetry was also applied to the primary optical 

surface to verify measurements made on the GPI and as an alternative to measure the 

secondary mirror.  Measuring the flatness of the fiducial surfaces required profilometry 

because the fiducial surface diameters are larger than the aperture of the GPI.   

 

Optical targets were used to measure the MTF of the assembled optical system and to 

measure the image producing ability of the system.  Coordinate measuring machines 

were necessary to measure the height of the fiducial surfaces used for assembly.  This 

measurement is necessary to determine the location of the mirror apexes upon assembly.  

The metrology techniques were shown to be robust for any rotationally symmetric optical 

system while simultaneously uncovering the advantages and shortcomings inherent in the 

individual metrology techniques.  The process also uncovered flaws in the component 

and system design that reduced the available metrology options.  The optical component 

measurement showed that the optical mirrors possessed a surface finish that is expected 

for the material and fabrication process.  The secondary mirror showed form error as 

expected near /4 while the primary mirror had a large form error of over 3 .  The system 

measurement showed 1.5 m of wavefront error at its best focus point.  The wavefront 

aberrations present in the system caused spot sizes double the magnitude predicted by 

Code V and MTF values that are approximately 10-20% of the theoretical values. 
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1 INTRODUCTION 

1.1 Background 

Reflective optical systems have been important in optics since Isaac Newton made a 

reflecting telescope that could compete with the dominant refracting telescopes of the 

time [5].  Modern reflective optical systems surpass refractive systems because of the 

ability of a large reflector to gather light [7].  The primary obstacle to making reflective 

systems competitive with refractive systems is eliminating the spherical aberrations 

characteristic of many reflective systems [5].  Corrector plates or aspheric mirrors are 

used to correct these aberrations.  Cassegrain and Gregorian systems can eliminate 

spherical aberrations but are still plagued by off-axis coma.  The Ritchey-Chretién design 

is a modification of the Cassegrain system that uses two hyperbolic mirrors to eliminate 

off-axis coma [7].  However, this design is also limited by astigmatism at high field 

angles [11].  Three mirror optical systems can further reduce aberrations because there is 

a third surface.  Each added component offers a chance to reduce aberrations present in 

the optical system but, at the same time, adds complexity and size to the system [8]. 

 

For such systems to be successful, techniques must exist to fully measure the features of 

the individual optical components and the assembled optical system.  To manufacture 

conic surfaces and assemble conic systems with repeatability, it must be possible to 

identify errors in the design, manufacture and assembly process through the use of 

metrology techniques.  These metrology processes become more important with three 

mirror systems because of the added complexity [8]. 
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Metrology techniques have been developed to measure individual components as well as 

optical systems.  For individual lenses or mirrors, surface measuring techniques such as 

interferometry and surface profilometry have been used.  For an optical system, more 

general techniques such as modulation transfer function and point spread function are 

used. 

 

The individual components can be measured with contacting or non-contacting 

techniques.  Interferometry is a non-contact technique that uses interference between light 

reflected from a reference surface and the test surface to find the shape of the test surface.  

This is a 3D measuring technique.  Profilometers use a contacting probe that traces along 

the surface of the optic to measure its shape.  This is typically a 2D technique and causes 

some damage to the surface.  Therefore, the profilometer is not as attractive as the 

interferometer for optical systems.  However, interferometers are limited to measuring 

surfaces that are close to the reference surface shape and only flats and spheres are 

normally available and are limited by the slope of the measured part.  For different 

surface shapes (such as parabolas and ellipses), auxiliary reflectors are needed in the 

optical path to perform the measurement.  For surfaces that are neither conic, spherical 

nor planer, a Computer Generated Hologram (CGH) is needed to measure the surface.  

Yet even this technique is limited by the slope of the measured part. 

1.2 Description of Optical System 

A two mirror Ritchey-Chretién telescope was designed and fabricated to serve as an 

apparatus on which to apply metrology techniques for measuring reflective optical 
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systems and their components.  The Ritchey-Chretién telescope consists of a concave 

hyperbolic primary mirror and a convex hyperbolic secondary mirror.  The conic constant 

of the primary is -1.0195 and the conic constant of the secondary is -2.166 and the radius 

of the primary and secondary are 300 mm and 89.56 mm, respectively [12].  The two 

mirrors are connected mechanically by a tube that connects to the outside of each mirror, 

as shown in Figure 1-1.  The system requires many unique measurements to determine 

the precision to which the parts were made.  Each of the mirrors’ optical surfaces must be 

measured both for form error and surface finish.  The fiducial surfaces of each mirror and 

the tube are measured to ensure the correct placement of the optical components.  Finally, 

the assembled system was measured to determine if it performs as designed and 

measured.   

Primary

Secondary

Tube

 

Figure 1-1.  Ritchey-Chretién Telescope Assembly 

 

This system was produced as part of a three phase project to serve as a learning exercise 

for optical design, fabrication and metrology in anticipation of applying that knowledge 
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to a three mirror anastigmatic which replaces the rotationally symmetric mirrors of the 

Ritchey-Chretién telescope with off-axis, non-rotationally symmetric conic mirrors.  The 

metrology techniques learned while measuring the Ritchey-Chretién telescope will be 

applied to create metrology processes for the three mirror system and its off-axis conics. 

1.3 Metrology Techniques 

1.3.1 Interferometry 

While there are many types of interferometry, this project primarily uses phase-shifting 

interferometry.  Phase-shifting interferometry involves emitting a laser through a planar 

or spherical reference lens and reflecting the light off of an object.  The form error of the 

object is measured by calculating the difference in phase between the emitted light and 

the returned light.  Differences in wavefronts produce fringes.  For example, a tilted flat 

would produce parallel fringes with one full fringe for every wavelength of tilt.  For this 

reason, interferometers are slope limited.  At high slopes the fringe spacing becomes too 

small and one cannot be discerned from the other.  Phase-shifting interferometry 

improves upon standard interferometry by computerizing the process and comparing 

multiple interferograms for each measurement.  While a static interferogram can give a 

general idea of the shape and P-V error of a part, phase-shifting interferometry looks at 

how the interferogram changes as the reference light phase is shifted. 

 

There are two common methods of phase-shifting interferometry: single frequency or 

multiple frequencies.  Single frequency interferometry is generally used for large surface 

area measurements where form error is the important component.  The single frequency 
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interferometer used for this project is the Zygo GPI.  The GPI is a Fizeau interferometer 

with a HeNe laser source [1].  Fizeau interferometry gives the benefit of non-contact 

measurement of many common optical surface shapes and allows the measurement of 

much larger apertures than other interferometry techniques [2].  Single wavelength 

interferometry is also step-limited because the interferometer would not be able to 

separate a step height into separate surfaces.  The step would appear as a continuous 

surface. 

 

Multiple frequency, or white light, interferometry is used for small surface area 

measurements where surface finish is the important component.  Single frequency 

interferometers use larger wavelength lasers and thus lack resolution at a small scale and 

have ambiguity when transitioning through its phase shifts.  White light interferometers 

eliminate this resolution problem by using a full spectrum of wavelengths.   

1.3.2 Profilometry 

Profilometry can be used to determine both form error and surface finish of an optical 

surface.  This project utilized profilometry solely for form error measurements.  Both 

linear and rotational techniques can be used to determine the shape of an optical surface.  

Linear and rotational profilometry each use a probe to measure variations in the surface, 

yet they differ in their movement.  A linear profilometer involves a probe contacting the 

measured part while either the part or the probe is translated along a straight line while 

the probe records surface data.  A rotary profilometer uses a spindle in place of a 

translator to turn either the part or the probe which enable data to be collected in a circle 

of constant radius around the part.  A linear profilometer is able to show any deviation 
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from the designed shape.  The Talysurf linear profilometer provides software that is able 

to fit the trace of an object to a best fit line, arc or conic and provide the residuals 

between this best fit and the measurement.  A rotational profilometer can show any 

asymmetric error present around the part. 

1.3.3 Coordinate Measuring 

Coordinate measuring machines (CMM) are an integral component to a metrology 

process as they allow a part drawing to be compared to a fabricated part.  CMMs, like 

profilometers, involve a touch probe.  However, a CMM collects data at individual points 

rather than lines.  CMMs are composed of a touch probe attached to a three dimensional 

translation apparatus that is able to record the location of the probe when it contacts the 

measured part.  This enables the user to know the dimensions of an object such as height, 

length and diameter.  Each important dimension can be checked to determine the error 

from the design.  CMMs are constrained only by the accuracy of the axes and the probes 

specifications. 

1.3.4 Optical Functions 

Optical functions such as the Point Spread Function (PSF) and the Modulation Transfer 

Function (MTF) can add additional information on the optical attributes of a lens or 

optical system.  The PSF deals with an optical ability of the system to resolve a point.  If 

an infinite conjugate optical system is focused at infinity, a spot will be produced at the 

best focus location.  The PSF determines the theoretical size of this spot and allows the 

measured spot to be analyzed to determine path errors.  Astigmatism or coma in the 

system will show up as flares or asymmetric errors in the spot shape [2].  Any aberrations 
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present in the wavefront error of an optical system will also affect the shape and size of 

the spot produced by that optical system. 

 

The MTF is a component of the Optical Transfer Function (OTF) and defines the ability 

of an optical system to resolve fine features.  The OTF is made up of the Phase Transfer 

Function (PSF), which provides phase response data, as well as the MTF, which provides 

amplitude response data [2].  MTF plots for a designed optical system can be produced in 

Code V and then compared to MTF values from the measured system. 

1.4 Required Measurements for Qualification 

1.4.1 Optical Surfaces 

Each of the optical surfaces was measured for form error and surface finish.  The Zygo 

New View white light interferometer was used to measure the surface finish of each 

surface.  The surface finish of the mirror directly effects light scatter [15].  The optical 

surface form error measurements provide unique challenges because of the shapes and 

sizes of the mirrors.  Spherical optics can be measured using a standard setup of the Zygo 

GPI laser interferometer.  

 

The primary and secondary mirrors of the Ritchey-Chretién telescope, however, are 

conics which require rare or custom made equipment and entail many more alignment 

challenges.  A hyperbolic mirror measurement setup in the Zgyo GPI requires an 

intermediate spherical mirror with a hole in the middle that is unique for each hyperbolic 

surface.  Because the primary mirror is close to a parabaloid, it can be measured using an 
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intermediate optical flat with a hole which is easier to obtain or fabricate.  However, the 

size, sag and the hole in the middle of the primary mirror made conventional profilometry 

methods prohibitive.  The secondary mirror is not close to being a parabaloid but also 

contains none of the profilometry obstacles seen in the primary mirror.  Therefore, the 

secondary was measured only using profilometry.   

 

Each surface was measured with multiple methods to have checks for the measurements.  

The secondary mirror was measured both with the Talysurf linear profilometer and a 

rotational profilometry method.  The primary mirror surface was measured using the 

Talysurf, rotational profilometry and the Zygo GPI in a parabolic measurement setup.   

1.4.2 System 

The system is measured for wavefront error, modulation transfer function (MTF) and 

point spread function (PSF).  Each of these optical parameters is compared to a 

theoretical counterpart produced by Code V to provide unique qualifications of the 

system.  The wavefront error shows the magnitude and shape of aberrations present in the 

system.  The MTF shows the ability of the system to resolve fine features and the PSF 

shows the ability of the system to produce a symmetric point at the focus.   

 

The system is measured for wavefront error using a dual-pass interferometry setup.  This 

requires a unique arrangement of the Zygo GPI in which a spherical wavefront is sent 

into the rear of the system which produces collimated light which is bounced off of a 

planar mirror and returned through the system to the GPI.  A perfect optical system in 
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this setup would return a perfect spherical wavefront and produce no fringes.  An actual 

optical system produces fringes that are the wavefront error of the system.   

 

The MTF of the optical system is measured using the GPI or using photography of 

optical targets.  The dual-pass interferometry setup discussed above also produces MTF 

plots from the wavefront error data.  The OTF is determined by performing a Fourier 

transform on the wavefront error [6].  The MTF can then be separated from the OTF and 

displayed in a plot.  These plots can be compared to the infinite conjugate theoretical 

MTF plots because the system is using a collimated wavefront at the object aperture.  

Commercially available software can be used to measure the MTF of a photographed 

optical target that can then be compared to the finite conjugate theoretical MTF values. 

 

The GPI and a camera can be used to produce a spot that can be measured and compared 

to theoretical.  Collimated light going into the optical system should produce a point at 

the system focal point.  Therefore, sending collimated light through the system and 

placing a film plane at the focal point will result in images that show the spot size and can 

be analyzed for the PSF.  A point of light in an optical system forms a three dimensional 

surface with the x and y of the system as the first two dimensions and the light intensity 

as the third dimension.  The PSF is made up of various two dimensional traces of this 

three dimensional image [3]. 

1.4.3 Fiducial Surfaces 

Fiducial surfaces in an optical system determine the relationship of the mirrors/lenses to 

each other.  Fiducial surfaces place the optical surfaces in space and restrict the degrees 
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of freedom.  If the fiducial surfaces are not correct, the apexes of the optical surfaces can 

move away from each other or the optical axes can lose coincidence, through tilt or 

translation.  Each of these errors can result in aberrations in the optical system [9].  If the 

tube connecting the two mirrors is shorter than designed or the fiducial surfaces are 

thinner than designed than the apexes of the mirrors will be closer than in the designed 

system.  If the fiducial surfaces are not flat and are pulled flat by bolting forces, the 

mirrors will deform.  Therefore, any fiducial surfaces need to be fully measured to ensure 

that the optical surfaces are placed at their designed locations. 

1.5 Research Goals 

The goal of this research is to apply knowledge of metrology techniques to measure a 

Ritchey-Chretién optical system with rotationally symmetric optical components and to 

develop a process to measure a three mirror anastigmat and its off-axis conic mirrors.  

The application of metrology techniques should provide the aberration present in the 

optical system and the errors present in the optical and fiducial surfaces.  The metrology 

techniques that are used measure each of these many variables include interferometry, 

profilometry and coordinate measuring.  Each of the metrology techniques must be used 

cooperatively. 
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2 INDIVIDUAL OPTICAL SURFACES 

The primary and secondary mirror optical surfaces are designed and fabricated as conics.  

Each of the optical surfaces must be measured for surface finish and form error so that 

the fabricated surface can be compared to the theoretical or designed surface.  The conic 

shape of the mirrors necessitates some unique measurement setups that would not be 

necessary for a spherical surface.  The surface finish measurements are made using white 

light interferometry.  The form error measurements are made using a combination of 

phase-shifting interferometry, linear profilometry and rotational profilometry.   

2.1 Form Error 

When creating an optical system, one of the primary determining factors in the optical 

qualities of the system is the shape of the individual optical elements.  For this reason, 

measuring the form error of the optical surfaces is critical to predicting the behavior of 

the optical system.  Important form error considerations include the radius and conic 

constant of the surface as well as asymmetric errors and higher order aberrations such as 

coma and astigmatism.  If any of these errors are present in the optical surface they can 

show up in the system optical qualities.  Radius and conic constant errors can move the 

focus of the optical system and affect the magnitude of the system wavefront error.  

Asymmetric errors and higher order aberrations affect the shape of the system wavefront 

error.   

 

Optical surface form error can be measured using phase-shifting interferometry by 

comparing the shape of the surface to a known reference element.  This technique has the 
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advantage of giving a full three dimensional map of the surface.  However, the optical 

surface must be planar, spherical or conic for this method to succeed.  Any other shape 

requires a computer generated hologram to replace the reference element, as discussed in 

Section 1.1. 

 

Profilometry, discussed in Section 1.3.2, can also be used to measure form error in an 

optical surface.  Profilometry has the advantage of being able to measure any surface 

with only the sag being a limiting factor.  A limiting factor in profilometry is the inability 

to produce a full three dimensional surface map.  Methods exist to align separate 2-D 

traces in a 3-D arrangement but this is not a substitute for a full 3-D map.  Profilometry 

can provide many different types of traces from simple linear and rotary traces to more 

complicated spiral traces.  Spiral traces involve rotation and translation of the probe, the 

part, or both.  Linear profilometry is more powerful and useful for measuring the radius 

and conic constant errors while rotary profilometry can illuminate higher order 

aberrations and asymmetric errors.  

2.1.1 Primary Mirror Form Error 

The primary mirror, shown in Figure 2-1, is designed to have a hyperbolic surface with a 

conic constant of -1.0195 and a radius of 300 mm.  The optical surface has a diameter of 

152 mm and a sag of 9 mm.  The primary mirror also has a 26 mm diameter hole in the 

middle of its optical surface.  The conic shape of the surface, relatively large aperture and 

sag size as well as the hole through the center all make measuring the form error a unique 

challenge.  The conic shape requires a unique setup for the phase-shifting interferometer 

measurement and adds multiple degrees of freedom to any line fitting process for a 2D 
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profilometer trace.  The large sag and aperture size and the central hole make complete 

hemispherical traces of the mirror impossible with the Talysurf linear profilometer.  

These challenges require a cooperative effort using both profilometry and interferometry. 

 

Figure 2-1.  Primary Mirror 

Phase-Shifting Interferometry 

Method    The initial method for measuring the primary mirror optical surface involved 

utilizing the Zygo GPI phase-shifting interferometer.  Measuring a conic mirror on GPI 

involves a more advanced, non-standard setup.  The typical setup is single-pass with a 

flat or spherical reference lens, depending on the measured shape, and the measured 

element only, as discussed in Section 1.3.1.  This simple setup is possible because every 

flat surface has the same conic constant and radius while every spherical surface has the 

same conic constant but a variable radius.  The variable radius can be overcome by 

Central Hole 

Bolt Holes for Assembly 
and Disassembly 



 

14 

moving the measured element closer to or farther from the reference element.  However, 

different conic surfaces can have different conic constants as well as different radii of 

curvature.  No single conic reference element could be used for multiple measurements as 

there would be no way to adjust the conic constant on the fly. 

 

Figure 2-2.  Silvertooth Test for Measuring Concave Hyperboloid Mirrors 

 

Therefore, measuring a conic on the GPI requires a secondary reference element between 

the measured element and the primary reference element.  The secondary element must 

have a central hole to allow light to pass through to hit the measured element.  This is a 

double-pass setup as the light hits the measured element twice before returning to the 

instrument.  A hyperbolic measurement setup utilizes a spherical primary reference 

element and a spherical secondary reference element.  A hyperboloid has two foci:  a 

focus in front of the mirror, shown as F1 in Figure 2-2, and a focus behind the mirror, 

shown as F2 in Figure 2-2.  The primary reference element shares a focus with the front 

focus of the hyperboloid while the secondary reference element shares a focus with the 

rear focus of the hyperboloid.  This measurements setup is known as the Silvertooth test 

and is shown in Figure 2-2.  This spherical secondary element is not easily fabricated and 

difficult to correctly align.  The element must have a machined flat rear surface, for 
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alignment purposes, in addition to the machined spherical surface.  However, because the 

conic constant of the primary mirror, -1.0195, is close to the conic constant of a parabola, 

-1, it is possible to use the simpler setup required to measure a parabaloid surface. 

 

A paraboloid can be measured using the GPI with a spherical primary reference element 

and a planar secondary reference element.  This secondary planar element is still a 

challenging fabrication because of the necessity that each side be machined flat.  The 

element is also still difficult to align correctly.  However, both the fabrication and 

alignment processes of a secondary planar reference element are less complicated than 

similar processes for a secondary spherical reference element because the translation of 

the planar reference element is not crucial to fabrication or alignment.  The spherical 

element would require some specific spherical surface relating to the qualities of each 

individual hyperboloid whereas a planar surface only needs to be flat.  Also, the distance 

between the measured element and the spherical element is crucial because the foci must 

coincide.  The distance of the planar element is arbitrary and need only be near the focus 

of the primary reference element so that all of the light can pass through the central hole 

of the secondary element. 

 

Measurement Setup and Alignment    An f/1.1 spherical reference element was used in 

the interferometer for the dual-pass interferometry primary mirror measurement.  The 

f/1.1 element is selected because its f/# is the closer to the f/# of the primary mirror, f/2 

(300 mm radius of curvature, 152 mm aperture diameter).  Finding the focal point of this 

beam is complicated by the hole in the middle of the primary.  To find the focus, the 



 

16 

primary is shifted laterally to put the beam at the edge of the hole.  If the primary mirror 

is between the reference element and its focal point then the primary should be translated 

away from the reference element, otherwise the primary should be translated toward the 

reference element.  The primary should be translated until a null fringe pattern is 

registered on the interferometer.  This point is called the cat’s eye and is the focus point 

of the spherical reference.  This process is depicted in Figure 2-3. 

Too Close

Too Far

 

Figure 2-3.  Cat’s Eye Analysis 

The primary mirror is again centered and moved down approximately 150 mm which is 

the focal length of the primary mirror.  A /9 perforated glass reference flat was placed in 

a tip/tilt stage supported by 3 posts about 150 mm above the primary mirror as shown in 
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Figure 2-4.  This places the center of the mirror at the focal point of primary mirror and 

allows all of the light to pass through the hole.  At this point, the focal point of the 

primary mirror and the focal point of the reference sphere are close to being coincident.  

Small adjustments are made until fringes again appear.  At this point, the spherical 

wavefront is transformed to nearly collimated light by the hyperbolic mirror (a parabola 

would make collimated beam) which bounces off the reference flat and returns to the 

mirror.  The wavefront emitting from the primary mirror at this point is a spherical 

wavefront with the aberration of the primary optical surface.  Because the primary is not 

a parabola, aberrations inherent in measuring a hyperbola as a parabola will also show up 

in the measurement.  Corrections for these measurement geometry aberrations were 

made, as discussed in the next section.   

 

Theoretical Measurement Model    To understand the significance of the measured 

wavefront, a model of the measurement was developed in Code V.  This setup is 

designed to measure a parabolic mirror which will produce a collimated beam onto the 

mirror.  Because the desired hyperbolic surface is close to a parabola and a perforated flat 

was available, this dual-pass configuration was used for the measurements.  The Code V 

produced wavefront for the desired hyperbolic mirror in this measurement configuration 

is shown in Figure 2-5 and shows a positive wavefront error over most of the field of 

view.  To compare the fabricated surface to the desired hyperbola, the measured 

wavefront from the Zygo interferometer must be modified with the result of Figure 2-5.  
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Figure 2-4.  Primary Mirror Interferometry Setup 

 

Primary Surface Waveform Error   The wavefront measurements in Figure 2-6 were 

made using the setup shown in Figure 2-4.  The wavefront can be defined by its Zernike 

polynomial values.  Zernike polynomial values are a method of qualifying a surface using 

the common aberration shapes.  The first 16 Zernike coefficients are shown on this 

image; the largest values are #1 (tilt about the x axis), #2 (tilt about y axis), #5 

Flat with hole 

Primary Mirror 
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Lens 
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(astigmatism ±45º) and #6 (x coma and tilt).  The characteristic shapes of these 

aberrations can be seen in Appendix C.  The measurement if Figure 2-6 is the hyperbolic 

surface measured as a parabolic surface.   

 

Figure 2-5.  Wavefront Measurement for Perfect Hyperbolic Mirror, Top Down View at 

Left, Isometric View at Upper Right and the Surface Shape at Bottom Right 

 

To see the real error between the primary and the theoretical hyperbola, the wavefront 

error in the primary must be corrected for the dual-pass geometry using the Zernike 

coefficients from the Code V model in Figure 2-5.  The error surface can be generated in 

MetroPro by inputting the Zernike values of the surface and selecting the “generate 

surface” option.  This generated surface is shown in Figure 2-7.  The Zernike coefficients 

were #8 (spherical and focus) and #15 (5th order focus) and each was divided by two 

(because of the dual-pass model).  Then, this Zernike surface is subtracted from the 
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primary measurements to give the true primary error.  The original primary measurement 

and the corrected Zernike generated surface are shown in Figure 2-8 a) and b), 

respectively.  Upon correction the shape still retains the effects of Zernikes 1, 2, 5 and 6 

as these values are unchanged.  The surfaces in Figure 2-7 and Figure 2-8 b) have no hole 

in the center and are cleaner on the edges because the Zernike values are used to generate 

a full surface. 

 

Figure 2-6.  Uncorrected Primary Wavefront Error with Zernike Values 
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Figure 2-7.  Inherent Wavefront Error for Hyperbola Measured as Parabola 

 

a) GPI Measurement of Primary with No Correction 

 

b) GPI Measurement with Correction for Dual-Pass Geometry Using a Flat Mirror 

Figure 2-8.  Primary Mirror Interferogram from Dual-Pass Measurement of Figure 2-4 
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The primary surface shown in Figure 2-8 (b) has a significant Non-Rotationally 

Symmetric (NRS) component that is on the order of 4 m.  This value is much higher 

than the /4 (~ 160 nm) form error anticipated known past conic fabrication efforts such 

as the mirrors in the Ralph telescope that was sent to Pluto [18].  Careful evaluation of 

the components in the measured shape (astigmatism, coma and tilt) pointed to the 

possibility that Figure 2-8 was not a measure of the mirror shape but rather the result of 

an alignment error in the dual-pass setup.  The astigmatism and coma could result from 

an angular misalignment of the flat mirror with respect to the optical axis of the primary 

and a decenter of the primary mirror in the interferometer.   

 

The model of the measurement developed in Code V was used to determine the tilt and 

decenter that would produce an error similar to that seen in Figure 2-8 (b).  It showed that 

a tilt of 0.025º and a decenter of 2.75 mm in the primary mirror could produce a 

wavefront map similar to that shown in Figure 2-9.  The Zernike coefficients for this 

model are close to those of the Zygo measurements in Figure 2-8.  This leads to the 

possibility that the measurements shown above resulted not from error in the primary but 

from measurement error.  Because the perforated flat mirror on loan from Ruda 

Associates was no longer available, other techniques were utilized to assess the shape of 

the primary and determine if the error was form error in the primary or a result of 

measurement alignment error. 

 



 

23 

 

Figure 2-9.  Model of the Primary Measurement from Code V with 0.025º Tilt of the Flat 

Mirror and 2.75 mm Decenter of the Primary 

 

Linear Profilometry 

Method    The optical surface of the primary mirror was also measured on the Taylor-

Hobson Talysurf linear profilometer.  The Talysurf features a probe attached to an arm 

with 120 mm of travel.  There are a wide variety of probes that fit the Talysurf.  The 

probes vary in radius and weight and can be changed out for different applications such 

as form error versus surface finish and softer versus harder materials.  The 120 mm travel 

of the arm is a full 30 mm shorter than the aperture of the primary.  This difference in 

size prohibits a full radial profilometer trace.  The problem is exacerbated by the presence 
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of the central hole on the optical surface.  This hole makes even a partial radial trace 

using the full 120 mm of the travel on the Talysurf impossible.  Only half traces may be 

taken in the radial direction and any other longer trace must be a chord in the aperture of 

the primary. 

 

Taking either a surface radial trace or a trace along a non-radial chord will induce 

difficulty in post processing the Talysurf data and fitting it to a conic.  The radial traces 

do not contain the apex of the hyperboloid surface and, as such, are more difficult to align 

and contain more degrees of freedom.  Chord traces contain an apex, but not the apex of 

the surface.  Therefore, each these measurements must also be translated, rotated, or both 

before being fit to a hyperboloid surface. 

 

Setup    The primary mirror features six holes through its fiducial surface to the back 

surface placed 60 degrees apart from one another, as shown in Figure 2-1.  These holes 

were used during the Talysurf measurements to create accurate rotations of the mirror.  A 

plate with three fixed balls was placed on the table of the Talysurf and the primary was 

mounted on these three balls by its fiducial holes.  After each measurement, the primary 

was rotated by 60 degrees and placed on the next set of holes.  This allows accurate 

angular location of the mirror for each measurement. 

 

Measurement    The Talysurf was used to measure a series of seven radial scans from the 

edge of the center hole to the OD of the mirror.  The seven scans were made at 60° 

angular increments with the 7th being a duplicate measurement at the zero degree 
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orientation.  The sag of the mirror (9 mm) is larger than the range of the Talysurf stylus 

(6 mm) so the mirror had to be tilted to measure each segment.  Positioning the mirror for 

each trace required lifting the stylus from the surface and moving the mirror so the seven 

scans do not have a common reference point.   

 

The desired hyperbolic shape (R = 300, K = -1.0195) was fit to each trace by the “large-

scale trust-region reflective Newton method” of nonlinear least squares using the Matlab 

optimization toolbox.  The parameters of variation for the least squares minimization was 

the center location in x and z of the desired hyperbola in Cartesian coordinates.  The 

measurement data was rotated (i.e., tilted in the XZ plane) and the fit repeated until a 

minimum residual RMS value was obtained for each trace.   
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Figure 2-10.  Primary Mirror Form Error - Talysurf Profilometer.  Error is with Respect 

to Hyperbola with R = 300 mm and k=-1.01948378 
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The data for each trace is shown in Figure 2-10.  The bold lines are the result of 

smoothing the residual data with a linear least squares robust polynomial algorithm using 

a 1 mm spatial scale centered at each successive data point.  As shown in Figure 2-10, the 

scans are essentially the same and show only 300 nm of error from the hyperbola.  Also 

note that the positive error at the ends and negative error in the middle of the plot 

indicates that the concave mirror surface is “low” in the center and at the outer edge with 

respect to the desired hyperbola.  For the combined residual primary mirror data with the 

smoothing filter applied, the peak-to-valley is 289 nm ( /2.5) and the RMS form 

deviation is 54 nm.  This data seems to support a conclusion that the unassembled 

primary mirror is rotationally symmetric.  However, because there is a hole in the center 

of the primary, the mirror could be asymmetric and still have matching radial traces.  The 

inability to trace through the center removes the possibility of connecting the traces 

together at a shared center point.  This leaves open the possibility of an asymmetric part 

that would have, for a full surface, an impossible discontinuity at the center. 

 

Because the true form error of the primary remained unclear after the analysis of the 

radial traces, traces were also taken in a hexagonal shape around the outside of the optical 

surface as shown in Figure 2-11 (b).  These traces were then fit to the designed 

hyperbola.  The residuals of the fits, shown in Figure 8 (a) and Figure 2-11 (c), showed 

that the traces did not fit the designed hyperbola and showed errors of over 2 m in some 

cases.  Figure 2-11 (a) also shows that the traces have clear NRS components as the 

peaks of some traces are higher than others.  This supports the conclusion that the error 

seen in Figure 2-8 (b) is form error in the primary and not a result of measurement error.  
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Because the two Talysurf measurements appear to disagree, another measurement is 

necessary to determine the error present in the primary mirror.  

 

Figure 2-11.  Hexagonal Primary Mirror Talysurf Traces fit to the Designed Hyperbola 

 

 

Rotational Profilometry 

Setup    To provide additional data on the shape of the primary, the surface was measured 

on a rotary measuring machine; that is, a vertical axis air bearing spindle with a 

contacting gage head that measured the shape of the primary in annular rings.  A 
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photograph of the measurement setup is shown in Figure 2-12.  Before the mirror was 

placed on the spindle, the stage was leveled to a P-V value of 400 nm by adjusting tip-tilt 

screws in the stage.  A Federal gage was used along the outside edge of the mirror to 

center the part to within 2 m.  The contacting probe of the capacitance gage was placed 

on the optical surface approximately 1 inch from the outer edge.  The rotary spindle was 

set in motion and data from the capacitance gage was captured by an oscilloscope.   

 

 

Figure 2-12.  Rotary Measurement Setup 

 

Measurement    The rotary spindle rotates with a period of 32 s (1.875 rpm).  Using the 

oscilloscope, 100 seconds of capacitance gage data was collected comprising slightly 

more than 3 full rotations of the spindle.  A small mark was made with a Sharpie marker 
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on the optical surface for use as a circumferential fiducial.  The marks make a slight 

perturbation of the contacting probe that can be resolved during post processing of the 

data.  Figure 2-13 shows a full 100 seconds of data from a measurement of the primary 

optical surface with fiducial mark locations circled.  Each mark lasted approximately 0.1 

sec on the time scale which amounts to 0.003 of a rotation or about 1º.  The 4-5 m 

spikes in the data are caused by dust or other contaminant on the optical surface.  Using 

the fiducial mark, the data can be split into 3 individual rotations and concatenated to 

obtain repeatability information. 

 

To determine the accuracy of this technique, an optical flat was measured.  The flat was 

placed on the spindle and data was recorded for three rotations.  The flat showed a once 

per revolution sin wave error of 12 m, far more than expected from the part or the tilt in 

the table.  This sin error of 12 m in a 90 mm diameter part indicates a 133 rad tilt error.  

To determine if this tilt error was caused by the flat or the measurement process, the flat 

was measured using the reversal technique.  Reversal measurements were performed with 

both the Talysurf profilometer and the GPI interferometer.  The profilometry technique 

showed a tilt error of 158 rad while the interferometry technique showed a 137 m tilt 

error.  Therefore, the tilt error seen in the rotary measurements is present in the part and 

the rotary profilometry technique is accurate. 
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Figure 2-13.  Primary Optical Surface Rotary Measurement with Fiducial Markings 
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Figure 2-14.  Primary Mirror Rotary Data and Curve Fit (top) and Curve Fit Residuals 

(bottom) 
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Next, the primary mirror was placed on the spindle and centered.  Data was recorded for 

three rotations and separated into single resolutions using the fiducial mark.  Once the 

data has been sufficiently manipulated, MATLAB’s curve fitting tool is used to remove 

any tilt or other once per rotation error.  Once the tilt was removed, only the non-

rotationally symmetric error should remain.  The tilt is removed by fitting a sin wave with 

a 32 second period to the data and viewing the residuals.  Figure 2-14 shows a trace of 

the primary optical surface along with the residuals from the sin wave curve fit.  The 

residuals show 2 m of non-rotationally symmetric error with a twice per revolution 

cycle.  This data agrees with a circular trace taken of the primary mirror interferogram, as 

seen in Figure 2-15, which shows a twice per revolution error of 1.5 m. 

 

Figure 2-15.  Corrected Zygo Primary Measurement with Circular Trace 
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Primary Form Error Conclusions 

The measurements of the primary mirror, including interferometry, linear profilometry, 

and rotary profilometry, combine to show the form error present in the primary mirror.  

The dual-pass interferometric measurement showed 3.9 m of coma and astigmatism, but 

this error could also be produced by a tilt and decenter error of the primary during 

measurement.  To determine the source of the error, additional contacting measurements 

were taken.  The radial traces taken with the linear profilometer only showed 300 nm of 

error and showed no signs of asymmetry.  However, the absence of a center in the 

primary causes this process to remain ambiguous.  The non-radial traces of the primary 

showed of over 2 m and showed clear signs of asymmetry.  Because the two linear 

profilometry measurements appeared to be conflicting, rotary profilometry traces were 

taken.  These rotary traces showed 2 m of twice-per-revolution error.  That magnitude 

and shape of rotary form error corresponds with the interferometry measurement.  

Therefore, there is a combination of coma and astigmatism present from the fabrication 

process.  Three of four measurements support this conclusion and the absence of a center 

allows the radial linear profilometry traces to be the same while asymmetry is present in 

the mirror.  The error seen by the interferometer is form error in the primary and not 

produced by measurement error. 
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2.1.2 Secondary Mirror Form Error 

Linear Profilometry 

The Talysurf profilometer has enough range and resolution to measure the entire width of 

the mirror rather than only half for the primary.  However, because this instrument 

produces a linear scan, a series of scans must be pieced together to provide a view of the 

entire surface.  The six holes in the secondary mount were used to index the mirror in 30º 

increments and 12 measurements were made across the width of the mirror.  The second 

6 measurements cover the same region of the mirror but are taken in the opposite 

direction as the first 6 to address the repeatability of the measurements.   

 

For each scan, a crowning procedure was used to ensure that the scans crossed the apex 

of the mirror.  The same fitting and smoothing procedure was followed for the twelve 

scans as that described for the primary mirror in Section 2.1.1 and only the center 

location and in-plane tilt were varied.  The residual errors from the least squares fit to the 

desired secondary hyperbola (R = 88.1225, K = -2.1666) are shown in Figure 2-16.  The 

measurements are similar and the unassembled secondary mirror appears to be 

rotationally symmetric.  The positive error at the edges and negative error in the middle, 

residual error from fitting the trace to the desired hyperbola, indicate that the convex 

mirror is “high” in the middle with respect to the reference hyperbola or has a larger 

radius of curvature than desired.  The form error is the desired hyperbola minus the 

measured sag at each radial location.  For the combined residual secondary mirror data 

with the smoothing filter applied the peak-to-valley is 198 nm and the RMS form 

deviation is 31 nm.    
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Figure 2-16:  Secondary mirror form error – Talysurf profilometer.  Error is with respect 

to desired hyperbola R = 88.1225 mm and k=-2.1666 

 

Rotational Profilometry 

The surfaces were also measured using a precision rotary table and an air-bearing 

capacitance gage.  The cap gage was set at different radii and circular traces were made 

of the surface of the mirror.  These traces were put together to provide a similar but 

different representation of the mirror compared to the Talysurf measurement discussed 

above.  The data was analyzed using the same fiducial and data analysis method 

discussed in the Rotary Measurements discussion of Section 2.1.1.  The secondary mirror 

trace and best fit residuals are shown in Figure 2-17.  The once per revolution error, seen 

in the top plot in Figure 2-17, is removed in the bottom plot of the same figure.  The 

removal of this error leaves only the form error of the secondary mirror and does not 

include any tilt error that may result from the rear surface of the secondary mirror, which 



 

35 

was not diamond turned.  The residual form error data confirms the Talysurf 

measurements’ assertion that the part is rotationally symmetric.  There are no low 

frequency errors in the measurement such as those in the primary measurement.  The 1 

m P-V of the residual data comes from a combination of the capacitance gage 

sensitivity, rotary spindle noise and the measurement repeatability; but all errors are high 

frequency. 

0 5 10 15 20 25 30
-20

-10

0

10

20

m
ic

ro
m

e
te

rs

0 5 10 15 20 25 30

-0.5

0

0.5

1

1.5

Residuals

Time (s)

m
ic

ro
m

e
te

rs

SEC1y vs. SEC1x

fit 2

fit 2

 

Figure 2-17.  Secondary Mirror Rotary Measurement Data and Best Fit Line (top) and 

Best Fit Line Residuals (bottom) 

Secondary Form Error Conclusions 

These measurements indicate that the secondary mirror optical surface was fabricated to 

specifications.  The radial traces are more telling than in the case of the primary because 

the traces go through the center of the surface.  Theses radial traces fit the theoretical 
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hyperbola to /3.  The rotary measurement shows no low frequency features that would 

indicate form error. 

2.1.3 Off-Axis Conic Mirror Form Error 

Off-axis conic mirrors can be placed in a three-mirror anastigmat to reduce aberration 

seen in a two mirror optical system.  Off-axis conic mirrors provide new challenges for 

optical metrology because they are asymmetric.  These mirrors are rotationally symmetric 

about an axis that is not on the part.  Therefore, traditional techniques used for 

rotationally symmetric mirrors must be modified to be successful for off-axis conic 

mirror.  The hyperboloids to be discussed in this section all share focal point attributes.  

Every hyperbola has two foci, as shown in Figure 2-18.  The focus f1 coincides with the 

top half of a hyperbola and will be referred to as the front focus.  The front focus is near 

to a concave hyperboloid and far from a convex hyperboloid.  The focus f1 coincides 

with the bottom half of the hyperbola and will be referred to as the rear focus.  The rear 

focus is far from a concave hyperboloid and near to a convex hyperboloid.   
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f1

f2

f1

f2

a) Concave Hyperboloid b) Convex Hyperboloid  

Figure 2-18.  Hyperboloid Foci Properties 

 

Phase-Shifting Interferometry 

 

On-axis rotationally symmetric conics can be measured using known techniques 

discussed in Section 2.1.1.  Some of these techniques can be modified for use on off-axis 

conics.  On-axis hyperboloids can be measured in a dual-pass setup on a Fizeau-type 

interferometer, such as the Zygo GPI, by using intermediary reference elements, as 

shown in Figure 2-19 (a) and (b) [1].  In Figure 2-19 (a), a convex hyperboloid is the 

measured element and the focus of the primary reference element (not shown) is 

coincident with the front focus while the focus of the secondary reference element is 
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coincident with the rear focus.  In Figure 2-19 (b), a concave hyperboloid is the measured 

element and the focus of the primary reference element (not shown) is coincident with the 

rear focus while the focus of the secondary reference element is coincident with the front 

focus.   

 

a) Hindle Test for Measuring Convex Hyperboloid Optics 

 

b) Silvertooth Test for Measuring Concave Hyperboloid Mirrors 

Figure 2-19.  Common Setups for Measuring Hyperboloid Mirrors 

 

This process can be modified for off-axis hyperboloids by either moving the measured 

element off-axis or moving the secondary reference element off-axis and leaving the 

measured element on-axis.  Each of these measurements require a more difficult location 
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alignment than in the Hindle and Silvertooth tests and an added clocking alignment since 

the optic is not rotationally symmetric about the center of its aperture.  Fiducial surfaces 

will need to be utilized to ensure proper orientation on the interferometer.   

 

f1 of Full Hyperbola

f2 of Full Hyperbola

Spherical 

Reference 

Optic

Secondary Spherical 

Reference Mirror

Off-Axis Hyperbolic 

Mirror

 

Figure 2-20.  Off-Axis Hyperbolic Mirror Interferometer Setup with Off-Axis 

Measurement 
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Moving the Measured Element Off-Axis   Moving the hyperboloid off-axis, as shown in 

Figure 2-20, requires the focal point of the Zygo spherical reference lens to coincide with 

the front focus, f1, of the full hyperbola and the focal point of the secondary spherical 

mirror must coincide with the rear focus, f2, of the full hyperbola.  Because all of these 

foci are on-axis, the setup only requires properly aligning the hyperboloid mirror.  

However, measuring the optic in this setup uses only a small portion of the aperture 

available on the interferometer which reduces the horizontal resolution of the 

measurement because the measurement would not utilize all the pixels available to image 

the surface. 

 

Keeping the Measured Element On-Axis    Moving the secondary reference element off-

axis is a more difficult setup but allows the use of the full aperture of the interferometer.  

There are two possible setups which can be used depending on the available optical 

elements and range of travel.  In the first setup, shown in Figure 2-21, the focus of the 

spherical reference optic must coincide with the rear focus, f2, of the full hyperbola while 

the focus of the secondary spherical mirror must be coincident with the front focus, f1.  

The secondary reference element in this setup can be either a polished precision ball, 

shown in Figure 2-21 (a), or a spherical mirror, shown in Figure 2-21 (b).  A precision 

ball has the advantage of being compatible for any off-axis hyperbola measured in this 

setup.  If the center of the ball and the front focus of the hyperbola coincide, then the 

radius of the ball is arbitrary.  However, a spherical mirror must be designed for a 

specific off-axis hyperbola to have the correct f/# and must still be aligned so that its 

focus coincides with the front focus of the hyperbola.   
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Mirror
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Ball of Radius, R

a) Setup Using Ball as Secondary Reference

f2 of Full Hyperbola
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Off-Axis 

Hyperbolic 

Mirror

b) Setup Using Mirror as Secondary Reference

 

Spherical Reference Optic

Secondary Reference 
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Figure 2-21.  Off-Axis Hyperbolic Mirror Interferometer Setup with On-Axis 

Measurement, Setup 1 

 

The advantages of this setup are that the area of measurement is more compact and that a 

precision ball can be used in place of a large mirror.  However, in many cases the long 

focal length of the spherical reference optic is prohibitive.  Also, a special mount would 

have to be designed for the hyperbolic mirror to align it with respect to the primary 

reference element. 

 

To reduce the focal length of the primary spherical reference, a second setup, shown in 

Figure 2-22, reverses the focus pairing.  This setup places the Zygo reference lens focus 

coincident with the front focus and the secondary reference mirror focus coincident with 
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the rear focus.  Because the radius of curvature of the primary reference element need 

only reach to the closer front focus of the hyperbola rather than the distant back focus, 

this setup is more likely to be compatible with an available Zygo reference lens.  

However, this setup also requires much more vertical space and a secondary reference at 

least as large in aperture as the hyperboloid.  The secondary spherical reference mirror 

must have a large aperture and a long focal length to account for the light spread from the 

hyperbola and the large distance to the rear focus, respectively.  This secondary mirror 

would have to be custom made for each individual hyperbolic mirror.   

Focal Length of 

Spherical Reference 

Optic

Spherical Reference 

Optic

f1 of Hyperbola

f2 of Hyperbola

Off-Axis Hyperbolic Mirror

Focal Length of 

Secondary Spherical 

Reference Mirror

Secondary Reference 

Mirror

 

Figure 2-22.  Off-Axis Hyperbolic Mirror Interferometer Setup with On-Axis 

Measurement, Setup 2 
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An advantage of this setup is the possibility of using the flats on the fiducial surface of 

the mirror to obtain the correct tilt by using a planar reference element.  The user could 

level the fiducial flat by viewing their interference with a planar reference lens.  If the flat 

is not one continuous surface, it would need to be checked on a CMM to ensure that the 

surfaces are coplanar.  Placing the hyperboloid on-axis allows the full use of the 

measurement aperture of the interferometer.  However, this setup involves a much more 

difficult alignment process.  When the hyperboloid is on-axis, the Zygo reference lens, 

hyperboloid mirror and secondary reference mirror do not share a common optical axis.  

Aligning the hyperboloid will be as difficult as in the off-axis setup.  The alignment of 

the secondary mirror with the measured optic will be much more difficult as the mirror 

must be placed beyond the range of the GPI three rod part mounting stage yet must still 

be precisely translated.  One solution for this problem is to lay the GPI on its side.  This 

would allow a translation stage to be place on the table upon which the secondary 

reference mirror could be placed.   

 

 

Figure 2-23. Computer Generate Hologram (CGH) 
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CGH Aided Measurement    A technique that could allow on-axis measurements and 

ensure proper alignment is the use of computer generated holograms (CGH) in the GPI.  

A CGH creates a wavefront that matches the theoretical shape of the measured element 

so that it can be analyzed in a single-pass setup.  The theoretical surface wavefront would 

be emitted and reflect off of the measured element.  When the wavefront returns to the 

interferometer, only the form error in the optical surface will remain.  No shape 

compensations will be necessary.  A CGH could be developed that matches both the 

optical surface and fiducial elements of the mirror.  A CGH generated wavefront with 

both an optical surface and fiducial surfaces is shown in Figure 2-23.  If the outer edges 

of the CGH match the fiducial surfaces and the inner portion matches the optical surface, 

the measurement would need no other reference lens.  This would allow the CGH to 

assist in aligning the optic, measure the optical surface and determine if the alignment 

between the fiducial and optical surfaces is correct.  However, because of the cost and 

lead time, the need to have a different CGH for every unique off-axis conic mirror makes 

this method prohibitive. 

 

Off-Axis Conic Interferometry Measurement Conclusion    The best setup to measure 

the individual off-axis conic optical surfaces is to leave the measured optic on-axis and 

use the second for this technique, shown in Figure 2-22.  This setup allows Zygo primary 

reference optics to be used and the conic mirror can be placed flat on the measuring 

surface.  A secondary reference sphere would have to be custom made, however, the 

process for fabricating and measuring spheres is much less susceptible to error than the 

process for off-axis conics.   
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Linear Profilometry 

The Talysurf can be used for the off-axis conics in a setup similar to that discussed in the 

linear profilometry sections of Section 2.1.1 and Section 2.1.2.  The measurement process 

differs for an off-axis conic at the data analysis stage.  For a rotationally symmetric 

mirror the process to analyze the data is simple: any trace should match the planned conic 

and traces across the center should be identical.  This allows the rotation of the mirror 

between subsequent traces to be arbitrary.  However, for an off-axis conic, the rotation of 

the mirror determines the shape that should be present in the measured data and a pair of 

traces 180º apart should be symmetric about the z-axis rather than identical.  Therefore, a 

much more precise angular rotation would need to be utilized.  Relying on the features on 

the mirror for angular reference, as with the primary and secondary mirrors discussed in 

Sections 2.1.1 and 2.1.2, would not be appropriate for this measurement. 

Rotary Profilometry 

The mirrors could also be measured with rotary profilometry using a spindle: either a 

free-standing spindle or the spindle of a diamond turning machine.  A probe would be 

mounted on one of these axes and placed against the optical surface of the mirror.  The 

mirror would be spun as the probe collects data.  The rotational outline would then be 

compared to the expected part profile.  This method would not require many changes 

from the on-axis conic techniques. 

2.2 Surface Finish 

Surface finish of the optical surfaces is another quality that affects their performance.  

Surface roughness causes light scatter which blurs the optical image.  Surface finish 



 

46 

measurements will determine if the surface is within the acceptable range of values (PV 

or RMS) specified in the design.  The finish may be limited only by the fabrication 

process or by material qualities and machine and room vibrations.  Each mirror is 

fabricated from 6061-T6 aluminum alloy [17]. 

2.2.1 Primary 

The surface finish of the optical surfaces was measured with the Zygo New View white 

light interferometer.  The primary mirror was machined at 530 rpm with a feed rate of 2 

mm/min and a 3 mm tool nose radius.  This will produce a feed of 3.77 m/rev and a 

theoretical PV of 0.57 nm and an RMS of 0.19 nm.  At this feed rate, one pass of the 

primary would take 77 minutes indicating the need for excellent temperature control.   

 

Figure 2-24.  Surface finish of the Primary Mirror Optical Surface from Zygo NewView 
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Figure 2-25.  Autocovariance of Two Dimensional Surface Trace from Figure 2-24 

 

Figure 2-24 shows the surface finish of the primary measured over an area of 50x70 m.  

The measured PV and RMS (23 nm and 5 nm respectively) are 40 times higher than the 

theoretical values.  The 2000 standard for single point diamond turning, based on 

available equipment and results, is an RMS surface finish below 4 nm, which these 

measurements do not meet [15].  The profile plot in the lower left of Figure 2-24 shows a 

trace perpendicular to the feed direction covering 17 m over which 4+ tool passes 

should be visible.  While not obvious to the naked eye, the autocovariance function 

Figure 2-25 shows a peak around 3.7 m indicating a repetitive feature at that spacing.  

Autocovariance correlates the properties of the surface roughness and a peak indicates a 

feature that repeats with spacing equal to the peak location [4].  Other features such as the 

second phase particles in the 6061 structure and scratches from chip management failures 

disguise the feed rate and increase the surface finish.   
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2.2.2 Secondary   

The secondary mirror optical surface was machined at a lower feed rate because it is 

smaller.  The smaller size allows the machine time to remain the same with a lower feed 

rate that should improve surface finish.  The feed rate was 1 mm/min which will produce 

a feed/rev of 1.89 m and a theoretical PV of 0.14 nm and an RMS of .05 nm.  Figure 

2-26 shows the measured surface finish over the same field of view as Figure 2-24.  The 

profile plot in the lower left shows a trace perpendicular to the feed covering a width of 

10 m or about 5 tool passes.  The surface has a PV of 18 nm and an RMS of 4 nm, 

which are 100 times greater than the theoretical value.  However the RMS surface finish 

does meet the 2000 standard for single point diamond turning [15].  Again, the material 

properties, spindle dynamics and tool management limit the possible surface finish.  The 

vertical lines on the profile plot represent the theoretical wavelength and the arc 

represents on the nose radius of the tool.  The autocovariance function in Figure 2-27 

shows a slight peak at the feed rate 2 m.  Again as in the case of the primary surface, the 

particles and contamination in the 6061 limits the surface finish possible to about 20 nm.  

The smaller feed rate does improve the surface finish (18 nm vs. 23 nm), but the effect is 

small.   
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Figure 2-26.  Secondary Mirror Surface Finish and Tool Profile 

 

Figure 2-27.  Autocovariance of Two Dimensional Surface Trace from Figure 2-26 
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3 SOURCES OF ASSEMBLY ERRORS 

The primary and secondary mirrors are connected by a 6 in. tube.  The primary mirror 

can then be bolted to a spacer plate that features a bracket to which a camera can be 

attached.  The detailed drawings of each component are shown in Appendix B.  The full 

assembly system is shown in Figure 3-1.   

 

Figure 3-1.  Telescope components in assembly lineup [12] 

 

Each mirror has a fiducial interference surface to radially locate the mirrors and the tube.  

Each mirror also has a planar fiducial surface to axially locate the mirrors and the tube.  

The interference surfaces and fiducial surfaces combine to produce the designed system, 

as seen in Figure 3-5.  Each mirror is held in place by three screws 120º from each other 

that connect through the back of the mirror to threaded holes on the tube.  Each mirror 
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also consists of three threaded holes that coincide with three non-threaded holes on the 

tube so that the mirrors can be backed out of their interference fits.  These disassembly 

holes are located 60º from the assembly holes.  The components and their fiducial and 

assembly features are shown in Figure 3-2, Figure 3-3, and Figure 3-4. 

 

Figure 3-2.  Primary Mirror 

 

Figure 3-3.  Secondary Mirror 
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Figure 3-4.  Assembly Tube 
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Figure 3-5.  Assembly Drawings of Secondary Mirror, Tube and Primary Mirror [12] 

 

The fiducial surfaces on both the tube and the mirrors need to be flat and the interference 

surfaces need to mate correctly to prevent distortion of the mirrors.   When the screws are 

tightened, the fiducial surfaces of each mirror and the tube are pulled together flat as 

shown in Figure 3-6.  Therefore, if the surfaces are not already flat they will distort 

during this process.  The tube is stiff compared to the mirrors.  Because of this, the 

mirrors will distort if there are flatness errors in the fiducial surfaces.  If the mirror 

interference surface is too large in diameter or the tube interference surface too small, the 

press fit will produce too much force which will again result in distortion.   
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The dimensions of these mating surfaces also affect the location of the mirrors with 

respect to each other.  The height of the fiducial surfaces with respect to the mirrors’ apex 

and the length of the tube determine the distance between each apex of the two mirrors 

optical surfaces.  If the interference fit diameter of the mirror is too small or the tube too 

large, the mirrors will not be coaxial once assembled. 

 

3.1 Assembly Process 

The repeatability of the assembly process for this system is unknown because of an 

incorrect interference fit.  Each mirror was designed to be bolted together with 

interference fits, as shown in Figure 3-6.  The primary was designed to have a heat 

activated press fit with the tube.  The connection was designed such that the tube could 

be hand warmed and its expansion would allow the primary to slide into place.  Upon 

release, the tube would contract to its original size and hold the primary in place.  The 

interference surfaces did not mate in this manner.  The primary could not be simple slid 

into place but required varying amounts of force ranging from 30-40 lbs to press the 

fiducial surfaces together and allow the primary to seat fully in the tube.  This force fit 

caused the assembly process to lose repeatability because the surface mates were 

confirmed visually.  The primary was simply pressed where it was not yet seated until it 

visually appeared to be fully seated.  The secondary mirror required a similar press fit. 
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Figure 3-6.  Assembly Details of the Primary Mirror, Tube and Secondary Mirror  

 

Each bolt, for both the primary and secondary, was tightened to a torque of 2 in-lb using 

a torque wrench.  This torque transmits a clamping force of 89 lbs on the mirrors to pull 

the radial fiducial surfaces into full contact.  The orientation of the primary and 

secondary with respect to the tube were recorded such that the bolt hole orientations are 

repeatable.  The resolution on the torque wrench is about 0.25 in lbs, so the application of 

1 in-lb could lead to ± 25% variation in torque. 

 

3.2 Rotational Profilometry 

3.2.1 Tube Shape 

The tube shape was measured using the same rotary profilometry technique as the 

primary and secondary mirror, as discussed in Sections 2.1.1 and 2.1.2.  As with the 

primary and secondary mirrors, a once per revolution sin wave is removed from the data 
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to eliminate tilt.  When fit to a once per revolution Sin wave, the data shows a twice per 

revolution error on the order of 3 m, as shown in Figure 3-7. 
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Figure 3-7.  Tube Primary End Fiducial Surface Rotary Measurement Data and Best Fit 

Line (top) and Best Fit Residuals (bottom) 

 

3.2.2 Primary Fiducial Surface 

The primary fiducial was measured using the same technique as the secondary mirror.  

When fit to a once per revolution Sin wave, the data shows a twice per revolution error 

on the order of 5 m, as shown in Figure 3-8.  This data fits with the primary optical 

surface data in that both surfaces have a significant non-rotationally symmetric error.  
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This data combined with the tube fiducial surface data also shows that the primary must 

deflect when pulled down to the tube which changes the optical surface. 
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Figure 3-8.  Primary Mirror Fiducial Surface Rotary Measurement Data and Best Fit Line 

(top) and Best Fit Residuals (bottom) 

3.2.3 Fiducial Shape Conclusions 

Based on these measurements, the fiducial surface of the primary and the fiducial surface 

of the tube have different form errors, both in magnitude and shape.  The tube is much 

longer than the thin primary mirror fiducial surface and has a lower aperture to thickness 
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ratio, or aspect ratio.  The tube is more than two times stiffer than the mirror with a 

stiffness of 112.77 N/ m versus 42.83 N/ m for the mirror [19].  This means that when 

the two are pulled together, the primary must distort for the surfaces to be flat.  Each 

surface has two highs and two lows but the primary surface has a much larger peak-to-

valley value and the highs and lows of the two are out of phase.  Therefore, the highs of 

the primary would rest on the highs of the tube, as shown in Figure 3-9, and, when bolted 

down, the primary would be pulled flat which would result in distortion of the optical 

surface.  To be fully flat the primary fiducial surface would have to distort by as much as 

5 m which could correspond to similar errors in the optical surface. 
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Figure 3-9.  Primary Fiducial and Tube Fiducial Form Error Relationship 

3.3 Coordinate Measuring Machine Measurements 

Coordinate measuring machines (CMMs) are a powerful metrology tool.  They are used 

to determine the adherence of a manufactured part to the design drawings, as discussed in 

section 1.3.3.  CMMs can be used to collect points on various surfaces of a part and fit 

the best line, plane, circle or other shape to the points.  CMMs have the ability to measure 

any 3D area without extensive setup changes or reflective surfaces; however many are 
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Tube Fiducial Bolt Hole Locations 
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limited by the accuracy of the linear encoders and the probe used in the measurement.  

Another negative of CMMs is their use of contacting probes because the probe creates a 

defect on the contact surface.   

3.3.1 CMM Calibration 

The CMM used for these measurements is a manually operated Brown and Sharpe Gage 

2000.  The CMM probe is qualified before the measurements by measuring a ball of 

known diameter.  This process finds the probe radius with an uncertainty of 1 m.  The 

system was then further verified by measuring a Taylor-Hobson Talysurf calibration ball 

with a known radius.  The sphere the CMM fit to the ball had a radius error of -2 m with 

a variation of 1 m over multiple measurements.  Next, gage blocks are measured to 

determine the CMMs ability to measure a plane horizontal to the CMMs granite base.  

The gage blocks used in this process are Webber steel grade 2 blocks.  Grade 2 gage 

blocks have a reported total variation of 6 in, or 150 nm, for any block smaller than 1 in, 

and up to 18 in, or 450 nm, for a 4 in. block.  Both the calibration sphere and the gage 

blocks are shown on the CMM in Figure 3-10.  The results for the spheres and gage 

blocks are shown in Table 3-1.  The measurements for different block sizes varied.  The 

detailed results of the gage block measurements are shown in Appendix A.  The blocks 

generally had a length variation of 5-7 m.  Therefore, the anticipated accuracy of the 

CMM for the telescope measurements is ± 3 m. 
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Figure 3-10.  Gage Blocks and Taylor Hobson Reference Sphere on CMM 

 

Table 3-1.  CMM Calibration 

Reference 
Artifact 

Size (mm) Artifact 
Tolerance 

Size Error ( m) Form Error (µm) 

Sphere – CMM 
Reference 

19.050 Ø  - 4 

Sphere – Taylor 
Hobson 

21.9922 R   -1 3 

Gage Block Various Grade 2 
± 225 nm 

1 3 

 

3.3.2 Spacing measurements 

The spacing of the three components of the optical system, the primary mirror, secondary 

mirror and tube, were measured using the B&S CMM.  The primary is shown being 

measured in Figure 3-11.  These measurements were made with and without the tube 
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attached to each individual mirror.  The results are intended to measure any distortion 

during assembly.  The measurement details are illustrated in Figure 3-12 and presented in 

tabular form in Table 3-2.   

 

 

Figure 3-11.  Primary Mirror being measured on B&S CMM 

 

X 
Z 

Y 



 

62 

Figure 3-12 shows the primary, the tube and the secondary and the distances measured.  

The procedure was to measure each optical component both alone and assembled onto 

the tube.  For example, the primary axial fiducial was measured as it rested on the granite 

flat of the CMM.  The granite flat is set as a plane datum and the height measurements 

are taken using this flat as a zero location.  18 points were measured and the average is 

the distance A shown in Figure 3-12 and shown in Table 3-2 to be 7.563 mm.   

Primary

Secondary

Tube

A

E

C
D

B

F

 

Figure 3-12.  Measurements for Table 3-2 
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Table 3-2. Fiducial Spacing Measurements 

Dimension Measured (mm) Variation (mm) 
(Flatness) 

Designed (mm) Error (µm) 

A 7.563 ±.0025 7.571 -8 
B 22.566 ±.0035 22.571 -5 
B-A 15.003 - 15.000 3 
C 5.022 ±.0125 5.000 22 
D 10.788 ±.0005 10.775 13 
D-C 5.766 - 5.775 -9 
E 134.404 ±.0005 134.400 4 
E+C-D 128.638 - 128.625 13 
E+A-B 119.401 - 119.400 1 
F 113.635 - 113.625 10 

 

 

Next the apex of the hyperbolic surface of the primary was found by taking three points 

near the edge of the center hole on the optical surface.  The radial distance from the 

center was calculated by using the X, Y coordinate of each point and a reference 

coordinate system set by measuring the fiducial surface and the outer interference 

surface.  Measuring these outer surfaces gives the x and y center of the mirror.  Given 

this radius, the theoretical sag was calculated, using MATLAB, for each measured point 

and subtracted from the Z dimension of each point.  For the secondary mirror, the three 

points taken to find its apex were within a 5 mm of center so that there is less deviation 

from a sphere.  These measurements provide values for B and D in Table 4-1. 

 

The difference in height between the fiducial surface and the apex is B-A for the primary 

and D-C for the secondary.  The values show errors of 3 and 9 m, respectively.  The 3 

m of error in the primary fiducial surface is expected based on the errors in the primary 

optical surface.  The 9 m of height error in the secondary is a result of not diamond 
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turning the rear surface and the thin aspect ratio of the fiducial surfaces of the secondary 

mirror.  Each these errors change the spacing between the primary and secondary mirrors.  

The distance between the end of the tube and the mirror apex are determined by E+C-D 

for the secondary and E+A-B for the primary design and fabrication.  The distance 

between the unassembled tube fiducial and the secondary apex is 128.638 mm which is 

13 m farther than expected upon design and fabrication.  The distance between the 

unassembled tube fiducial and the primary apex is 119.401 mm which is 1 m farther 

than expected.  These spacing measurements combine to give a theoretical apex-to-apex 

assembly spacing distance of 113.635 mm which is 10 m farther than designed.  This 

separation would result in a 150 m change in the focal length of the system. 

 

To determine the assembled dimensions and the change in dimensions upon assembly, 

each mirror is independently assembled to the tube.  The exposed tube interference 

surface and fiducial surface are used as datum surfaces to find the center and z locations, 

respectively.  The optical surface apex points were found using the same process 

discussed above.  First, the primary is assembled to the tube and the distance from the 

exposed end of the tube to the mirror apex is measured.  This measurement result of 

1119.442 mm as shown in Table 3-3 compares with the value of 119.401 mm for E+A-B.  

This indicates the primary optical surface moves away from the secondary by 41 m 

upon assembly.  The secondary is then assembled and the distance from the exposed tube 

end to the apex is measured.  The result of 128.653 mm compares with the value for 

E+C-D of 128.638 to indicate a 15 m movement of the secondary away from the 

primary upon assembly.  This shows a total increase in apex-to-apex distance of 56 m.  
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This separation would result in a 2 mm change in the focal length of the system.  These 

measurements also indicate that the primary mirror changes upon assembly and the 

secondary mirror shifts with its support arms. 

 

Table 3-3.  Assembled Spacing Measurement 

Dimension Measured 
(mm) 

Variation (µm) 
Flatness / Apex 

Designed (mm) Error (µm) 

Tube to 
secondary apex 

128.653 3 / 2 128.625 28 

Tube to 
primary apex 

119.442 10 / 18 119.4 42 

Apex to apex 113.691 - 113.625 66 
 

The apex-to-apex distance is the crucial element of these measurements as it directly 

affects the system optical qualities.  The designed apex-to-apex distance is optimized for 

the best system image.  Changes to this value move the focal point and increase the 

wavefront error of the system.  The unassembled apex-to-apex value, represented by F in 

Table 3-2, shows a 10 m error from design.  However, when the system is assembled the 

primary and secondary apexes move away from each other resulting in an assembled 

error of 66 m. 

3.3.3 System Effects: Focal Length 

The 66 m spacing error described in the last section has an effect on the focal point and 

optical performance of the system.  The effect is large because the focal lengths of the 

two mirrors are the same magnitude as the system spacing.  The effect would be 

minimized if the focal distance of the elements were longer than the spacing between 

them.   
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Code V has a best focus function where it determines the smallest wavefront error for 

each field selected by moving the focal plane closer along the optical axis.  In optical 

convention, positive displacement is away from the object.  The nominal focus for this 

design is -0.345mm.  When adjusting the spacing by -14 m and calling the best focus 

function, the new best focus becomes 0.084 mm for a change of 0.429 mm.  When 

adjusting the spacing by 0.066 mm the best focus becomes -2.348 mm, or a change of 

2.003 mm. 

3.3.4 CMM Conclusions 

The calibration of the CMM gave an anticipated accuracy of the instrument as ± 3 m.  

The primary fiducial surface thickness and the tube height each have errors approaching 

this value with errors of 3 and 4 m, respectively.  This shows that these parts were, at 

worst, out of form by the measured value but leaves the possibility that the form error is 

actually better than the measurement accuracy. 

3.4 Phase-Shifting Interferometry 

3.4.1 Assembled Primary Optical Surface Shape 

The measurements in section 3.3.2 showed evidence of distortion in the primary 

measurements so more measurements were taken to determine the magnitude and shape 

of this distortion.  The primary is first measured while unassembled.  The tube is then 

connected to the primary mirror and another measurement is taken.  Finally, the primary 

mirror is bolted to the tube and a final measurement is taken.  The primary shape is 

dominated by astigmatism while assembled so the astigmatism is removed from each 
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measurement to determine the non-astigmatic effects of assembly and to keep the 

relationship between the three measurements.   

 

Figure 3-13.  Primary Unassembled and Astigmatism Removed 

 

Figure 3-14. Primary with Tube Attached but No Screws and Astigmatism Removed 
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Figure 3-15. Primary Fully Assembled with Astigmatism Removed 

 

Assembling the primary has clear effects on the optical surface shape.  When the tube is 

placed on the primary, the optical surface becomes slightly more rotationally symmetric 

and the error is greatly reduced.  The unassembled primary, Figure 3-13, has a shape that 

feature an off-center hump that is characteristic of coma while the primary with the tube, 

Figure 3-14, shows the hump moving slightly closer to the center and resembling a 

spherical aberration shape more than coma.  Also, both the P-V and RMS errors of the 

primary are cut in half when the tube is attached.  When the bolts were attached to the 

primary and tube, in Figure 3-15, the hump in the optical surface moved to the center and 

no longer exhibits any coma-like features but is dominated by spherical aberration and 

trefoil.  This trefoil shape is not present when the primary is simply held by the tube or 

unassembled as shown in Figure 3-14 and Figure 3-13, respectively.  Also, when the 

bolts do not have full torque applied, the trefoil shape disappears from the system.  This 

indicates that the bolting forces distort the primary mirror. 
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3.4.2 Assembled Primary Back Surface Shape 

The back surface of the primary mirror also shows signs of distortion upon assembly.  

Unassembled, the back surface shows astigmatism error on the order of 1 m, as seen in 

Figure 3-16.  When the primary is assembled to the tube the overall shape remains but the 

magnitude of the error increases to 3 m, as seen in Figure 3-17.  This provides more 

evidence that the primary distorts upon assembly.  This distortion appears to increase the 

error in the back surface while decreasing the error in the optical surface. 

 

 

Figure 3-16.  Primary Back Surface Unassembled 

 

Figure 3-17.  Primary Back Surface Assembled 

Tube Connection 
Bolt Holes 
Locations 

Tube Connection 
Bolt Holes 
Locations 
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Figure 3-18.  Primary Back Surface Unassembled with Power and Astigmatism Removed 

 

Figure 3-19.  Primary Back Surface Assembled with Power and Astigmatism Removed 

 

Comparing the assembled and unassembled primary back surfaces also adds evidence to 

the hypothesis that the trefoil shape is caused by the primary bolts.  Once astigmatism 

and power are removed from the unassembled primary back surface, as seen in Figure 

3-18, there are trefoil features.  However the magnitude is only 33% of the assembled 

trefoil error present when power and astigmatism are removed from the assembled back 

surface, as seen in Figure 3-19, there is a clear trefoil shape.  The valleys in the trefoil 

shape coincide with the screw locations.  This indicates that the mirror is being pulled 

down at these screw locations with respect to the rest of the mirror. 

 

Tube Connection 
Bolt Holes 
Locations 

Tube Connection 
Bolt Holes 
Locations 
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3.4.3 Repeatability 

The lack of a step-by-step repeatable assembly process for the system provides a source 

for error.  Reassembly produced different results.  While the peak-to-valley error saw 

fluctuations of only ± 10%, reassemblies saw the main aberration change between 

astigmatism and trefoil.  Upon disassembly, burrs were visible on the edges of the bolt 

holes at the fiducial surfaces.  The burrs were removed from the surface by scraping the 

edges of the holes with a deburring tool.  However, some burring could remain after this 

process.  This could add error as the burrs could stop the mirrors from fully seating.  

Also, if the bolts are not perfectly aligned when assembled, multiple assemblies could 

weaken the threads and cause the necessary bolt torque to be uncertain. 
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4 ASSEMBLED SYSTEM PERFORMANCE 

The primary goal of the creating the Ritchey-Chretién telescope is to design and fabricate 

a functioning two-mirror reflective optical system.  Therefore, the system measurements 

are necessary to determine if a functioning system was created.  If the individual 

components do not match specifications but the system conforms to design qualities, the 

system is a success.  The assembled Ritchey-Chretién system can be measured with a 

variety of techniques.  The three mirror anastigmat must also be measured using these 

techniques with modifications.   

 

Wavefront error of the system can be measured through a dual-pass interferometry 

process.  The dual-pass process allows the measurement of wavefront error at different 

fields of views.  These wavefront errors can then be compared to the theoretical 

wavefront errors produced by Code V as seen in Figure 4-1. 
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a) Error at 0º           b) Error at 0.35º               c) Error at 0.5º  

Figure 4-1.  Wavefront error for the optimized 2-mirror system at three field positions 
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Figure 4-2.  MTF for optimized 2-mirror system presented on-axis and at two locations 

off-axis (0.35º and 0.5º).  Best performance is at the mid position as a result of the focus 

optimization 

 

Another measure of optical system quality is the modulation transfer function (MTF).  

The MTF measures the resolution and sharpness of the system by determining how well a 

system resolves features of various sizes or determining how well a system resolves an 

edge.  MTF can be measured during the dual-pass interferometry process discussed above 

by utilizing the Zygo GPI and MetroPro MTF algorithm.  MTF can also be measured by 

photographing an optical target using the telescope as a telephoto lens.  These photos can 

then be analyzed by software such as Imatest to determine the MTF of the system.  These 

MTF plots can be compared to the theoretical MTF produced by Code V, as seen in 
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Figure 4-2.  This plot shows MTF values for on-axis and off-axis fields.  The spatial 

frequency deals with the number of black and white line pairs/mm that a system can 

resolve as separate lines.  The modulation number describes the clarity of the black and 

white features with 1 keeping the full black and full white with a clear edge between the 

two and 0 representing the point at which all the lines blend together to form a uniform 

gray.   

 

Point Spread Function (PSF), or spot size, is another measurable quality of the optical 

system.  This determines the systems ability to focus light to a spot.  The spot size is 

measured by sending collimated light into the telescope and placing a film plane at the 

focal point of the system.  The resulting photographs show a spot that can be compared to 

theoretical spot size or PSF produced by Code V. 

4.1 Dual Pass Interferometry 

4.1.1 Model Dual-Pass System 

The dual pass measurement was setup in Code V to visualize the wavefront error plots 

generated in the experiments.  The wavefront error for this measurement should be twice 

that of the RC telescope because the wavefront passes through the telescope twice.  A 

schematic of the system is shown in Figure 4-3.  A spherical wavefront is generated from 

the focus point at the left, passes through the telescope and creates collimated light that 

impinges onto the flat mirror.  The light is collimated because the system was designed 

for infinite conjugates.  Light from the mirror is reflected back through an identical 

telescope and focused onto the original point.  To test the system for the 0.35º and 0.5 º 
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fields, the flat mirror is tilted from the nominal optical axis until the off-axis focus 

coincides with the nominal optical axis.  Then, the telescope is translated respectively to 

reflect the collimated light back through the telescope.  The system is optimized across 

all fields so that the best focus is found at 0.35º off-axis.  The wavefront error for the 

different fields is shown in Figure 4-4. 

 

System Dual Pass Scale: 0.80      28-Dec-05 

31.25   MM   

 

Figure 4-3.  Dual Pass Setup for Telescope Testing Showing On-Axis Rays 
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Figure 4-4.  Wavefront Error for the Dual Pass Model in Code V with Best Focus at 0.35º 
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The results agree with the assumption that the wavefront error is double the error 

generated by the single pass.  The wavefront error for the 0˚ field shows circular 

interference fringes which indicate that the system is out of focus.  Aberrations are at a 

minimum at the 0.35˚ field angle where astigmatism dominates the wavefront.  The 

wavefront error for the 0.5˚ field shows both focus and astigmatic error.  The latter is 

shown by the oval shape of the interference fringes.   

4.1.2 Reference Element Selection 

When choosing a reference element for use in the dual-pass interferometry setup, the 

primary concern is to use the maximum aperture of both the reference element and the 

system.  The PEC has four spherical elements for the Zygo GPI: two six-inch aperture 

elements with f-numbers of 5.3 and 1.1, and two four-inch aperture elements with f-

number of 3.3 and 0.65.  The focal point of the Ritchey-Chretién telescope system occurs 

8.209 inches (208.519 mm) from the secondary, represented by Y2 in Figure 4-5.  The 

secondary mirror has a diameter of 1.47 in (37.4 mm).  Using the relationship of the 

similar triangles formed by the reference element rays, as shown in Figure 4-5, and the 

known values X1, Y1, and Y2, X2 can be calculated using Equation 3-1.  The focal length, 

f, of each reference element was calculated using the known values of the f/# and the 

aperture diameter, D, as shown in Equation 3-1.  Using these numbers, the final aperture 

of the reference elements could be determined.  The results of these calculations are 

shown in Table 4-1. 
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Figure 4-5.  Reference Element Selection Diagram 
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Table 4-1:  Double Pass Calculation Data 

  Reference Focal Length       in(mm) Final Reference Aperture in(mm) 
6" Aperture   
f/5.3 31.8 (807.72) 1.54 (39.09) 
f/1.1 6.6 (167.64) 7.46 (189.48) 
4" Aperture   
f/3.3 13.2 (335.28) 2.49 (63.45) 
f/0.65 2.6 (66.04) 12.34 (313.55) 

 

Using the values in Table 4-1, the f/5.3 element would be selected because it makes 

maximum use of both the reference aperture and the secondary mirror aperture.  

However, the Zygo GPI has approximately 40 inches of vertical space which must also 

contain the telescope, 6 in. height, and two translation and rotation tables, at 2-3in. of 

height apiece.  These factors eliminate the f/5.3 because its long focal length, 31.8 in., 

does not leave room for the optical system.  The next best choice in terms of aperture use 

is the f/3.3 element.  This focal length of the element is short enough to allow the system 

to be setup in the Zygo GPI. 

4.1.3 Z-Stage Motion 

One of the first steps in the system setup is to find the location of the focal point of the 

telescope.  To determine this location, the motion of the z-stage of the Zygo GPI must be 

accurately monitored.  The lead screw that moves this stage is driven by a motor with an 

integral encoder.  Due to the weight of the moving stage, there is considerable torque on 

the motor and the coupling between the motor and screw sometimes slips and creates 
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error in the z-stage position and uncertainty in its location.  To provide an independent 

measurement of the z-stage position, HP interferometer was setup to measure the z-stage 

travel.  A retroreflector is attached to this stage near the center of the axis of 

measurement.  The laser head is mounted to the table and the interferometer is mounted 

to the GPI base.  This setup is shown in Figure 4-6.  This allows accurate and repeatable 

measurements of the telescope position.   

 

Figure 4-6.  Interferometer Setup for Telescope Position Measurement 
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4.1.4 Fiducial Reference Sphere 

The focal points of the optical system and the reference element must be closely aligned 

to get the best possible characterization of the optical system.  To aid in this alignment, a 

reference sphere was cut on the backside of the primary around the hole.  This fiducial 

sphere is an f/3.3 sphere.  This will allow an alignment process in which the Zygo can 

focus on this fiducial sphere and the system can be translated and rotated until an ideal 

null fringe pattern is observed on the ring.  When the focal point of the optical system and 

the reference element are aligned, all of the light from the reference passes through the 

hole in the primary.   

 

The fiducial sphere alignment process is diagrammed in Figure 4-7.  The hole in the 

primary is 26 mm in diameter and, using Equation (3-1), the beam spread at the back of 

the primary is 21.6 mm.  In this case, 72.394 mm must be substituted for Y2 as this is the 

distance from the back of the primary to the focal point of the secondary.  Because the 

reference beam passes completely though the hole, the optical system must be translated 

in the negative z direction for the light to cover the fiducial sphere.  This z translation 

should be minimal because the x-y location of the stage may change during a z 

translation.  If the stage is translated down by 25.4 mm and the new Y2 value, 97.857, is 

substituted into Equation (3-1), the reference beam spreads to 30 mm in diameter at the 

back of the primary.  When measuring a spherical test specimen, it should be placed so 

that its center of curvature, rather than its focal point, coincides with the focal point of the 

reference element.  This is the case because a spherical wavefront passing through the 

focal point of a sphere would return as collimated light.   
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Figure 4-7.  Fiducial Sphere Analysis 

 

Using the modified f-number equation, Equation (3-2), the necessary radius of curvature, 

r, for the fiducial sphere is found.  The radius of curvature is 99 mm.  The Ogive 

approximation, Equation (3-3), can be used to determine how far the sphere must be 
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translated in the x-direction, x, to produce a visible fringe.  The necessary components 

in this equation are radius of curvature, r=99 mm; number of fringes, N=1; fringe spacing 

conversion factor, F=316.4*10^-6 mm (in this case, wavelength of HeNe light); and 

aperture diameter, D=30 mm.  These can be substituted in to find the minimum x to be 1 

m.  This allows the system to be placed with an accuracy of 1 m.  Unfortunately, this 

alignment process was only partially successful.  The fiducial sphere itself could not be 

qualified which means it could not be used as a height indicator.  To use the fiducial 

sphere as a height indicator, two of the following features must be accurately qualified: 

the radius of curvature, sag and aperture of the sphere.  The third quality can be 

determined indirectly from the other two.  The hole in the middle makes directly 

measuring the sag impossible.  The GPI could measure the radius but not the aperture.  

The aperture could be measured with the Talysurf but it is difficult to probe across the 

center and define the aperture edges with any accuracy.  Without knowing if there were 

any errors in the fabrication of the sphere, it could not be used to align the system in the 

z-direction.  However, the sphere could still be used to center the system with respect to 

the reference lens. 

D

r
f =/#      (3-2) 

D

rNF
x =δ      (3-3) 

4.1.5 Dual-Pass Optical Setup 

To setup the system measurement, a tip/tilt stage was placed on the bottom of the GPI 

and tip/tilt and x-y translation stages with six inch holes were placed on the moving z-

stage.  A 6-inch reference flat was placed on the bottom tip/tilt stage and a 4 inch 
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reference flat is placed in the aperture of the GPI.  The 6-inch flat was tilted until it gave 

a null fringe pattern compared to the 4-inch flat.  This ensures that the flat was parallel to 

the interferometer to begin the measurement.  Next, the telescope was placed on the 

tip/tilt stage on the z-stage and is rotated to make the back surface parallel to the 

interferometer.  This levels the telescope system.  The f/3.3 reference element then 

replaces the 4-inch flat; this setup is shown in Figure 4-8.  Figure 4-8 shows the GPI with 

the f/3.3 inserted at the top where the laser is emitted, the telescope mounted in the center 

on the translation stages and the planar reference element placed at the bottom on a tip/tilt 

stage. 

 

To find the focus point of the spherical reference element, an optical flat with known 

thickness of 9.8 mm is placed on the primary back surface.  When the focus of the 

reference sphere is on the surface of this optical flat, the beam is reflected back to the 

interferometer and fringes are observed.  At this point, a card being inserted from one 

side of the aperture should show up on each side of the video screen [10].  This is the so-

called “cat’s eye” point of the system which gives the location of the focal point of the 

f/3.3.  The HP interferometer readout is zeroed at this point.  The system is then 

translated down until the fiducial sphere produces fringe patterns.  The system is then 

translated on the x-y translation stage until the fringes have their max spacing.  At this 

point, the system is centered. 
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Figure 4-8.  Dual Pass Measurement Setup 

 

4.1.6 Dual-Pass System Measurement 

Focal Point Location  

Once the system was leveled and centered, it was translated in z to its theoretical focal 

point, 72.4mm behind the back primary surface.  At this point, fringes should be visible 

and power should be minimized.  The power was not minimized at this location so the 

system was translated until the power in the system was close to zero, as shown in Figure 

4-9.  This was called the focal point of the system and the Z location was recorded from 

the HP interferometer.  Then the 9.8 mm thickness of the optical flat used for the cat’s 
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eye was added back into the Z location.  This gave the location of the on-axis best focus 

point of the telescope based on the back surface of the primary mirror.  This process was 

repeated multiple times with an average result of 72.4395 mm with a higher number 

being farther from the back surface.  The designed focal point is 72.394 mm behind the 

back surface of the primary which indicates the measured system focal point is 45.5 m 

too long. 

 

 

Figure 4-9.  On-Axis System at On-Axis Best Focus 

 

This point is the on-axis best focus point; however the theoretical system focus is located 

343 m closer to the primary than the on-axis best focus.  At this point, the 0.35 field 

should have no power because the system was optimized for 0.35 deg.  Therefore, to 

determine the location of the measured system best focus point, the system is setup for 

0.35º off-axis rays and translated up until power is removed from the interferometer 

measurements.  This is the focal point of the system.  This process is done multiple times 
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and the measured system focal point is located 400 m closer to the primary than the on-

axis best focus.     

 

This difference in Code V designed focal locations and measured focal locations indicate 

a radius error in the primary.  Combined errors in the diamond turning machine that were 

not corrected for this mirror can produce a radius error of as much as 100 m.  A radius 

error of 100 m out of 300 mm, making the radius 300.1 mm, moves the focus point 1.65 

mm away from the system.  A radius error of that magnitude would result in an error of 

1-2 m in the part which is seen in the primary measurements.  Therefore, while the 

spacing error is pulling the focus towards the system, the radius error is pushing it back.    

 

Wavefront Error  

At the focal point of the system, the interferograms can be compared to those produced in 

Code V.  Code V produces a wavefront error plot at the best focus location with the 

system on-axis and off-axis by 0.35 and 0.5 degrees as shown in Figure 4-4.  Therefore, 

the system must be measured at each of these field locations and at the measured best 

system focus.  The on-axis component of these measurements and the resulting 

interference plot, shown in Figure 4-10, is comparable to Figure 4-3 (a).  Figure 4-10 

shows that the system has a wavefront error of 3  compared to the theoretical wavefront 

error of 2  at this location.  The measured interference shows a dome shape, as expected, 

however the dome is skewed by other errors similar to those in Figure 4-9.  The 

interferogram also shows a distinctive trefoil shape.  
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Figure 4-10.  On-Axis System at System Best Focus 

 

To measure the off-axis components, the reference flat must be tilted by, first, 0.35 

degrees and then 0.5 degrees.  Once the flat mirror is tilted, the system must be translated 

using the x-y stage to find the new focal point of the system.  The 0.35 and 0.5 degree 

off-axis measurements are shown in Figure 4-11 and Figure 4-12, respectively.  The four 

lobed shape produced by Code V at 0.35 degrees (Figure 4-4 (b)) is not perceptible 

because the system is again dominated by trefoil errors.  Also, the wavefront error of 3  

is six times the theoretical wavefront error of 0.5  at this location.  However, the 0.35 

degree field should be at its best focus and, therefore, have minimum power.  The power 

value in Figure 4-11 confirms this.  Also, the 0.35 degree field should have a reduced 

error compared to the on-axis at this focus location but the P-V errors are almost 

identical.  However, it is clear that if the trefoil is removed from each measurement the 

wavefront error at 0.35 degrees would be minimized while significant power based 

wavefront error would remain in the on-axis measurement.  The 0.5 degree field 

wavefront error, shown in Figure 4-12, does have the slight oval shape as produced by 
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Code V, Figure 4-4-c, but is still dominated by trefoil errors.  Also, the 4.5  magnitude of 

the wavefront error is twice the wavefront error of 2.25  seen in the theoretical model at 

this location. 

 

Figure 4-11. Off-Axis Interference Plots for 0.35 Degrees 

 

 

Figure 4-12. Off-Axis Interference Plots for 0.5 
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4.1.7 Torqued versus Untorqued System Shape  

The system measurements also provide evidence of distortion from the primary screws.  

When fully assembled, the system shows clear evidence of trefoil as seen in Figure 4-15.  

However, when the primary is left assembled but the screws are not torqued, the trefoil 

shape disappears, as seen in Figure 4-16.  The non-torqued system still does not show 

trefoil when the dominant astigmatic error is removed, as seen in Figure 4-16, while 

removing the astigmatism from the fully assembled system has only negligible effects on 

the error, as seen in Figure 4-15. 

 

 

Figure 4-13.  System Measurement without Screw Torque 
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Figure 4-14.  System with Screws Torqued 

 

 

Figure 4-15.  System with Screws Torqued and Astigmatism Removed 
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Figure 4-16.  System with No Screw Torque and Astigmatism Removed 

 

4.1.8 Three Mirror Off-Axis Conic System 

The process to measure an off-axis conic three mirror system would be much the same as 

the process to measure a rotationally symmetric on-axis two mirror system.  To measure 

wavefront error and MTF, the system can be placed in a Fizeau interferometer, such as 

the Zygo GPI, using one of the two setups shown in Figure 4-17.  In the first setup, 

shown in Figure 4-17 (a), collimated light is sent through the system collection aperture 

and a ball or spherical mirror is placed so that the center of the ball or focus of the 

spherical mirror coincides with the focus location of the optical system.  The mirror must 

have an f/# greater than or equal to that of the system.  The ball can be any size as long as 

its center and the system focus are coincident.  This sends the light back through the 

system and gives twice the wavefront error of the system at the interferometer.  The 

second setup, shown in Figure 4-17 (b), is similar but a spherical wavefront with an f/# 
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less than or, preferably, equal to the f/# of the system is sent through the detector aperture 

and a flat mirror would be placed at the collection aperture. 
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a) Planar Primary, Spherical Secondary          b) Spherical Primary, Planar Secondary 

 

Figure 4-17.  Interferometer Setups for Optical System Measurement 

 

The second setup (Figure 4-17 (b)) is similar to that used for the two-mirror 

measurements (Section 4.1.6) and involves easier alignments.  The secondary reference 

element alignment would be the most difficult process of each setup.  In the case of the 

setup in Figure 4-17 (b), the secondary planar element only needs to be adjusted for 

tip/tilt whereas the ball or spherical mirror must be adjusted in x, y and z.  However, the 

setup in Figure 4-17 (b) also requires a primary reference sphere with an f/# close to that 

of the system so that a large percentage of the aperture of the interferometer and the full 
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aperture of the system are included in the measurement.  In this manner, the setup in 

Figure 4-17 (b) may require a different primary reference element for each different 

system whereas the setup in Figure 4-17 (a), if the ball is used for the secondary 

reference, would have interchangeable components regardless of the system being 

measured.   

 

Each of these setups shown in Figure 4-17 would output wavefront error and MTF data 

and allows measurement with off-axis rays.  The process for measuring off-axis rays in 

the setup in Figure 4-17 (b) would be easier than that of the setup in Figure 4-17 (a) 

because the only necessary adjustment would be to tilt the flat and translate the system.  

Conversely, producing off-axis rays in Setup 1 requires tilting and translating the system 

as well as translating the secondary spherical reference. 

 

Deviation from a null fringe pattern indicates the wavefront error in the system.  This 

wavefront error can be compared to the wavefront error produced by Code V for the 

designed system produced by Code V.  The Zygo GPI also has the ability to determine 

MTF values from the wavefront error measurements, as described in Section 1.4.2.  

These values can be compared against expected values from Code V.  Code V produces 

on-axis as well as off-axis rays and generates wavefront error, MTF and spot size plots at 

each of these locations.  The off-axis simulations can be compared to those produced by 

the measured system.   
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4.2 Modulation Transfer Function 

4.2.1 Description of Modulation Transfer Function 

The Modulation Transfer Function (MTF) is a measure of the ability of an optical system 

to transmit contrast from an object to an image plane. MTF testing is frequently done by 

viewing an optical target, such as that in Figure 4-18, and analyzing the quality of 

contrast passed on to the image.  The MTF target shown in Figure 4-18 uses square and 

sin wave patterns of black and white with a progressively higher frequency.  As the lines 

in Figure 4-18 get progressively closer together, the ability to pick out an individual line 

is lost as they appear to lose their sharpness and blend together in a uniform gray. 

 

Figure 4-18.  MTF Target with Varying Lines per Millimeter 

MTF is measured by determining the maximum wave frequency at which the individual 

lines are still visible and have not become a uniform gray.  This frequency is returned as 

cycles/mm.  Figure 4-19 shows the loss of amplitude from photographing a bar pattern 

such as the one shown in Figure 4-18.  The MTF% represents the percentage of black or 

white amplitude left in the image at progressively higher line spacing frequencies.  A 

common watermark for MTF measurements is the frequency at which 50% of the 

original contrast remains, known as the MTF50 point.  An MTF value of 1 indicates full 

resolution whereas a 0 indicated no resolution. MTF values of 0.5 are frequently used as 
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a comparison point. MTF 0.1 is generally regarded as the point below which resolution is 

unknown. The frequency at this value is known as the cutoff frequency.  Code V gives 

theoretical MTF plots for an optical system, as shown in Figure 4-2. These plots can be 

compared to those produced by the GPI, shown in Figure 4-20.   

 

  

Figure 4-19.  MTF Measurement Chart 
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4.2.2 MTF Through Interferometry 

The GPI produces a three dimensional MTF plot that analyzes the system MTF in all 

directions of the aperture.  Figure 4-20 is a plot of four slices from this plot taken from 

the center to the outside edge.  The GPI produced MTF plot is normalized so that the X-

scale is unitless by dividing the entire X-scale by a normalization factor.  This 

normalization factor is based on the f/# of the element used in the measurement and the 

wavelength of light used.  The normalization factor, Norm, is calculated by Equation 3-4 

where the X-scale is divided by Norm, the normalization factor. 
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Based on this calculation, the maximum x-value in Figure 3-14 is 276 cycles/mm.  

 

The Code V produced MTF 0.5 value of the designed system, from Figure 4-2, is 

approximately 60 cycles/mm whereas the measured value is as slightly lower than 0.1, or 

approximately 25 cycles/mm for the normalized value.  This shows that the Code V 

designed system is able to clearly resolve finer features than the measured system.  Also, 

the Code V produced MTF levels off at higher frequencies whereas the measured MTF 

quickly drops below 0.1. This shows that the Code V designed system can discern 

features of a size that the measured system would not be able to differentiate from the 

surroundings. The surface roughness of the optical surfaces contributes to this by 

scattering light which reduces the sharpness of the image.  Also, focus error would cause 
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features to blur together which would reduce the MTF in the measured system.  Each of 

these errors is present in this system and combine to cause the lower MTF values.   

 

Figure 4-20.  Measured 0.35 Deg Off-Axis MTF Plot 

 

4.2.3 MTF Through Photography 

The MTF can also be determined by using the telescope as a telephoto lens on a camera 

and photographing an optical target.  Commercially available software can be used to 

analyze these photographs to determine the MTF.  One such software package, Imatest, 

uses the ‘slanted edge test’ to evaluate the MTF [14].  The ‘slanted edge test’ involves 

viewing an area that is half white and half black with a slanted division, such as the 
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pattern seen in Figure 4-21.   Imatest is able to determine the MTF by analyzing the 

transition area from pure black to pure white in the photograph of a slanted edge.  A 

slanted edge yields more accurate and repeatable results than a bar chart, as discussed in 

the ISO 12233:2000 standard.  To put this into practice, an optical target is photographed, 

such as the ISO-12233 target shown in Figure 4-22.  This target features multiple black 

slanted surfaces on a white background that provide numerous possible slanted edge test 

targets. 

 

Figure 4-21.  Slanted Edge 
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Figure 4-22.  ISO-12233 Optical Target Test Chart 

 

Figure 4-23.  Canon Digital EOS camera 
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The camera used for this process is a Canon Digital Rebel XT EOS similar to that shown 

in Figure 4-23.  This camera was chosen for its high resolution, USB interface and low 

cost [15].  A compatible lens mount was purchased that can be attached to the spacer 

plate, shown in Figure 3-1, so that the camera can be attached to the telescope.  The 

camera and telescope are shown assembled in Figure 4-24. 

 

Figure 4-24.  Camera Attached to Telescope 
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The optical system designed in Code V is intended for infinite conjugates.  A photograph 

taken at a long distance would best simulate the designed optical conditions.  However, 

long distance photography involves many obstacles such as haze, atmosphere, and the 

size of the object.  An object that is on earth could only be placed as high as the top of a 

large building which means that some haze between the telescope and the object is almost 

unavoidable.  Any objects in space, such as the moon, must be photographed through the 

atmosphere which reduces photograph quality.  To avoid these concerns, the telescope is 

modified for finite conjugates and tests are performed inside at relatively short distances. 

 

To perform this experiment, the optical target was place at one end of a long hallway and 

the telescope and camera apparatus at the other.  The RC telescope was designed for 

infinite conjugates.  An infinite conjugate in this application is defined as an object at 

infinity or at least 3 km.  Modifications were necessary to focus the lens for near objects.  

Changing the image distance in Code V gives a corresponding change in distance from 

the secondary to the focal point.  When the image distance is reduced from infinity, the 

distance from the secondary to the focal point increases.  The image distance is set at 

21.5m based on the length of the hallway and the desired size of the target on the image 

plane.  This produces a known length from the secondary to the focal point.  To place this 

focal point at the image plane of the camera, the distance from the secondary apex to the 

back of the primary, the thickness of the spacer plate and camera mount and the distance 

from the camera mounting surface to the camera image plane must all be subtracted from 

the distance of the secondary apex to the focal point.  The resulting value is the necessary 

spacing between the back of the primary and the spacer plate. 
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Figure 4-25.  Code V Produced Wavefront Error for On-Axis Best Focus at Infinite 

Conjugates (Left) and Finite Conjugate of 30 m (Right) 

 

Photographs of the optical target can be taken once the system is assembled for finite 

conjugates.  These photographs can then be analyzed using Imatest to determine the 

MTF.  When the telescope is moved from infinite to finite conjugates, some errors, such 

as spherical aberration, become unavoidable.  The Code V designed system has 

negligible aberrations on-axis at infinite conjugates, but when the system is changed to 

finite conjugate of 30 m, one half wave of spherical aberration shows up in the pupil, as 

shown in Figure 4-25.  This causes the system to only focus at a point or a line on the 

image plane rather than across the entire plane.  For this reason some of the aperture of 

the telescope must be blocked to reduce the aberrations.   
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Figure 4-26.  Object Distance versus Image Location as Predicted by Code V (1e7  ) 

 

Because there are errors in the system, it is difficult to accurately place the focal plane or 

the object so that the system focuses at the sensor plane of the camera.  For this reason, 

either the telescope must be translated with respect to the camera with a stationary object 

or the object must be moved with respect to stationary camera and telescope.  The former 

moves the focal point for a set object distance while the latter moves the object distance 

for a set focal point.  However, the device used for moving the telescope is by necessity 

different from that used to move the object.  The movement lengths necessary are of 

different orders of magnitude, as shown by Figure 4-26.  Therefore, the telescope could 

be moved on a micrometer slide for focus but a movement of that magnitude for the 

object would have almost no effect on the image location.  The object would have to be 

moved by a slide with a length of a meter to have focusing ability.  These techniques are 

utilized to find the best focus location. 
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Figure 4-27.  Code V MTF Plot for Infinite Conjugate at On-Axis Best Focus 

 

When the Code V system is changed from infinite conjugates to finite conjugates, the 

aberration added to the system degrades the MTF so that it is no longer diffraction 

limited.  With infinite conjugates at the on-axis best focal point, the on-axis MTF of the 

optical system is diffraction limited.  At this point, the theoretical system has no 

aberration on-axis which results in an on-axis MTF that lies well above the diffraction 

limit, as shown by the solid line across the top of Figure 4-27.  Because the MTF cannot 

exceed the diffraction limit, the on-axis MTF is diffraction limited and has an MTF50 

point equal to the diffraction limit MTF50 point at approximately 120 cyc/mm.  When 

On-Axis MTF 
Diffraction Limit 
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the system is changed to finite conjugates, the MTF drops well below the diffraction 

limit.  With an object distance of 21.5 m, the on-axis MTF drops to an MTF50 value of 

approximately 16 cyc/mm, as seen in Figure 4-28, almost 10 percent of the finite 

conjugate MTF.  This data assists in the prediction of the finite conjugate MTF values 
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Figure 4-28.  Code V MTF Plot for 21.5 m Finite Conjugate at On-Axis Best Focus 

 

Prior MTF measurements using the Zygo GPI only provide infinite conjugate MTF 

values.  Therefore, the only way to compare the optical target MTF to the interferometer 

MTF is by comparing them to the Code V produced value.  The MTF plot from the GPI 

at the on-axis best focus location, seen in Figure 4-29, gives an MTF 50 value of 

On-Axis MTF 

Diffraction Limit 
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approximately 15 cyc/mm, using Equation 3-4.  This is a significant degradation from 

theoretical and is an MTF 50 value that is approximately equal to the finite conjugate 

theoretical value rather than that of the infinite conjugate. 

 

Figure 4-29.  On-Axis Best Focus Zygo GPI MTF Plot 
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Figure 4-30.  Image Progression From Farthest Away From Camera (Left), Closer to 

Camera (Center), Closest to Camera (Right) 

 

When moving the telescope or the object through a series of unidirectional steps, the 

image became sharper up to a point and then gradually became worse, as shown in Figure 

4-30.  The pictures in Figure 4-30 were cropped to 4% of their original size to emphasize 

the region shown.  This figure illustrates this occurrence as the center picture is 1 ft 

farther from the camera than the left picture and 1 ft closer to the camera than the right 

picture.  This shows that the process is focusing the system.  However, even the best 

pictures, an example of which can be seen in Figure 4-31, were still very fuzzy and 

appeared out-of-focus.   
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Figure 4-31.  Cropped Full Aperture Telescope Image at 21.5 m Object Distance 

 

Figure 4-32.  Imatest MTF Plot Using Slanted Edge From Figure 4-31 
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The best focused finite conjugate photograph had a low MTF when compared to the MTF 

produced by Code V.  The MTF 50 value of Figure 4-31 is approximately 5 cyc/mm as 

seen in Figure 4-32.  This value is value is roughly 33% of the Code V produced finite 

conjugate MTF.  The infinite conjugate MTF was only 10% of the Code V produced 

value so the finite conjugate MTF is closer to the Code V produced value than the infinite 

conjugate MTF.   

 

Figure 4-33.  Aperture Magnitude Comparison Between Full Aperture (Left) and 

Reduced Aperture (Right) 

The telescope has wavefront aberrations that could keep the picture from ever becoming 

fully clear.  The aberrations of the system are large over the full aperture but smaller over 

a reduced aperture.  Therefore, if the aperture is reduced, the picture should be clearer.  

This theory was tested by covering the telescope except for a 1.5 inch diameter hole.  An 

approximation of the full to reduced aperture magnitudes is shown in Figure 4-33.  The 

best photographs were clearer than those seen with the full aperture but still obviously 

fuzzy, as seen in Figure 4-34.  However, this is to be expected because even at a reduced 

aperture, there are aberrations in the system.   
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Figure 4-34.  Cropped Reduced Aperture Telescope Image at 21.5 m Object Distance 

 

The reduced aperture MTF50 value of 11 cyc/mm is more than double that of the full 

aperture, as seen in Figure 4-35.  This value is almost 70% of the theoretical finite 

conjugate MTF50 value.  These values compare to the MTF value from a photograph 

taken with the digital camera’s telephoto lens.  The telephoto lens was able to produce an 

MTF50 value of 50 cyc/mm, as shown in Figure 4-36, a value five times that of the best 

photograph taken with the telescope.  The 10-90% rise value in Figure 4-32, Figure 4-35 

and Figure 4-36 indicate the number of pixels needed to transition from 10% magnitude, 

white, to 90% magnitude, black.  The smaller rise values indicate the ability of the optical 

system to produce a sharp line. 
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Figure 4-35.  Imatest MTF Plot Using Slanted Edge From Figure 4-34 

 

 

Figure 4-36.  Imatest MTF Plot Using Slanted Edge From Picture Using Camera 

Telephoto Lens 
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Once the finite conjugate photographs were completed, the telescope was again setup for 

infinite conjugates.  The objective was to take a photograph of an object at a large 

distance.  Because there is no real object at infinity, the hyperfocal distance must be used.  

The hyperfocal distance is the distance at which the system must be focused so that the 

depth of field reaches infinity [3].  This is found by multiplying the focal length and 

aperture of the system and dividing by blur diameter.  Code V produces a range of spot 

sizes that the designed system can produce.  The system should be able to reproduce 

these spot sizes for the system to be classified as infinite conjugates.  Using the smallest 

theoretical spot size of 7 m, the hyperfocal distance is 18 km.  Using the largest 

theoretical spot size of 43 m, the hyperfocal distance is 3 km.  The experiment was 

performed by picking a location in Raleigh, NC where a building could be viewed from 

close to 3 km.  A location was selected that allowed photographs to be taken from 

approximately 2.5 km.  This setup will have aberrations because the distance is not up to 

the largest spot size hyperfocal distance. 

 

The telescope was setup with Belleville washers between the spacer and back of the 

primary to provide variable focus for the system.  Based on the measurements of the 

components and the system focus location, the distance between the back of the primary 

and the spacer plate needed to be 0.815 mm.  To ensure that the spacing can match this 

number and go closer and farther away, a Belleville washer was chosen with a height of 

0.36 in, 0.914 mm, and a compressed height of 0.022 in, .559 mm.  Multiple exposures 

and baffling techniques were experimented with to get a clear picture.   
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Figure 4-37.  Infinite Conjugate Telescope Photograph 

 

The inherent aberrations of the setup and stray light prevented the capture of a fully clear 

photograph; in spite of this, the photograph was still excellent for the given distance.  The 

best result is shown in Figure 4-37.  An edge profile was taken off of a portion of this 

photograph, as shown in Figure 4-38.  This edge profile intensity is analyzed in 

SCALE 

      ≈ 20 ft 
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MATLAB and gives a 10-90% rise length of 6.5 pixels, as seen in Figure 4-39 , which is 

a 20% improvement over the best finite conjugate edge profiles.  This data agrees with 

the Code V simulations that showed a significant degradation from finite to infinite 

conjugates. 

 

Figure 4-38.  Region of Figure 4-37 Used to Produce Pixel Rise Plot 
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Figure 4-39.  Magnitude Plot of Bright to Dark Transition in Figure 4-38 
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4.3 Spot Size Measurements 

4.3.1 Method 

Another method for testing the performance of the system was to make spot size 

measurements.  To measure the spot size, the spacer plate and camera were attached to 

the telescope and placed on the Zygo GPI with the secondary facing the reference 

element.  A flat reference element was used to send collimated light into the telescope.  

The telescope should focus a collimated light beam into a spot on the image plane.  

Multiple photographs using 200 ASA slide film were taken over a range of exposure 

times for on-axis, 0.35 degrees off-axis, and 0.5 degrees off-axis setups.  The resultant 

spots showed a lot of light scatter around the most intense central spot area, as shown in 

Figure 4-41.  These photographs were digitized in a Nikon Cool Scan V scanner and the 

intensity is compared to the model in the following figures.  The photographs were taken 

with 35x25 mm film and the scanned picture size is 5782x3946 pixels which gives a 

pixel size of 6.1 µm/pixel.  Figure 4-40 shows the spot in the full photograph. 

 

Figure 4-40:  Spot Size Photograph On-Axis Full Photograph 
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Figure 4-41:  Spot Size Photograph On-Axis (1.6% of Original Photograph) 

 

4.3.2 Measurement 

The spots in the above figures were compared to Code V produced spot sizes. To 

compare measured versus expected, the width of the spot at half the maximum intensity 

was used.  The measured spot sizes were determined by uploading Figure 4-47, Figure 

4-48, and Figure 4-49 into MATLAB.  MATLAB was then used to determine the 

intensity across different cross sectional traces of the spot.  The traces were taken both 

vertically and horizontally over only the central spot as shown in Figure 4-42.  The trace 

was not extended to the outside of the spot blur which prevented the intensity form 

dropping to zero for the measured spot sizes.  The traces returned an intensity value of 

the light with 1 for white and 0 for black.  The x-unit of these plots is the pixel length of 
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the trace.  The pixel size of 6.1 µm/pixel can be used to convert the x-axis of these plots 

to m.  This conversion allows the measured spot sizes to be place on the same scale as 

the Code V predicted spot sizes.  

 

   

Figure 4-42.  On-Axis Spot Size Intensity Trace Example  

 

The plots of these traces showed that the measured spots differed in shape and size from 

the Code V produced spots.  For the on-axis element, Figure 4-43 shows that the Code V 

produced spot size is approximately 10 µm and symmetric whereas the measured spot 

sizes, also in Figure 4-43, are 133 and 82 µm respectively. The Code V produced 0.35 

degrees off-axis element, shown in Figure 4-44, has a spot size of 35 µm radially and 50 

µm tangentially and the measured spot sizes, also shown in Figure 4-44, are 158 and 82 

µm. Finally, Figure 4-45 shows the Code V produced 0.5 degrees off-axis spot size as 80 

Intensity Trace Locations 
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µm radially and 110 µm tangentially compared with the measured spot sizes of 209 and 

133 µm.  All of these values are shown in Table 4-2. 
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Figure 4-43.  On-Axis Spot Sizes: Code V Produced vs. Measured 
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Figure 4-44.  0.35º Off-Axis Spot Sizes: Code V Produced vs. Measured 
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Figure 4-45.  0.5º Off-Axis Spot Sizes: Code V Produced vs. Measured 

Table 4-2.  Code V vs. Measured Spot Size 

Radial Tangential Radial Tangential Radial Tangential

Code V 10 10 35 50 80 110

Measured 133 82 158 82 209 133

On-Axis Spot Size 0.35º Off-Axis Spot Size 0.5º Off-Axis Spot Size

 

 

The increase in size of the spots shows some focusing error causing the spot to lose its 

sharpness.  The system also lacked a baffle for these experiments.  While the lab lights 

were turned off, stray light could still enter the system and cause the spot or the blur area 

to grow.  The blur itself prevents the measured spot intensity from reaching zero intensity 

on a scale similar to that of the Code V produced spots.  To show the zero intensity point 

for the measured spots, the trace would need to be tripled in length to reach past the blur. 

 

50% Magnitude 
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Figure 4-46.  Code V Produced Spot Size Superimposed on Measured Spots for On-Axis 

(Left), 0.35º Off-Axis (Center), and 0.5º Off-Axis (Right) 

The measured spot sizes are larger those produced by Code V.  This indicates errors in 

the system.  Spot size error indicates a focusing error as well as form errors. If the spot 

appears larger than expected but has the same shape, the system may be out of focus.  If 

the spot is a different shape than expected, there may be form error that gives the 

measured spot its distinctive shape.  In this case, the spots are both larger than expected 

and of a different shape, as shown in Figure 4-46.  The Code V produced spots are 

symmetric on-axis and .35 degrees off axis whereas the measured spots have a triangular 

shape that is slightly upside-down and isosceles, as seen in Figure 4-47 and Figure 4-48.  

The triangular shape shortens and fattens from on-axis to 0.35 degrees off-axis and even 

more so to the 0.5 degree off-axis spot in which the triangle appears equilateral, as shown 

in Figure 4-49.  The triangular shape of the spots shows that the system has form errors 

that cause the light to spread in a non-uniform manner.  This is a trefoil symmetry that is 

also seen in the wavefront error of the system. 
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Figure 4-47:  Spot Size Photograph On-Axis (1.6% of Original Photograph) 

 

 

Figure 4-48.  Spot Size Photograph 0.35º Off-Axis (1.6% of Original Photograph) 
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Figure 4-49.  Spot Size Photograph 0.5º Off-Axis (1.6% of Original Photograph) 

 

 

The six spokes emanating from the halo are characteristic diffraction spikes resulting 

from the obstruction caused by the three legs of the secondary mirror support system.  

These spikes are always present in this type of support system, as shown in Figure 4-50, 

because the light is diffracted in two directions off of each support leg [6]. 
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Figure 4-50.  Diffraction Spikes from Different Mirror Support Structures [6] 

 

A perfect system would produce a lone spot high in intensity such as the bright white spot 

seen in Figure 4-47, Figure 4-48, and Figure 4-49.  However, the spot for this system is 

accompanied by a large halo of lower intensity light.  This shows light scatter present in 

the system.  This light scatter seen in the measured spot diagrams is associated with 

obstruction of the secondary mirror, as shown by the examples in Figure 4-50 [6].   

 

4.3.3 Three Mirror Off-Axis Conic System 

Measuring spot size entails a method similar to that used for the two-mirror system 

(Section 4.3.1).  A film plane will be placed at the system focal point and collimated light 

could be input to the system, as shown in Figure 4-51.  If the film plane is correctly 
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located, the system will produce a spot as an image.  The size and shape of this spot can 

be compared to spot size plots produced by Code V.  Also, the system can be tilted to 

produce off-axis rays whose spot sizes can also be compared to those produced in Code 

V. 

Image Detector 

Aperture

Primary Planar 

Reference Optic

Three Mirror 

Optical System
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Aperture
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Figure 4-51.  Spot Size Test Setup 
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5  CONCLUSIONS 

The goal of this research was to apply metrology techniques to measure a Ritchey-

Chretién optical system and its components.  The metrology techniques used to complete 

this objective include interferometry, profilometry, coordinate measuring machines and 

photography analysis.  The individual optical surfaces were measuring using 

interferometry and profilometry.  The optical surface results are as follows: 

• Primary Mirror 

o 4 m of form error in the optical surface 

o 1 m of form error in the back surface 

o 5 nm measured RMS surface finish vs. 0.19 nm theoretical surface finish 

• Secondary Mirror 

o 300 nm of form error 

o 4 nm measured RMS surface finish versus 0.05 nm theoretical surface 

finish 

These measurement show that the higher aspect ratio of the secondary mirror resulted in a 

much smaller form error than the primary. 

 

The assembly fiducial surfaces and the assembled optical surfaces were measured with 

profilometry, interferometry and a coordinate measuring machine.  The assembly errors 

include the following: 

• 6 m of axial fiducial surface flatness errors 

• 66 m of spacing error between the two mirrors 
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• Trefoil error in the primary surface 

• Reduction of overall primary form error from 4 m to 1.7 m 

The assembly process added errors to the optical surfaces because of errors in the fiducial 

surface, over constraint and lack of separation of the bolting forces.  The increase in 

magnitude of the spacing error from unassembled to assembled was not expected. 

 

The assembled system was measured with interferometry and photography analysis.  The 

measured system compared with the Code V produced system as follows: 

• 3  measured wavefront error versus /2 Code V produced wavefront error 

• Primary measured aberration is trefoil, not seen in Code V model 

• Measured MTF 30% of Code V produced MTF 

• Measured spot sizes increased by 30% for best case, 1000% for worst case 

These measurements show the primary system error is the assembly error.  The trefoil 

caused by bolting forces is the primary aberration in the wavefront measurements and 

without these errors the system measured wavefront would compare favorable to the 

Code V model as the /2 RMS wavefront error shows. 

 

These results show the need for future work.  Future work applicable for this research 

includes: 

• Secondary reference element alignment process for dual-pass interferometry 

• Removing over constraint caused by full perimeter fiducial surfaces 

• Separating mechanical bolting forces from optical surfaces 
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7 APPENDICES 
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7.1 Appendix A – CMM Calibration 

7.1.1 Gage Block Height Measurements 

 

Table 7-1.  0.050” Gage Block 

0.050" = 1.27 mm
height (mm) Flatness (mm)

1.277 0.001
1.277 0.001
1.277 0.000
1.275 0.001
1.275 0.001  

 

Table 7-2.  0.1009” Gage Block 

0.1009" = 2.563 mm
height (mm) Flatness (mm)

2.567 0.001
2.566 0.000
2.567 0.000
2.566 0.000  
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Table 7-3.  0.2” Gage Block 

0.2" = 5.08 mm
height (mm) Flatness (mm)

5.086 0.002
5.085 0.002
5.084 0.001
5.084 0.000
5.085 0.001  

 

Table 7-4.  0.3” Gage Block 

0.3" = 7.62 mm
height (mm) Flatness (mm)

7.627 0.003
7.627 0.000
7.626 0.000  

 

Table 7-5.  0.4” Gage Block 

0.4" = 10.16 mm
height (mm) Flatness (mm)

10.165 0.001
10.165 0.000
10.164 0.001
10.165 0.001  
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Table 7-6.  1” Gage Block 

1" = 25.4 mm
height (mm) Flatness (mm)

25.410 0.001
25.410 0.000
25.411 0.001
25.412 0.000
25.409 0.000  

 

Table 7-7.  2” Gage Block 

2" = 50.8 mm
height (mm) Flatness (mm)

50.806 0.001
50.806 0.001
50.806 0.000
50.807 0.001  

 

Table 7-8.  4” Gage Block 

4" = 101.6 mm
height (mm) Flatness (mm)

101.605 0.001
101.605 0.001
101.605 0.000  
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7.1.2 Gage Block Bi-Directional Measurements 

 

Figure 7-1.  Gage Block Diagram 

 

Some of the gage block measurement errors were thought to come from the error inherent 

in probing in a unidirectional manner.  To test this theory, two gage blocks were wrung 

together, as shown in Figure 7-1, and gage block 1 was measured using surface A to 

surface B and surface A to surface C.  The wringing film layer of two gage blocks is 

approximately 6 nm which is below the resolution of the CMM, therefore the 

measurements for A-B and A-C should be equivalent [16].  The following tables show 

that the measurements are rarely equal and A-C is usually smaller than A-B which is 

counterintuitive.   
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Table 7-9.  Measurements for Figure 7-1 Orientation 

A-B Length (mm) Flatness A-C Length Flatness
101.603 0.001 101.602 0.001
101.601 0.001 101.602 0.002
101.602 0.001 101.601 0.001
101.601 0.001 101.599 0.001

Rotate 180 deg
101.599 0.001 101.598 0.002
101.598 0.002 101.599 0.002
101.599 0.001 101.597 0.002  

 

Table 7-10.  Measurements for 90º from Figure 7-1 Orientation 

A-B Length (mm) Flatness A-C Length Flatness
101.601 0.001 101.597 0.001
101.604 0.002 101.595 0.001
101.601 0.003 101.597 0.002
101.596 0.004 11.599 0.004

Rotate 180 deg
101.600 0.001 101.598 0.003
101.601 0.004 101.597 0.006
101.601 0.004 101.597 0.001  

 

Table 7-11.  Measurements for +45º from Figure 7-1 Orientation 

A-B Length (mm) Flatness A-C Length Flatness
101.604 0.001 101.594 0.002
101.600 0.003 101.596 0.005
101.604 0.001 101.601 0.005

Rotate 180 deg
101.601 0.001 101.598 0.004
101.601 0.006 101.595 0.003
101.599 0.004 101.597 0.003  
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Table 7-12.  Measurements for -45º from Figure 7-1 Orientation 

A-B Length (mm) Flatness A-C Length Flatness
101.602 0.005 101.601 0.004
101.601 0.001 101.604 0.001
101.600 0.004 101.601 0.003

Rotate 180 deg
101.602 0.005 101.600 0.004
101.602 0.002 101.598 0.001
101.600 0.003 101.600 0.002  



 

136 

7.2 Appendix B – Telescope Component Drawings 
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7.3 Appendix C – Characteristic Aberration Shapes 

 

Figure 7-2.  Characteristic Shapes of Common Low Order Aberrations [13] 


