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Abstract 

High-power laser systems, such as the National Ignition Facility (NIF) project at 

Lawrence Livermore National Laboratories (LLNL). require optics of extremely high 

quality. Surface errors, especially periodic surface relief structures, can lead to focal spot 

degradation at best and serious damage to downstream optics at worst." The optics in 

these systems must be characterized with a high degree of accuracy to ensure proper 

operation. To provide system optics of sufficient quality, the testing apparatus must 

measure surface structure with high fidelity and cannot introduce significant errors into 

the measurements. 

This paper deals with measurements taken on two WYKO phase-shifting laser 

Fizeau interferometers to optimize their ability to meet the measurement requirements for 

optics in high-power laser systems. Increasingly, tolerances on optics are being specified 

with the power spectral density function (PSD) of the surface height data, and thus the 

power spectrum is used to characterize the measurement system. The system transfer 

function, which is the ratio of the measured amplitude of frequency components to the 

actual, is calculated using several methods. The effects of various parameters on the 

calculated system transfer function are studied. 

First, the use of the finite Fourier transform to estimate the power spectrum from 

surface profile data was studied. Next, simulated measurements were analyzed to 

determine the effects of rotation, feature location, noise, windowing, and other variables 
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on the calculated power spectral density. After the theoretical analysis, the interferometer 

transfer function was calculated using two techniques. The effects of wavefront 

propagation on the measurements were also studied. 

Measurements were first taken on a 150mm laser Fizeau system where the effect 

of changing various parameters was studied. Final measurements were taken on the 

600mm system to verify system performance. The large aperture laser Fizeau 

interferometer as built had a system transfer that surpassed the system requirements with 

regards to transfer function and measurement noise. The system measured frequency 

amplitudes with 70% fidelity up to half the Nyquist frequency. In addition, the power 

spectrum of the noise plots was below the system specification of O.lv ' "'nm'mm over 

the spatial frequencies v of interest.' more than ten times lower than the specification on 

the parts to be measured. 

12 



13 

Introduction 

Motivation for Current Optics Specifications 

Over the past several years, the optics industry has increasingly required tighter 

tolerances on optics for use in science and industry. As systems become more complex 

and the design goals more ambitious, characterization of components must improve to 

assure proper system performance. One system requiring extremely accurate 

characterization of its optics is the National Ignition Facility (NIF) project of Lawrence 

Livermore National Laboratories (LLNL). 

The LLNL laser program has long striven to construct a laser system for inertially 

confined fusion." The NIF project will combine the output of 192 laser beams with 1.8 

MJ of total energy. 500TW of power, to finally provide fusion ignition. For the first 

time, the output power of the system exceeds will the optical power incident on the fusion 

sample. Each of the 192 beams combined on the sample will employ approximately 39 

components larger than 40 cm x 40 cm. Overall, more than 8.000 such optics will be 

built and tested for the project. With so many components to measure, the speed, 

accuracy and reliability of the testing instrument are crucial to ensure final system 

performance meets expectations. 

In such a complex, high-power system, the transmitted beam quality as it passes 

through the optics is critical to the laser's performance". First, propagation of wavefront 

errors can cause phase modulations to evolve into amplitude modulations further down 

13 
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the beam path. Next, nonlinear gain will cause modulations of certain spatial patterns to 

undergo enhancement at high powers, a process known as smail-ripple amplification. 

Further, holographic imaging of hot spots may occur farther along the beam. Any of 

these factors may cause unacceptable degradation of the focal spot and damage to the 

optics within the system. In addition. Lawrence Livermore will carry out computer 

simulations to calculate final system performance. For accurate prediction of the system 

output, the optics must be to a high degree of precision. 

Prior to the Beamlet and NIF projects, the laser program at LLNL. and indeed 

most high-power laser programs, specified transmitted wavefront quality in terms of 

peak-to-valley distortion and maximum allowable wavefront gradient." As late as 1986. 

with the construction of the Nova laser, the ma.ximum obtainable spatial resolution over a 

full aperture was only 20 points." Thus, only ver\' low-frequency structure could be 

measured. Surface slope specifications appeared adequate, however, and no problems 

were encountered due to the lack of high spatial resolution measurements. 

In 1991. the Beamlet laser was constructed as a prototype of one of the 192 arms 

of the final NIF laser. Wavefront quality was specified to provide single pass peak-to-

valley wavefront distortion of less than }J6 with a gradient less than /VSO/cm over the 

clear aperture. Although surface specifications were more stringent than in previous 

systems, unacceptably high near-field intensity modulations were observed in the output 

beam. Analysis of the optics eventually demonstrated that these errors were due to small 

tool processes used to finish some of the system optics.^ These processes created periodic 

14 
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structure iri the surfaces that caused the observed anomalies through a process known as 

small ripple amplification. Once the problem with the optics was understood, the surface 

specifications were changed to preclude the use of finishing processes that would produce 

such periodic variations. With refinished optics, the laser performed as designed. 

Based on observations made on the Beamlet laser as well as extensive computer 

modeling, a series of specifications for surface optics has been produced to ensure 

adequate performance of the completed NIF system. These specifications require greater 

accuracy and resolution than those used previously with high-power laser optics. 

Fortunately, the advent of the microcomputer and charge coupled device (CCD) cameras 

with large numbers of pixels has lead increasingly to the use of phase-shifting 

interferometry to profile surfaces.^^ This technique allows for rapid and highly accurate 

characterization of a surface such that the required measurements of the optics can be 

made. Due to size constraints as well as the mostly common path nature of laser Fizeau 

interferometers, this configuration was chosen for the system to measure the NIF optics. 

For traditional laser Fizeau applications, low-frequency figure errors characterized 

by Zemike coefficients^, peak-to-valley wavefront error, or wavefront slope are usually 

used to specify surface quality. Such figure errors are most crucial to system 

performance and higher spatial frequencies are not considered. Modeling of the laser 

performance of the NIF system, however, demonstrates a large sensitivity to spatial 

frequency errors between .03 lines/mm and 8.3 lines/mm. referred to in the NIF 

specifications as mid-spatial scale frequency variations'. 

15 
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The stringent measurement requirements for this project call for the 

interferometer to measure to as high a spatial frequency as possible. Final interferometer 

specifications require the amplitude of periodic components to be measured with greater 

than 60% their true amplitude out to half the Nyquist frequency. The final system, with a 

1000 by 1000 pixel camera looking at a 100 by 100mm field of view, will therefore 

measure features with spatial frequencies up to 2.5 lines/mm. Further, strict constraints 

on system noise were made, such that the difference between the calculated surface of 

two successive measurements has an root mean squared (rms) roughness less than Inm. 

The calculated one-dimensional power spectral density of the subtracted data was also 

specified to lie below the curve .1 v"' nm"mm for any frequency v of interest. 

Use of Power Spectral Density for Optics Characterization 

Proper evaluation of precision optics requires high-resolution measurements with 

knowledge of the amplitude and frequency of the components that make up the surface. 

The usual surface specification parameters described above such as peak-to-valley 

wavefront error or root mean square roughness are inappropriate for the high precision 

measurements required by the NIF project. A surface specification which provides 

frequency content information is needed. The power spectral density function, calculated 

as the square of the Fourier transform of the surface height data, is one such specification. 

Recently, the PSD has been designated as the favored international standard for 

characterizing surface roughness.® Although no ISO standards for transmitted wavefront 

16 



17 

yet exist, the PSD is appropriate for such analysis and efforts are underway to use it for 

wavefront specifications." 

The PSD is preferred for precise optics characterization for a variety of reasons. 

First, the two-dimensional PSD characterizes the test surface more completely than the 

alternative analysis techniques mentioned above. While phase information about the 

periodic components which constitute a surface is lost, information describing the 

frequency, amplitude, and orientation of these components is present in the two-

dimensional PSD analysis. Periodic surface errors will show as spikes in a contour plot 

of the PSD with orientation and magnitude readily apparent. Knowledge of this data and 

flducials on the parts being tested should allow a part to polished further to eliminate any 

periodic structure seen in the measurements. 

In addition, the PSD of a surface may be easily calculated using modem 

computers. As mentioned previously, the PSD may be obtained by taking the square of 

the Fourier transform of the surface height data, or by taking the Fourier transform of the 

autocovariance function calculated from the surface profile." Either of these options will 

provide equivalent estimates of the power spectrum of the test surface. These 

calculations are readily performed using a fast Fourier transform (FFT) calculation, which 

is rapidly becoming a general analysis tool. While in the past performing Fourier 

transform calculations on large arrays was quite time consuming, modem computers 

quickly accomplish such operations. Thus, despite the increased surface information 

offered by the PSD. rapid surface analysis is still possible. 

17 
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The PSD may also be easily used to calculate the rms roughness of the surface.'* 

The volume under the two-dimensional PSD or area under the one-dimensional PSD over 

a given frequency range gives the rms roughness of the surface over that frequency range. 

If surface roughness over certain spatial frequencies is more important that others, only 

the frequencies of interest need be e.xamined. Also, only those spatial frequencies valid 

for a given instrument need be considered; if data beyond a given frequency is known to 

contain only noise rather than valid information, those frequencies may be ignored. 

Finally, the rms roughness as calculated from different instruments with partially 

overlapping frequency ranges may be compared.'' Thus, further verification of the 

measurement results is provided. 

18 
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Interferometer Transfer Function 

In order to ensure measurements of the optics to the required degree of accuracy, 

the test system must be well characterized. The interferometer must produce an estimate 

of the true PSD of the sample without significant noise, loss of resolution, or artifacts. If 

any of these are present, the test piece may appear to meet specifications when it should 

fail. Equally as undesirable, the test piece may be polished to correct none.xistent surface 

errors, potentially causing a satisfactory part to be damaged beyond repair. 

Several factors affect the measurement results: the optics, electronics, and the test 

environment. Among the most controllable of these factors are the optics, since they are 

designed to meet the system specifications. In characterizing the system transfer 

function, however, items such as decenter and defocus of the imaging lens and 

misalignment of the camera are considered. Although the optics of the interferometer 

should be positioned accurately, these effects are studied to determine how critical these 

parameters are. If the system transfer function is relatively insensitive to these variables, 

final alignment will be much simpler than if each element needs to be positioned to 

extremely tight tolerances. 

Other optical effects studied involve the effect of stray reflections and diffraction 

on the measurements. Multiple reflections off the optics, camera, and test piece may 

cause more than two beams to interfere in the observation plane.'" This multiple beam 

interference can cause nearly sinusoidal features to appear in the measurement when in 
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fact no such feature exists. Also, diffraction patterns from dust or stray reflections may 

appear in the final measurements. The behavior of these unwanted features must be 

studied to determine how they may be eliminated or reduced sufficiently so as not to 

significantly affect the measurement results. 

The piece of electronics most crucial to the measurement results is the charged-

coupled device (CCD) used to take data. CCD cameras may introduce white or pink 

noise due to the detector properties as well as periodic noise associated with the process 

of reading data from the camera." Either type of noise will artificially raise the 

calculated PSD of the measurement. The noise properties of the camera must be well 

characterized to ensure that the noise is within acceptable bounds. Even if the CCD 

camera has acceptable noise properties, measurements must be taken to ensure noise 

reduction was not achieved through electronic filtering which lowers the transfer function 

of the camera. 

Environmental issues that are studied include both effects of turbulence on the 

measurement and the measurement setup itself. The NIF system will employ many 

optics at Brewster's angle, and these optics must be tested at the angle of use. Figure I 

demonstrates the setup for a transmission measurement at Brewster's angle. As can be 

seen from the drawing, there is a large distance between certain portions of the test piece 

and the return flat. Even when testing at normal incidence, the mounting requirements of 

the optics necessitate significant distances between the test piece and return flat. The 
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severity of turbulence effects with propagation distance under normal laboratory 

conditions is examined to determine if special precautions need be taken. 

Transmission 
Flat (TF) 

65 cm Return 
Flat (RF) 

Test 
Piece 

5 cm 

Figure 1: Transmission measurement setup for part tested at Brewster's angle. The top of 
the test piece is quite far from the return flat, and some of the test part will be out of 
focus. 

Even in the absence of turbulence effects, propagation will inherently affect 

measurement of periodic phase variations. The wavefront passing through or reflecting 

from the test surface propagates, reflects off the retum flat and propagates back to the test 

piece. During this propagation, higher spatial frequencies may experience significant 

distortion due to Fresnel diffraction effects.'' Thus, the effects of propagation on the 

wavefront to be measured are also carefully examined. A related concern is that much of 

the test piece will not be in focus, potentially causing system aberrations to degrade the 

measurement results of the instrument. 

Each of the above factors must be studied to guarantee that the final system will 

meet performance specifications. If the system is overly sensitive to turbulence, care 



must be taken to baffle the system from unwanted drafts. Camera characteristics must be 

closely studied to ensure high resolution and low noise, and the system optics may 

require highly accurate placement. Finally, the mounting fi.xtures for the test piece and 

return flat may require modification to reduce propagation distances if these affect the 

results beyond acceptable parameters. 
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Determination of System Transfer Function 

As mentioned previously, the power spectral density will be used to characterize 

the NIF optics and the system transfer function (STF) of the interferometer. The system 

transfer function is defined as the ratio of the Fourier amplitude components measured 

versus the theoretical Fourier amplitude components for a given test piece. Since the 

PSD gives the square of the Fourier amplitude components, the STF at each frequency v 

may be calculated as follows: 

In order to determine the system transfer function, one must therefore take 

measurements on samples with known power spectral density characteristics. Ideally, 

one would measure a perfect delta function object, which contains all spatial frequencies 

of equal amplitude.'* For this case, PSDjj^.ai would be a constant for all frequencies and 

the system transfer function calculation becomes trivial. Unfortunately, no such object 

e.xists. so other objects with known Fourier spectra must be used. 

PSD (v) nictis ^ ' ( 1 ) 

Step Object 

One possible solution to the problem is to employ a high quality phase step as the 

test object.'^ The theoretical power spectral density of a phase step has a l/v" 

frequency dependence. Therefore, comparison of the PSD of a measured phase step with 
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the ideal will provide information about the system transfer function over all frequencies 

of interest. Rotation and translation of the step allows one to easily evaluate the effects of 

these operations on all spatial frequencies simultaneously. Further, if the step is 

transmissive. system transfer function measurements may be made in both reflection and 

transmission and propagation and defocus effects may be easily studied. 

Although use of a step object has many advantages, several disadvantages of the 

method are evident. First, to ensure sufficient semipling on either side of the step and a 

PSD curve that closely matches the theoretical, one must obtain a fairly large, high-

quality phase step. For the experiments described in the paper, a diamond-turned fused 

silica step of approximately 50mm diameter is used. Even with such a step, surface 

imperfections cause the PSD to go above that of a perfect step at certain frequencies. 

Also, the very sharpness required of the step causes some edge points to modulate poorly 

and thus not be measured by the interferometer. Since the edge region is the area of 

interest, data must be retaken until all points are sampled, lengthening the overall 

measurement process. In addition to the above problems with the step construction, 

spurious fringes due to multiple reflections between the front and back of the step must 

be eliminated. This entails ensuring sufficient wedge between the front and back surfaces 

of the step or AR coating one of the sides of the step. 

Other disadvantages of the step method exist. Use of a step object only measures 

the STF across one line of the aperture at a time. To test variations of transfer function 

with field location the step must be translated, and the edges of the field cannot be 
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measured since some data must be present on eitlier side of the surface discontinuity. 

Finally, great care must be taken to ensure that the step is sharply in focus. If defocus is 

present the transfer function one calculates will be lower than would be the case for an in-

focus object. Since obtaining perfect focus is not always trivial, this requirement 

complicates the measurement procedure. 

Sinusoidal Gratings 

Due to the above concerns, a complimentary measurement technique that 

overcomes these difficulties is desired. Such a method would serve as a check on the 

accuracy of STF calculations involving the phase step. One object with known PSD 

characteristics that allows measurement across more than one line of the aperture is a 

sinusoidal grating. The PSD of a sinusoidal grating, however, consists of a single spike 

at the grating frequency. Thus, multiple gratings would be required to sample the PSD 

sufficiently over the frequencies of interest. Production of many high quality gratings, 

through holographic techniques or other means, would be a costly and time-consuming 

process. 

Fortunately, one may create effective sinusoidal phase gratings for measurement 

using multiple beam interference. In this technique, two beams are used to produce a 

sinusoidal phase variation and a third used to measure this structure. Figure 2 below 

illustrates the setup used to create such a grating. 
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ntBrferometer 

Imaging Lens 

Return Rsrt 
(Beam 3) 

CCD Array 

Laser & 
Spatial Filter 

AR Coated Side of Transmission Flat 
(Beam 2) 

4% Reflectance Side of Reference Flat 
(Beam 1) 

Figure 2: Schematic contiguration for creation of simulated sinusoidal phase grating. 
Beams 2 and 3 combine to form a phase grating which is measured by phase-shifting the 
reference flat. 

Considering the two rightmost flats, standard two beam interference equations 

give the phase of the combination as' ̂  

CD = arctan 

2TZ . Ztt . A, * sin( ^-sin(0 ,) * .v) + .-i, * sin( sin( 0 ̂ ) * .r) 
A X 
271 ITZ 

A, * cos (— sin( 0 ,) * ) + --i 3 * cos( — sin( 0 ,) * x) 
/. • A. 

( 2 )  

In the above equation. At  and A, are the amplitude reflectances of the two beams. 

X is the wavelength, and 0, and 0, are the angles the two beams make with respect to the 

coordinate system. If the coordinates are defined such that 0, = 0 and 0, = 0 is the angle 

between the two beams, one gets: 
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O = arctan 

271 
.-I3 * sin( — sin(0) * x) 

A; 
2k 

+ A, * cos( — sin(0) * x) 
X. 

( 3 )  

Provided that the difference between At  and A, is large. O is approximately sinusoidal. 

In practice, this condition is met with differences greater than about a factor of two. 

Thus, the combination of these beams presents an effective sinusoidal phase grating to the 

interferometer, measured by the beam reflected from the reference flat. For the 

experiments described in this dissertation, Ai and A5 were .20 and .05. respectively. 

Figure 3 below illustrates the theoretical grating shape compared to that of a perfect 

sinusoidal grating for these values. For this case, the beam combination does effectively 

approximate a sine wave. 
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Figure 3: Phase from three beam interference versus that of a perfect sine wave. 

Using multiple beam interference to generate sinusoidal gratings for STF 

determination has several advantages over using actual gratings produced through 

holography or other means. First, the only materials required for production of the 
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simulated gratings are three high quality flats, readily available with most interferometric 

systems. Next, although each measurement produces STF data at only one frequency and 

orientation, both may be changed merely by tilting one of the return flats, allowing 

sampling as fine as desired at any angle. In addition, if large flats are used, the grating 

covers the entire field of view, allowing one to easily see if certain zones of the pupil 

measure noticeably more poorly than others. Also, since plane wave interference is used 

to generate the gratings, defocus is not a problem in the measurement since there is no 
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actual test piece to focus on. Finally, using the entire dataset for the STF calculation 

gives one a system transfer function that is effectively an average over the field. 

Using the two known objects described above gives detailed knowledge of the 

overall system transfer function. Each step measurement provides information about all 

spatial frequencies and a small field, while each sinusoidal grating measurement provides 

information about one spatial frequency and the entire field. Both measurement methods 

allow results to be easily compared to theory, although slight deviations in the step and 

test flats from perfect shapes may cause some minor discrepancies. The combination of 

these two methods allows measurement of the STF when no propagation effects are 

present as well as a determination of exactly what problems propagation between the test 

piece and return flat may cause. Though neither method provides total characterization 

separately, the combination of the two allows for a high degree of confidence in the 

calculated system transfer function. 
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The Finite Fourier Transform and Finite PSD 

Introduction 

Fourier transform calculations play a significant role in both the system transfer 

function calculations and in the final qualification of test pieces for the NIF system. 

Therefore, a study of potential problems associated with the Fourier transform is 

warranted. If the mathematical analysis of the surface data as measured by the 

interferometer is inaccurate or misleading, the performance of the optics and electronics 

does not matter. 

As mentioned previously, the PSD of a dataset may be calculated by taking the 

square of the Fourier transform of the surface height data. The transformation of a 

continuous, infinitely large surface map into a continuous, infinitely large power 

spectrum plot would not result in any loss of data. In practice, however, the CCD used to 

take data has a finite number of pixels and the Fourier transform the computer calculates 

is also of limited e.xtent. Thus a finite, sampled dataset is transformed into a finite, 

sampled PSD curve, and effects from this discretization of data must be considered. The 

equation governing the finite PSD calculation is as follows'^: 
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PSD(Lm) = 
* . H km 

,=0 t=o -v, iV, 
( 4 )  

N^= number of samples in x direction 
Ny = number of samples in y direction 
1 = horizontal index for computed set of frequency components (0.1.2....N^-1) 
m = vertical index for computed set of frequency components (0.1.2....N,-l) 
i = horizontal spatial sample index (0.1.2....N^-1) 
k = vertical spatial sample index (0.1.2....N^-l) 
s(i.k)= surface height data from the phase-shifting calculation 
w(i.k)= windowing function used to multiply the surface data 

The above equation will produce the appropriate PSD data for a sampled 

waveform of finite extent in both the spatial and frequency domains. Often, however, 

one wishes to interpret the discrete results in a continuous fashion. For instance, an 

apparently sinusoidal signal should produce a PSD plot with a single spike at the positive 

and negative frequencies of the sine wave.'^ Similarly, the PSD of a step should fall off 

as 1/f". as mentioned previously. 

Due to the finite data window and sampling issues, however, the discrete PSD 

plot may not always match what would be expected for the continuous case. For 

example, when one uses a sampled version of a step and the finite Fourier transform, high 

and low-frequency artifacts appear in the calculated PSD. For a phase step of height H. 

sampled at N equally spaced intervals of dimension D. the calculated PSD is:'^ 
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PSD{f,„) = ( 5 )  

In the above equation. f^=m/ND is the spatial frequency of the m-th harmonic and C is a 

real constant which depends on the windowing function applied to the data. If D is 

sufficiently small, the sine may be approximated by the angle itself and the above 

expression becomes: 

In the above. L=ND is the length of the trace across the step. The expression 

shows the l/f' dependence mentioned previously. For most practical cases, however, 

including those described in this paper, imperfections in the step, noise, and other factors 

will cause noticeable deviations from the ideal discrete form of Equation ( 6 ). Thus, it is 

important to analyze the effects of various operations and measurement conditions 

associated with calculation of the finite PSD. Any improvement in the correspondence 

between the finite PSD data results and those that would be obtained from a continuous 

calculation will allow greater ease and accuracy of data interpretation and analysis. 

T i ' *  L  f -A: 
( 6 )  

Sampling of Data 

One of the most obvious consequences of the finite PSD calculation is that while 

the measured surface is continuous, with components from a continuum of frequencies, 

the PSD produced is sampled, with a finite number of frequency terms. The Nyquist 



theory states that in order to measure a given frequency, one must have at least two 

sample points per period. If one uses a detector with a fixed number of pixels, 

components with shorter periods will become folded back, or aliased, into the range of 

frequencies below that value."" 

Aliasing of high frequency terms is generally not a problem for most commercial 

interferometers. Because they are generally designed to measure low-frequency figure 

errors, the optical transfer function is allowed to fall off fairly rapidly. Thus, high 

frequency features are greatly attenuated and no significant frequency terms are present to 

be aliased. For the NIF project, however, the optical transfer function remains quite high 

out to the Nyquist frequency and beyond. Thus, higher frequencies will become aliased 

into lower ones. Precautions must be taken to ensure that the frequency structures 

observed truly exist and are not merely aliased versions of higher frequency components. 

Although some aliasing in the PSD calculation is inevitable when dealing with 

aperiodic surfaces, most surfaces have relatively small high frequency components. If the 

PSD plot is close to zero at the Nyquist frequency, significant aliasing will most likely 

not be present in the data. Only where the amplitude of the PSD is still significant near 

the Nyquist frequency, or in cases where unevenly spaced harmonic frequency 

components are prominent, should significant aliasing be expected.'^ Further, for the NIF 

project, only frequencies up to half the Nyquist frequency are considered. This reduces 

the possibility of aliased components in PSD analysis since only frequencies greater than 

1.5 times the Nyquist frequency alias into this range. 
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Figure 4 demonstrates the PSD plot of a piece of laser glass provided by 

Lawrence Livermore for evaluation purposes. The plot clearly approaches zero at higher 

frequencies , and no unevenly spaced harmonic lines are evident. Assuming the amplitude 

of frequency components continues to fall beyond the Nyquist frequency, no significant 

aliasing should be present at lower frequencies . Knowledge of the process by which the 

part was produced may provide further information into whether any large high frequency 

components may be present in the finished piece. The only way to ensure aliasing has 

not occurred is to measure the sample on a system with higher frequency response, 

however. 
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Figure 4: Typical PSD from a measurement of laser glass. Higher spatial frequencies 
have much smaller components than lower ones, reducing potential aliasing effects. 

In addition to aliasing of high frequency terms, there is also an effective low-

frequency cutoff. 14 The original surface measurement is usually detrended to remove 

piston, tilt, and sometimes power introduced by the measurement process. 17 Such 



subtraction of terms is equivalent to a high-pass filtering operation that removes the DC 

terms and reduces the amplitude of the 1/length frequency term. Thus, the DC and 

fundamental frequency term should not be considered in the PSD analysis if accurate 

information is to be obtained. To ensure a further margin for error, data analysis for the 

NIF project will only consider frequencies with greater than three cycles across the 

aperture, rather than the two cycles over the aperture that the above e.xplanation suggests. 

Data Windowing 

Another cause of deviation of the calculated PSD from its expected value is that 

the discrete Fourier transform gives the frequency components of the sampled, windowed 

waveform rather than the unsampled infinitely large waveform generally assumed to 

exist. When an infinitely large function is windowed in the space domain, for instance by 

a rectangular function such as a CCD array, the resulting Fourier transform will be the 

convolution of the Fourier transform of the original function and the transform of the 

windowing function.'^ A certain amount of spreading and smoothing of the PSD features 

will therefore occur. The exact nature of the PSD distortion is determined by the nature 

of the windowing function used. This spreading of frequency terms into adjacent 

frequencies is known as leakage. 

If the period of the feature being transformed and the length of the window 

function are harmonically related, sampling of the data will occur such that no deviation 

from the continuous PSD plot is observed.'® If. however, there are an uneven number of 
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periods across the window, the convolution described above will result in a PSD plot with 

lower peaks and a broader range of frequencies. This distorted PSD plot makes it 

difficult to easily determine the true amplitude and frequency of the surface from which 

the PSD was calculated. 

Figure 5 through Figure 8 demonstrate this effect. Figure 5 shows several cycles 

of a cosine wave with an even number of periods across the field of view and Figure 6 

shows the calculated one-dimensional PSD of the data. As desired, there is a single 

frequency spike at the frequency of the cosine wave and no nonzero data elsewhere. 

Examination of the PSD plot provides accurate information as to the amplitude and 

frequency of the continuous sine wave used to produce the finite, sampled sine wave 

actually transformed. 

-1.5 -------------------------

Figure 5: Sine wave with integer number of periods across the aperture. 
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Figure 6: PSD of sine wave with integer number of periods across the aperture. 

If the period is now changed slightly such that there are no longer an integer 

number of periods across the field, as in Figure 7 , the PSD curve of Figure 8 results. 

One no longer observes a single frequency spike, but rather the spike has been spread 

over a finite range. Examination of this curve based on the peak height of the frequency 

spike may suggest that this sine wave was of lower amplitude than that used to produce 

the PSD curve from Figure 6. In fact, the sine waves had equal amplitude. 

Only by examining the area under the spike can one determine that the two sine 

waves had equal amplitudes. While the peaks of the two curves differ by nearly 50o/o, the 

areas under the PSD curves taken by summing the frequency terms surrounding the peak 

agree to within 1%. Thus, the one-dimensional PSD plot for this case does not visually 

provide accurate information about the amplitude of the continuous sine wave used to 

generate the discrete data. The area under the PSD curve remains the same, but one must 



account for the spreading of frequency information in order to accurately judge the 

strength of the surface error. 
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Figure 7: Sine wave with non-integer number of periods across the field. 
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Figure 8: PSD of sine wave of Figure 7 showing broadening and lowering of frequency 
spike from the integer case of Figure 6. 
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The problems mentioned above are not limited to periodic data. The discrete PSD 

of aperiodic functions may also appear differently than they would for calculations 

involving a continuous, infinitely large function. The finite Fourier transform assumes a 

periodicity of the windowed function; one may consider the windowed function to be 
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repeated an infinite number of times on either side of the center window.'^ When the 

edges of the windowed function do not fall smoothly to zero, there will be jumps when 

the windowed function is repeated. This will cause discrepancies between the calculated 

values of the discrete and continuous Fourier transforms. 



40 

If one considers a perfect step, repetition of the windowed function will make it 

appear as a square wave function rather than a single step whose sides extend infinitely. 

The discrete PSD will therefore contain only the odd harmonics that would reconstruct a 

square wave rather than every frequency, necessary to reconstruct a step. This 

phenomenon is illustrated in Figure 9, which shows the discrete PSD calculated for a step 

function as opposed to that expected from theory. In the plot, PSD values of zero were 

set to .01 so that a log-log plot could be employed. The differences between the two plots 

at low and high frequencies are due to the discrete sampling of the step. The zeroing of 

every other frequency for the windowed step is due to the step appearing as a rectangle 

wave to the FFT. Even generally smooth structures such as the NIF optics may 

experience problems due to non-zero data at the window edges. 
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Figure 9: Theoretical PSD of an infinite step function as well as PSD of sampled step 
multiplied by a rectangular window. Alternate points of the windowed step go to zero 
but were set to .01 so that a log/log plot could be employed. 
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In order to overcome the above difficulties, discontinuities at the window edges 

may be removed by tapering the rectangular window. If the windowed function goes to 

zero (or nearly so) at the edges of the window and smoothly continues when the window 

and function are repeated, the leakage errors described above will be minimized. 

Functions such as the Harming window, Hamming window, and extended cosine bell, 

illustrated in Figure 10. have such characteristics. Use of such windows to eliminate 

discontinuities at the edge of the data causes the waveform and window to appear 

periodic upon repetition. 
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Figure 10: Three common windowing functions used to eliminate discontinuities at the 
edge of the aperture. 

Use of these windows produces PSD results that more closely resemble those 

obtained from a continuous calculation. Figure 11 demonstrates the PSD of a step 
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function vviien multiplied by a Manning window. Hamming window, and extended cosine 

bell, as well as the theoretical 1/f" curve one would expect for the continuous case. The 

plot encompasses frequencies from three times the fundamental out to the Nyquist 

frequency. Although there are some low and high frequency differences in the calculated 

PSD from the ideal, no frequencies go exactly to zero as was the case with the 

rectangularly windowed step. It can be seen that the PSD using the extended cosine bell 

window oscillates more at low frequencies than the other plots. Looking at the root mean 

squared difference between the windowed step PSD's and the ideal PSD. one may 

calculate that the Harming window produces results which most closely match the ideal. 
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Figure 11: Theoretical PSD of a step function and calculated PSD's using the windowing 
functions of Figure 10. Frequencies of interest range from the 3"* point to the 64"' point, 
or 3 times the fundamental frequency to half the Nyquist frequency. The extended cosine 
bell produces the most low-frequency ringing, the Hamming window high-frequency 
ringing. 
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Using non-rectangular windows to improve the finite PSD results does have 

drawbacks, however. One of the most noticeable effects is that the Fourier transforms of 

such windows have wider central lobes than that of a rectangular window, though the side 

lobes are smaller."" When these windows are used, the wider main lobe causes adjacent 

equal amplitude frequency components to become more difficult to distinguish, although 

unequal amplitude adjacent components may be easier to distinguish due to the smaller 

side lobes. Different windows cause different tradeoffs between the width of the main 

lobe and height of the side lobes. Because of this, the optimum window will be different 

for different situations. 

To illustrate this point, the dataset illustrated in Figure 12 was e.xamined. The test 

piece was one of the optics for use in the NIF project. .A. faint horizontal structure may be 

visually observed in the piece. The two-dimensional PSD was collapsed in the vertical 

direction (perpendicular to the observed structure) to obtain one-dimensional PSD plots. 

The dataset was e.xamined using a rectangular. Manning. Hamming and extended 

cosine bell window function. The calculated PSD of the test piece for each case is shown 

in Figure 13. While the general shape and scale of each of the plots are the same, much 

of the fine structure differs from plot to plot. Of particular note is the small frequency 

spike which occurs at point 17 on the plots (the x axis ranges from DC at point 0 to 

Nyquist frequency at point 120). This frequency corresponds to the horizontal structure 

seen in the dataset. However, use of the Hanning and Hamming windows smoothes this 
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spike into a shoulder, which could cause the structure to be missed in the analysis of the 

test piece. Thus; depending on the window employed, surface features will be 

emphasized differently. Of course, the best window to use for the analysis depends both 

on the frequency structure of the surface, which of course is not known a priori or the 

measurement would be unnecessary in the first place. 

Surface Data 

Su:rtace Statistics: 111 .5 
5.77 

Ra: 0.58 run 
Rq: 0.73 run 4 .50 

Rz: 5.52 run 

Rt: 9.67 run 80 .0 3 .00 

Set-up Parameters: 1.50 
Size : 368 X 240 60 .0 

Sampling: 400.00 um 0 .00 

40 .0 
Processed Options: -1.50 

T errns Removed: 
Tilt 20 .0 

Filtering: -3.90 

None 0 .0 

0 .0 20 .0 40 .0 60.0 80 .0 100.0 120.0 146.8 

Figure 12: Surface measurement showing slight horizontal structure. 
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Figure 13: One-dimensional PSD of surface of Figure 12. Rectangular (upper left). 
Harming (lower left). Hamming (upper right) and extended cosine bell (lower right) 
windows were used on the data. The different windows emphasize the frequency spike 
near data point 15 differently. 



46 

The analysis program Phanaly supplied by LLNL to calculate the power spectra of 

surface measurements employs the Hamiing window, one of the more common 

smoothing windows. In addition, as seen in Figure 11, the Manning window produces 

PSD plots closest to the ideal for step measurements, which will constitute a majority of 

the system transfer function calculations in this dissertation. As mentioned previously, 

determining the optimum window for each measurement is not feasible unless the surface 

structure is known in advance. This being true, the Harming window is chosen for the 

sake of consistency with LLNL's measurement program and because of its superior 

properties when used on step data. The effects of using the Manning window must be 

studied to determine potential problems associated with its use. however. 

Hanning Window Evaluation 

Towards this end. loss of frequency resolution caused by use of the Manning 

window is first considered. The change in frequency resolution is mainly a factor of two 

basic parameters of the window function. One of these parameters is width of the main 

lobe of the Fourier transform of the window. The wider the main lobe of the transform, 

the less equal amplitude adjacent frequency components may be distinguished.'^ The 

other parameter is the height of the first side lobe; smaller side lobes allow for better 

detection of unequal amplitude adjacent frequency components. Steeper roll-off rates of 

the side lobes also affect the frequency resolution, with faster roll-off rates producing 

superior resolution. The Hanning window strikes a good balance between these three 

parameters. 
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Figure 14 below demonstrates how the PSD of a measurement changes with application 

of the Hanning window as opposed to the rectangular window. The data analyzed was a 

sum of two equal-amplitude, nearly equal-frequency sine waves with a third sine wave of 

different amplitude and frequency. Use of the Hanning window reduces the frequency 

separation of the two equal-amplitude components but allows the smaller third frequency 

component to be distinguished. Thus, from a frequency resolution standpoint, the 

Hanning window has tradeoffs but the advantages of the window mentioned above should 

outweigh any resolution issues. 
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Figure 14: Sum of three sine waves and corresponding PSD plots. Lower left PSD plot 
uses rectangular window. Hanning window used to produce lower right plot. The smaller 
3rd sine wave can now be seen but the separation of the other components is less. 



48 

Another problem associated with tapering the data window is a discrepancy 

between the rms roughness as calculated from the discrete PSD and the rms roughness as 

calculated from the original surface plot. One should be able to preserve the overall 

power of the function being transformed by using a window function with power equal to 

one. For instance, the two-dimensional Manning window, given by the following 

equation. 

W(x. v) = .25 * (l - cos(27lv)XI - cos(27i:v)) ( 7 ) 

does not have unity power. In the above, .x and y vary from 0 to I. assuming that the 

window length is normalized to one. The power of this function is: 

v)fiZu/v 
( 8 ) 

p = — 
64 

If the total power of the Manning window is to equal one. the window function must be 

multiplied by the square root of the inverse of this number, or 8/3. 

Such normalization should allow the Manning window to multiply another 

function with uniform structure across the field without a loss of power. This in turn 

should allow for correct root mean square roughness calculations whether or not the 

Manning window is applied to the data. In practice, however, discretization of the data 

causes the two calculations to differ. For different frequencies and initial phases, the rms 

roughness one calculates from the discrete PSD using the window function may differ 

from the results one obtains from the original surface. 
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To demonstrate this effect, one-dimensional sine waves are studied with various 

periods across the field and with initial phases (on the left of the field) varying from zero 

to 2n. Two methods of generating the sine waves are used. In the first, to ensure proper 

sampling of the sine waves, the number of points per period is set to 256 and the number 

of periods across the field of view is varied. Thus, the overall window length increases 

with increasing number of periods rather than the window length remaining constant and 

the sampling of the sine waves changing. In the second, the number of points to be 

transformed is kept constant at 1024. the number of pixels in one dimension of the final 

system. The sampling of the sine waves changes as the frequency changes. The ratio of 

the rms roughness of the original surface to the rms roughness as calculated from the 

discrete PSD is taken. The average value of the ratio over the zero to 2n phase as well as 

the overall range of the ratio is studied. 

Figure 15 plots the average value of the ratio of the rms roughness calculated 

from the original surface to that calculated from the discrete PSD of the windowed data. 

Results are quite similar for each of the two cases described above. Theoretically, one 

would expect this ratio to be one for all frequencies provided that normalization was 

correct. This is not the case, however, for low-frequency sine waves, and the ratio does 

not fall below 1.01 until greater than two periods of the sine wave are present across the 

aperture. Thus, if one considers high frequency terms there should be little difference on 

average between rms roughness calculations involving the original surface or those 

involving the discrete PSD. Low-frequency terms, however, may experience problems. 
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Figure 15: Average value of the ratio of the calculated rms roughness from the original 
surface to that calculated using the area under the discrete PSD. The average value of the 
ratio is within 1 o/o of the ideal value of 1 when there are greater than two periods of the 
sine wave across the aperture. 

Figure 16 displays the range of the ratio of rms roughness calculated from the area 

under the PSD plot to that calculated directly from the surface as a percentage of the 

average ratio over a zero to 2n initial phase of the sine wave. In Figure 15, we saw that 

the average value of the ratio rapidly approaches unity. Though this is true, this plot 

shows that the range of the roughness calculated from the PSD oscillates greatly and 

converges to the desired value of zero quite slowly. The rms roughness as calculated 

from the PSD is thus quite dependent on the starting phase of the sine wave, at least for 



non-integer numbers of periods across the array. 
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Figure 16: Range of the ratio of the rms roughness calculated from the PSD to that 
calculated directly from the surface. Results are presented as a percentage of the average 
ratio over a zero to 2n starting phase. 

In order to achieve less than a 5% maximum deviation, one must consider sine 

waves with greater than 6 periods across the field. In practice, such a condition would 

limit the lowest spatial frequency measured in the high resolution mode to .06 lines/mm. 

As mentioned previously, the original specifications call for using the PSD to measure 

spatial frequencies of greater than three periods across the field. The lowest frequencies 

were not measured since piston, tilt, and power subtraction affect these terms. 

Windowing and discrete Fourier transform effects increase the low-frequency cutoff to 

frequencies twice as high as this specification, however if errors less than 5% are desired. 

If one requires analysis of low-frequency structures to high precision, several 

alternatives exist. In practice the range of ratios is fairly symmetric about the average, 

such that a 5% overall range means that the two ratios compare to within ±2.5%. Surface 
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quality will hopefully be sufficient that deviations of this amount will not affect the 

acceptability of the surface. If. however, a significant frequency component does exist in 

this range which must be well-characterized, the data may be broken into several 

subregions which occupy slightly different sections of the field. Another alternative, if 

the part is large enough, is to translate the field of view and average the PSD's of multiple 

measurements. Either of these techniques will provide a range of initial phases of the 

frequency component for the PSD analysis. Since it was seen that the average ratio of the 

rms roughness rapidly approaches unity the average of multiple PSD plots from either 

technique should then adequately characterize the surface structure. 

In conclusion, use of a smooth windowing function is necessary to ensure 

discontinuities due to assumed window periodicity do not adversely affect the calculated 

PSD. The Banning window provides a good balance between smoothing of the data and 

maintenance of frequency discrimination. Structures with less than six periods across the 

field may have PSD's which differ from those of unwindowed data by more than 5%. 

depending on the starting phase of the structure. To avoid this problem, the PSD's of 

several sub-regions of the dataset or of multiple measurements of different regions of the 

part may be averaged. 

One-dimensional PSD Plot 

An additional complication to those described above arises when evaluating two-

dimensional surface measurements. The above discussion dealt mainly with one-
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dimensional functions and one-dimensional PSD plots. Several of the results presented, 

however, were one-dimensional PSD plots obtained from two-dimensional data. The 

projection of the two-dimensional PSD plot into one dimension allows rapid quantitative 

and visual evaluation of the data. A simple tolerance curve may be easily plotted on such 

graphs to determine the quality of the test piece; if the PSD of the test part lies below the 

curve for all spatial frequencies, it will be acceptable. The projection operation, however, 

may affect the information content and clarity, as explained below. 

Perhaps the most serious consideration with regards to projection of the PSD data into 

one dimension is a shift in apparent frequency and height of spectral components with 

different projection angles. When projecting a given frequency component along a 

different axis from which that component lies, the component's calculated frequency will 

fall off in cosine manner."* Thus if a surface has a frequency PSD component at 10 

lines/mm at 30 degrees, collapsing the data along an axis at 0 degrees will cause the 

component to appear with a frequency of only 8.7 lines/mm. 

Figure 17 shows the one-dimensional PSD projections taken at various angles for 

an ideal sinusoidal object. As the projection angle rotates, the apparent frequency of the 

grating falls off in a cosine manner, as expected. When the projection is taken at 90 

degrees the stmcture appears essentially as only a DC component. 
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Figure 17: One-dimensional PSD of sine wave at 0 degrees showing reduction in 
apparent frequency when angle of one-dimensional collapse is taken at various angles. 

The true angle of a given feature will be that which shows the feature with the 

highest spatial frequency. To accurately characterize a surface using a one-dimensional 
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PSD projection, the one-dimensional PSD projection must be taken at various angles such 

that the frequency is not unduly distorted due to the projection angle and angle of the 

feature being mismatched. With angular sampling of 30 degrees, the mismatch in angle 

will be no more than 15 degrees and the frequency component will therefore be shifted by 

under 5%. This sampling should be sufficient for accurate surface characterization. 

corresponding to the orientation of the major surface features. 

Even with this angular sampling, however, care must be taken that multiple 

frequency components are not overlapping in the projection operation to produce a single 

peak of higher amplitude than either component. For instance, if one has a surface with 

sinusoidal structures of the same amplitude and frequency at both+ 14 and -14 degrees, 
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the projection at 0 degrees will show a single frequency component of twice the 

amplitude of either of the separate components. This case is illustrated in Figure 18 

below. The projection at zero degrees, closest to the actual angle of the sine waves, 

shows a single frequency component of about 100,000 nm2mm. The projections at 30 

and 60 degrees, however, show that actually there are two frequency components of about 

half that amplitude. Thus, if a part fails to meet its specification requirements, 

examination of the one-dimensional projections must be made to ensure that the cause is 

surface structure on the part rather than any confusion generated by collapse of the PSD. 
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Figure 18: PSD of sine waves at+ 30 degrees and -30 degrees with one-dimensional 
projection taken at three different angles. 

A final concern is that while projection of data into the x or y directions involves 

merely summing the data in each row or column, projection in other directions 

necessitates using a projection operator that interpolates between pixels. The analysis in 

this paper uses the Riemann sum projection operation as implemented by IDL to collapse 
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the PSD at different angles. This operation is widely used in medical imaging in the 

fields of computed .\-ray tomography. MRI imaging. Positron Emission Tomography 

(PET), and also has applications in other areas such as seismology and astronomy.'"' 

Given a matri.x A(m.n). which will contain the reconstructed slice: a vector P. containing 

the ray sums for a given view; and an angle theta. the Riemarm sum backprojects the 

vector P into A. For each element of A. the value of the closest element of P is summed, 

leaving the result in A. Bilinear interpolation is used to interpolate between points. 

A potential problem could arise if the interpolation process chimges the overall 

sum of the PSD data. This would further disturb the correspondence between the area 

under the PSD and rms roughness as calculated from the original surface measurement. 

Surface specifications call for an overall roughness below a certain level as well as the 

PSD below a boundary curve. This will ensure that parts are not at the PSD cutoff curve 

across the frequencies of interest, thus adding a further quality control on the optics. 

To evaluate this concern a one-dimensional projection of the PSD was performed 

for the following datasets: an ideal step, real phase step, ideal sine wave, sinusoidal 

structure from 3 beam interference, laser slab, and a difference measurement calculated 

from subtracting two sequential phase measurements. The angular increment was set to 

30 degrees, which is the desired sampling for the final instrument. 
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Measurement Max/Min rms roughness over 
different projections 

Ideal Step 1.037 
Actual Step 1.232 
Ideal Sine Wave 1.017 
Measured Sine Wave 1.216 
Laser Slab 1.035 
Difference Measurement 1.042 

Table 1: Ratio of max/min rms roughness calculated from 1 dimensional PSD when 
projection was taken in 30 degree increments. 

Table 1 shows the ratio of the maximum to minimum rms roughness as 

calculated by the PSD across all spatial frequencies when the one-dimensional PSD is 

calculated in 30 degree increments. The results show less than a 4% change caused by the 

interpolation operation for the mathematically generated data. The laser slab and 

difference measurements show under a 5% variation with projection, where both of these 

datasets are relatively smooth, with few sharp features. The actual step measurement and 

sine wave measured from three beam interference show over a 20% change in calculated 

rms roughness from the PSD. Thus, this effect could cause problems in evaluating the 

surface structure from PSD data. 

Generally, data with smaller low-frequency components (such as those introduced 

by turbulence) produced better results. If a dataset has much turbulence or low-frequency 

surface structure compared to high frequency components, the rms roughness as 

calculated by the PSD will vary by up to 25% depending on the projection angle. Similar 

to minimizing the frequency amplitude variations caused by the Manning window. 
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multiple sub-regions or part translation followed by averaging the various PSD's will 

minimize these effects. With such techniques used on the above data, the variations fall 

below 5%. Thus, these techniques become even more desirable for accurate surface 

characterization. 

Although the one-dimensional collapse of the two-dimensional PSD plots has 

several advantages when it comes to rapid and easy data evaluation, several problems 

must be addressed. To ensure the surface characterization provided by the one-

dimensional PSD is correct, examination of the data must be made to determine the 

correct frequency of a component. Also, care must be taken to make sure multiple 

components of different orientations are not adding to cause the part to fail. This process 

may be easiest by a quick visual examination of the two-dimensional PSD plot, where 

orientation information is still present. Finally, the PSD data from multiple sub-regions 

or measurements of a part should be averaged to ensure proper calculation of the rms 

roughness of the test piece from the power spectral density data. 
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Measurement Simulations 

Introduction 

The above discussion involved examination of effects more or less inherent to the 

data analysis using the finite Fourier transform. In this section, further study is made of 

theoretical data to determine what additional problems may be encountered in the 

determination of the system transfer function and analysis of the NIF optics. First, the 

placement and orientation of various objects within the field of view is studied to 

determine any effects on the calculated PSD. Ne.xt. the effect of taking different size sub-

regions of the data is evaluated. The addition of aberrations and other low-frequency 

terms as well as the addition of random noise are studied. Finally, the consequences of 

unmeasured pixels on the calculated PSD are studied. Potential problems with the data 

analysis are noted and steps taken to minimize these effects. 

Simulation Objects 

The closer the correspondence between the objects used to evaluate potential 

problems with the finite PSD and the actual objects to be measured, the more applicable 

the results should be to the final system measurements. To this end. three different object 

types were studied which provide a solid basis for comparison to the surface shapes the 

system will measure. A step and sinusoidal grating are studied since these objects will be 

used for the system transfer function calculations. In addition, a sinusoidal object under 
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an envelope function is studied for comparison to an actual surface that may have 

periodic structure across only part of the field. 

Figure 19 plots the step object used for these simulation studies. The step has a 

height of 131 nm, the same as that of the fused silica step provided by Lawrence 

Livermore. The high side of the step was towards the right, and the step itself was 

perfectly flat, with no imperfections such as are observed in the real object. An array of 

736x4 71 pixels was used, which matches the number of pixels on the charge coupled 

device (CCD) used to take the majority of measurements throughout the characterization 

process. Pixel size and aspect ratio are set such that there was a 1 OOmm field of view in 

the x direction and 75mm field of view in they direction, again matching that of the 

150mm system used for most of the analysis. The highest unaliased frequency for this 

data is therefore 3.7 lines/mm in the horizontal direction and 2.4 lines/mm in the vertical. 

Title: Ideal Step 
Note: Reflection Meas 

Contour 

Surface Data 

75.3 

60.0 - 40 .000 

45.0 10.000 

30.0 -20 .000 

15.0 
: -65 .943 

00 
00 20.0 40.0 600 80 .0 101 .4 

Figure 19: Perfect 131nm step used in the analysis simulations. 
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The sinusoidal objects produced had a peak-to-valley height of nearly 1 Onm, 

similar to the heights of the sinusoidal object produced by three beam interference. To 

speed computations, an array size of 368x240 was used; comparison of results obtained 

both with this array size and the larger array used for the step analysis showed no 

noticeable differences and thus any conclusions remain valid. Figure 20 plots one of the 

datasets used in the analysis of sine wave measurement. The Nyquist frequency for the 

sinusoidal objects is half that of the step objects, or 1.85 lines/mm in the horizontal 

direction and 1.2 lines/mm in the vertical. Various periods of the sine waves were 

studied for the sine waves with different initial phases. 
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Figure 20: Ideal 9.8nm peak-to-valley sine wave for use in the measurement simulation 
analysis. 

For the sine waves under the cosine envelope, a 1 Onm peak-to-valley sine wave is 

used with an envelope of 1 00 pixels. The overall structure thus encompasses 
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approximately 1/7 the field of view in the x direction and 115 the field in they direction. 

Various periods of sine waves under the cosine envelope were studied, and uniform noise 

was added to the data. The cosine envelope has a 100 pixel width. Figure 21 plots one 

such sine wave under the cosine envelope. 

Surface Data 

Surface Statistics: 

Ra 1.48 run 64 .9 
6.11 

Rq: 2.01 nm 

Rz 12.52nm 4 .00 

RL 12.75 run 50.0 

2.00 

Set-up Parameters: 40 .0 

Size: 368 X 236 
0.00 

Sampling 276.05 um 30 .0 
-2 .00 

Processed Options: 20.0 
-4 .00 

Terms Removed 

None 
10 .0 

-6 .63 
Filtering 

0 .0 
None 0.0 20.0 40 .0 60 0 80 .0 101.3 

Figure 21: Windowed sine wave Yvith added noise for use in the measurement simulation 
analysis. 

For analysis of data in this and subsequent chapters, the program Phanaly, written 

by Janice Lawson ofLLNL, was used. First, the program reads the height data from a 

file and removes piston. The data is multiplied by a two-dimensional Hanning window 

and piston is again removed. The data is next Fourier transformed and multiplied by 8/3 

to correct for signal loss from the Hanning window. The two-dimensional PSD is 
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calculated by multiplying the Fourier transform by its complex conjugate and the 

Riemann function is used to project the two-dimensional PSD into one dimension. 

For the step object, data is presented in terms of the system transfer function. As 

described previously, this is calculated by taking the square root of the ratio of the PSD of 

the step under analysis to that of an ideal step. This procedure produces a plot that should 

be flat and equal to one under ideal conditions, making visual interpretation of the data 

easier than when examining the 1/f^ PSD plot. The one-dimensional PSD plot is 

presented for the sinusoidal data, however, since no such simplification in interpretation 

would result from a different method of analysis. 

Feature Placement 

The first measurement simulations involve examination of the effects of feature 

translation on the calculated PSD. For an infinite Fourier transform calculation, shift of 

the function being transformed results merely in a multiplicative phase term in the 

frequency domain.'^ This phase term would drop out of the calculation of the PSD since 

the Fourier transform is multiplied by its complex conjugate. For finite, sampled data, 

however, the placement of a feature within the field may affect the calculated power 

spectral density. It was shown previously that the starting phase of a sine wave that 

extends from one end of the field to the other may affect its calculated PSD. Any 

waveform may be broken down into a sum of such sine waves, and moving the waveform 
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will involve changing the starting phases of those sine waves. Thus, the calculated PSD 

of non-periodic structures will also change with movement of the structure. 

The first object considered is the ideal step described above. A study of this 

object is useful for various reasons. The step object provided for transfer function 

measurements by LLNL is round and does not fill the entire field of view. With data 

taken on various days with different system configurations, the step does not always 

occupy the same location within the field. Further, in order to obtain only good data from 

either side of the step, eliminating potential problems with the circular edge of the part 

and missing data, a rectangular sub-region is used on the measurement data. Placement 

of this sub-region with respect to the step may also vary unless the process is somehow 

automated. Thus, variations in the PSD caused by decenter of the step must be evaluated. 

A sub-region of the same size as that used to evaluate the fused silica phase step 

provided by LLNL is used to window the ideal step. The window \Vas scanned 

horizontally such that the center of the step was not in the center of the field. Figure 22 

presents the results of this study. Step translation is given in terms of the% of the field 

of view across which the step was moved, with positive numbers referring to the step 

center moved to the right and negative numbers to the left. Thus, a +50% translation 

places the step at the extreme right of the field of view and a -25% translation places the 

step Yz way between the left edge and the center of the field. 
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Figure 22: Plot demonstrating the effects of translation of a step object on the calculated 

PSD of the step. As the step is decentered within the field, the calculated transfer 

function decreases and ringing becomes evident at lower spatial frequencies. The bottom 

plot here zooms in they axis of the top plot to demonstrate this effect more clearly. 

Several interesting effects can be seen in the plot. First, the step translation causes 

significant ringing in the transfer function at lower frequencies. Translation of ±5% will 
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cause ringing of several percent out to spatial frequencies of .4 lines/mm, or 10% of the 

Nyquist frequency. In order to guarantee deviations of less than 2%. the decenter of the 

step may be no more than ±2.5%. or 5 pixels out of 740. Also, the overall level of the 

calculated transfer function falls with increasing translation. This is due to a different 

rms roughness value for the translated steps as compared to the centered step. Since the 

ideal step used in the actual system transfer function calculations is centered, however, 

this study demonstrates the importance of centering the measured step as well. 

Since correct calculation of the PSD of the step is necessary to accurately 

determine the system transfer function, a modified version of Phanaly was created for the 

step analysis. This version scans for the edges of the test object and determines the 

approximate center of the step. A fine scan is then used over the central area of the step 

to determine the exact location of the step transition. The sub-region is then taken 

centered on the located transition region. With this procedure, the step is centered within 

the sub-region used in the data analysis to within one pixel. Thus, the above translation 

problems should not affect system transfer function calculations. 

Translation of the sinusoidal objects merely represents a variation in starting 

phase. This effect was studied previously in the discussion about Manning window 

effects and will not be considered further. If the period of the sine wave is high, or if 

multiple PSD plots from datasets with varying starting phases of the sine wave are taken, 

no significant errors will be introduced in the surface characterization by the finite PSD 

calculations. Thus, the next data considered involves translation of the sine wave under 
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the cosine envelope. No sub-region was used in this analysis since the NIF optics will 

overfill the field of view, as does this object. 

Figure 23 presents the results of these measurements. The shape of the PSD plot 

remains virtually identical no matter the translation of the feature. No shift in the 

apparent frequency of the feature occurs with translation, as e.xpected. The height of the 

PSD plot, however, does change as the feature is translated across the field. A 20% 

translation results in a change in height of about 22%. 

Since the data analyzed has the same rms roughness in all cases, and since no part 

of the feature is cut off with any of the translations studied, the discrepancies in the curve 

heights must be due to the multiplication by the Manning window. As the feature 

approaches the edge of the dataset, it encounters progressively lower values of the 

Manning window. Therefore, data closer to the edge will be attenuated more than data 

towards the center of the window. Thus, if a given surface contained a periodic 

component across only a portion of the surface, the calculated PSD of the surface would 

vary depending on exactly where the feature was located. Such variations are not 

acceptable. 
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Figure 23: Calculated PSD of sine wave under a cosine envelope as a function of decenter 
within the field. The legend demonstrates the distance moved as a percent of the 
aperture. 

Further study into feature de-centering gives more evidence that the Hanning 

window causes problems in data analysis with localized features. A sine wave of 10 

pixel period (1/5111 Nyquist frequency) was placed under a cosine envelope 100 pixels 

wide and examined with translation and with and without the Hanning window. Figure 

24 plots the PSD obtained for a few cases. No noise was added to the data presented in 

the plot, but addition of noise does not change the results in any noticeable manner. For 

this case, the PSD of the feature was exactly the same under translation when the 

rectangular window alone was used with the data. However, application of the Hanning 

window to the data raises the PSD by a factor of two for the centered feature and lowers it 

by nearly of factor of three for the translated feature. 
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Figure 24: Calculated PSD of a sine wave under a cosine envelope with and without 
translation with two windows applied to the data. 
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A brief explanation .as to how application of a tapering window can raise a given 

frequency component is in order. The normalized power considerations described 

previously implicitly assume that the power is distributed evenly over the entire field. If 

the power of the surface is distributed only over a small portion of the field, the 

integration of the Hanning window should only be made over that portion of the field. 

Thus, with unevenly distributed surface structure, the calculated correction factor should 

change. 

One may easily visualize this by picturing a delta function as the measured object, 

centered at the center of the CCD array. The Hanning window has a value of one at this 

location, and therefore the feature is not attenuated at all. By multiplying the feature by 

an 8/3 correction factor, the height of the PSD one calculates will be incorrect. For this 
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case, a correction factor of one (i.e. none at all) is appropriate. As the delta function is 

moved around the field, the correction factor would obviously be merely the value of the 

two-dimensional Manning window at that point. 

Any localized features will create a similar problem. Depending on the feature 

distribution throughout the field, the "ideal" correction factor will be different. Of 

course, unless one knows in advance the object to be measured, the proper correction 

factor cannot be calculated. Thus, the correction factor of 8/3. appropriate for objects 

with uniform structure across the field, is used with the hope that most surface errors will 

be approximately uniformly distributed and the errors relatively small. Should this 

assumption not prove correct, problems could result. 

Use of the Hanning window with this particular structure could create a factor of 

six difference in the calculated PSD depending on where in the field the feature was 

located. The difference in data was so large that I re-evaluated the program used to 

perform the calculation to ensure that the PSD of data which was uniform over the field 

was similar with and without windowing. The PSD"s of the uniform data did match for 

the various windows, demonstrating that this is in fact merely a result of a centered 

window affecting the apparent frequency component of a localized feature differently 

depending on the location of that feature. 

As mentioned earlier, however, use of a tapering window has definite advantages 

as far as eliminating edge effects from the calculated PSD. Thus, in general, the 

windowing operation should be retained. Several steps may be taken to minimize the 
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potential problems with tapering the data. One partial solution is to perform the data 

analysis twice, once with and once without a smoothing window. Frequency components 

which change significantly are most likely being adversely affected by the smoothing 

window, and the unwindowed value should be used. 

Another solution is to provide a certain amount of overlap between measurements 

of a surface. Features near the edge of one measurement would appear near the center of 

the next. This overlap would allow small features attenuated by translation to be 

measured accurately in at least some of the measurements. Also, for full-aperture surface 

measurements, multiple sub-regions could be used on the data, again with a certain 

amount of overlap. This would accomplish much the same thing as separate overlapping 

measurements. 

A final solution would be to change windowing functions to one such as the 

extended cosine bell, which has a value of one across a significant portion of the field 

(64%). This would eliminate the effect of feature translation within the central region. 

This window, however, has side lobes nearly as high as the rectangular window, does not 

produce a PSD plot for a step that is close to the theoretical, and in short has it's own 

problems. 

The above solutions should allow for accurate characterization of periodic surface 

structure that does not extend over the entire object. Each of the methods requires a 

combination of a greater number of measurements and/or calculations, but no single 

measurement can guarantee that the results presented by the finite PSD plot are entirely 
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accurate. Of the three solutions, taking multiple measurements of the part with 

translation between is probably the best option. This involves no additional mathematical 

routines and will ensure isolated features are not measured at the edge of the field. A 

greater number of measurements is required, but the results will be more trustworthy than 

if this technique were not employed. 

This problem is essentially the same as that involving variations in the calculated 

PSD for different steuting phases of a sine wave. Any structure is still merely a sum of 

sine waves of varying frequencies and relative phases. For the case of these isolated 

features, the starting phases are such that the final measurement may be off more than 

was calculated for a single sine wave at a time. Since taking multiple measurements to 

varv' starting phase was a suggested solution when one frequency was considered, using 

this technique when many frequencies are present, such as for an isolated surface feature 

is still the preferred method. 

Feature Rotation 

Obviously, not only may the features of interest occur in different parts of the 

object under test, but they may also be rotated with respect to the a.xes of the CCD array. 

Even if the one-dimensional projection of the PSD plot is taken perpendicular to the 

feature orientation, changes in the plot may still result due to sampling problems. Thus, 

the PSD plots of a step and enveloped sine wave are again e.xamined to determine any 

adverse effects. The two objects are rotated through various angles and the PSD is taken 
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perpendicular to the object, the optimal direction for analysis. Rotation of data is 

accomplished by first generating non-rotated data and then using a bilinear interpolation 

algorithm to calculate the array values after rotation. For this simulation, the step 

analysis used the same sub-region as before, which matches the size of the region used in 

actual data analysis. .A. sub-region is also used on the sine wave under the cosine 

envelope to eliminate the comers of the array where the rotation routine does not work 

well. The same size sub-region was used for all angles of rotation. 

For this simulation, the PSD of the step is plotted rather than the transfer function. 

Frequency sampling is different as the direction of the PSD is rotated, and division by the 

PSD of the unrotated step would require interpolation between frequencies. Since such 

interpolation could itself introduce errors into the analysis, the PSD plots were examined 

directly. For this analysis, the step is kept in the center of the field of view, such that 

there are the same number of pixels to the right and left of the step boundary for any 

given row. The angles of rotation are chosen to match those of an actual series of 

measurements and thus are not quite evenly spaced. To ensure proper orientation of the 

PSD. the angle at which the one-dimensional collapse is taken is entered in manually for 

each case rather than relying on automatic angle determination. 

Figure 25 shows the calculated PSD of the step as it is rotated through various 

angles. Though each dataset has the same rms roughness, the overall level of the PSD 

plots changes, as does the shape. Greater angles of rotation produce PSD plots that are 

lower on average, most likely an effect of the Hanning window multiplication, since the 
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structure is moving out to areas which are more greatly attenuated. In addition, large 

angles of rotation produce oscillations in the PSD plot. The greater the angle of rotation, 

the greater the oscillations. Further, the oscillations do not lessen with respect to the base 

PSD level as frequency increases. Thus there is no frequency beyond which rotation has 

no effect. Results are similar for positive angles of rotation, with only the negative plots 

shown for increased clarity. In order to achieve good system transfer function 

measurements, the step should be nearly vertical. This avoids any potential mismatch 

between the calculation angle and the actual angle of the step as well as the ringing which 

may be observed under large rotation angles of the step. 
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Figure 25 : PSD of an ideal step rotated through various angles. 

Now that some of the effects of rotation on a step are known, the sine wave under 

the cosine envelope is rotated and its PSD examined. For this study, the dataset is rotated 
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in five degree increments, again using bilinear interpolation in the rotation process. A 

sub-region of the data is taken such that the comers of the array, outside the field prior to 

rotation, are eliminated. Several aspects of the data analysis are e.xamined to further 

identify potential rotation problems. 

The angle of the one-dimensional PSD collapse is entered manually based on the 

rotation used for each dataset. Since only one significant frequency component is 

present, an automatic determination of angle based on the highest PSD value should be 

possible. However, since the peak of the infinite, unsampled PSD can fall between the 

sampled data points, the angular calculation thus performed was slightly different than 

the actual angles of rotation. Thus, the actual angle was merely entered in to the analysis 

program to ensure consistency. 

Figure 26 shows the PSD of the various rotated enveloped sine functions. The 

data clearly shows a shift in the calculated frequency as the object is rotated. Since the 

PSD is taken perpendicular to the sine wave, this frequency shift must be due to sampling 

problems with the dataset. Plots for negative angles of rotation look similar, with only 

the positive angles shown for increased clarity. 
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Figure 26: PSD of sine wave under cosine envelope under various amounts of rotation 
showing an apparent frequency shift of the data. 
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Figure 27 presents a plot of the central frequency as calculated from the centroid 

of the one-dimensional PSD plot for various rotation angles. The plot is symmetric about 

0 degrees rotation, though again only positive rotation angles are plotted here. The 

central frequency shifts by .03 lines/mm, or about 10%, as the feature is rotated. The 

curve follows a nearly sinusoidal pattern, with the highest calculated central frequency 

occurring at 45 degrees rotation. Due to use of a rectangular array for this case, the 

central frequency plot is asymmetric about 45 degrees rotation. When a square array is 

used, this asymmetry is not evident. The plot shows that frequency calculations from 

PSD data may be inaccurate under rotation even when the one-dimensional collapse is 

taken at precisely the correct angle. Higher frequency sine waves showed even greater 

sensitivity to rotation, with errors of over 15o/o obtained for sine waves with 5 pixel 
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period, or .4 times the Nyquist frequency. Since taking the PSD at different angles will 

only amplify these effects, it is important to take the PSD at the correct angles if 

frequency determination is desired. 
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Figure 27: Plot of central frequency of the feature as calculated by the centroid of the · 
PSD as the feature and one-dimensional collapse of the PSD are rotated through varying 
angles. 

A further problem encountered with data rotation is that the area under the one-

dimensional PSD of the sinusoidal feature may change as a feature is rotated. The sine 

wave under the envelope was rotated in twenty degree increments and the integrated area 

of the PSD taken. Figure 28 illustrates this effect, where the area under the PSD is 

normalize to the maximum over the datasets studied. Fortunately, the plot shows a 

change in area of less than 2% between the various datasets. Thus, the rms roughness 

calculation, which goes as the square root of the area, will be accurate to within 1.4%, at 

least if the data is centered. Problems will occur if the rotated data is near the edges of 

the field, as addressed in the section on feature translation. 
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Figure 28: Normalized area under the one-dimensional PSD curve for a feature rotated 
through various angles. Area remains constant to within 2%. 

The above studies are important in evaluating effects of feature rotation on measurements 

employing the 150mm interferometer used extensively in this paper, which has a 

rectangular CCD array. The final 600mm system, however, employs a square detector 

array. The effects of rotation may therefore differ and some conclusions may not apply. 

To evaluate differences between a square and rectangular array, the sine wave under a 

cosine envelope was placed in an array of 512x512 pixels with an aspect ratio of 1 : 1. 

When data in this array is rotated and analyzed as above, the plots of Figure 29 

are obtained. Overall, these plots exhibit less variation in the PSD with rotation than 

those for a rectangular array. The frequency of the grating, as calculated by the center of 

mass of the PSD plot in the vicinity of the maximum, changes by less than 4% across the 

range of rotation. Similarly, the area under the PSD spike changes by less then 4% and 

the overall rms roughness of the surface as calculated by the PSD by less than 2%. Thus, 
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it appears that using a square array will help minimize problems caused by data rotation. 

·Of course, since variations of up to 5o/o will still occur, borderline samples should be 

measured at multiple orientations to ensure compliance with specifications. 
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Figure 29: Peak frequency calculated from centroid ofPSD data for data in a 40lx401 
pixel array under varying amounts of rotation. 
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Missing Data 

Another potential problem in evaluating data arises when one considers the effect 

of missing pixels on the calculated PSD of a sample. Dust, areas of the Field with too 

much or too little light, or excessive tilt or roughness can lead to poor fringe modulation 

during the phase-shifting process. A minimum modulation is required by the instrument 

to ensure that the data it gives is meaningful. Pixels lying in the areas described above 

may not meet the modulation requirement and no phase value will be calculated for such 

pixels. 

Missing pixels generally do not create a problem for pointwise operations such as 

calculation of the surface roughness or peak-to-valley wavefront error. Such operations 

merely skip over the missing data and calculate the parameter under consideration based 

on the valid data points. Similarly, calculation of the Zemike coefficients will not be 

affected since again these points are ignored in calculating these coefficients. 

Operations such as the two-dimensional PSD calculation, however, include all 

points in the data array. Thus, some numerical value must be assigned to the missing 

data for the calculation to take place. If the value assigned to the missing data for the 

PSD calculation is ver)' different from the surface values of the surrounding points, the 

missing data will appear as a spike or hole. While one or two such artifacts will not 

greatly affect the calculated PSD. each such data point will raise the PSD curve across 

nearly the entire spectrum. This is because the filled data will closely resemble delta 

functions, which contain equal amplitudes of all frequencies. 
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The lower frequencies should not be much affected by this problem. This is 

because surfaces generally have low-frequency components with much greater 

amplitudes than high-frequency terms. As one gets to higher frequencies, however, the 

constant frequency terms due to the inaccurately filled data becomes more important 

relative to the actual signal level of the surface. Thus, the measurement of the part could 

be skewed significantly at these higher frequencies. 

Figure 30 below shows a measurement with several missing data points and 

Figure 31 plots the PSD calculated in two ways. In the first, the PSD calculation fills 

missing data points with zeros. In the second, the data is restored using an interpolative 

technique, which estimates the surface height in the region of missing data. The 

calculated PSD's differ by more than 20% for many frequencies between .2 and 2 

lines/mm. Differences in the plots increase at higher spatial frequencies, with more than 

a factor of two difference in the plots for some points beyond 3 lines/mm. 

Measurements of parts on the final 600mm interferometer demonstrated similar 

results. The same part measured multiple times may have calculated PSD's which vary 

by more than 30% at certain frequencies in the range of interest when zero filling is used 

on the data. With the missing data points filled in by the interpolative method, however, 

the curves differ by less than 2% up to frequencies as high as two lines/mm. 
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Figure 31: PSD of the data of Figure 30 calculated by filling the missing data points with 
zeros or by using an interpolative data restoration technique. 

The above results suggest that the way missing pixels are treated will noticeably 

affect the calculated PSD of the surfaces under test. Arbitrarily assigning a value to 
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missing data may make the data appear as either a spike or hole in the surface map. This 

in turn will affect the PSD. especially at higher frequencies where the part itself does not 

contain significant frequency components. In order to ensure accurate surface 

characterization, it is therefore important that any missing data points be filled with 

values which approximate the surface surrounding such points. This will minimize any 

effect on the calculated PSD and lead to more accurate surface characterization. 
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Fixed-pattern Errors 

Nearly Parallel Surfaces: 

With the use of strictly coherent imaging in the system, the effect of coherent 

noise on the measurement process must be well understood. Of the more serious 

concerns are periodic errors introduced by nearly parallel optical elements in the beam 

path. Specifically, the protective cover glass used with most cameras to prevent dust 

contamination and damage of the CCD array may cause such errors. Different beams 

caused by reflections of the cover glass and CCD array may combine on the final image 

plane and create unwanted artifacts in the final measurement. Figure 32 below 

demonstrates how four such beams may be created as the beam coming from the test 

object reflects off the various elements. 
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12 3 4 

Figure 32: Four potential beams which may be incident on the final CCD array due to 
reflections from parallel surfaces within the beam path. 

In this section, the magnitude of the errors formed by multiple reflections will be 

studied. In addition, conditions under which these errors are eliminated will be 

determined in an effort to reduce the possibility of them affecting the measurement 

process. Finally, various solutions to the problem will be explored and the most effective 

one chosen. 

Typically, very little light is reflected off the CCD array of a commercial camera 

back into the system. This is due both to AR coating of the CCD and grating effects from 

the array. Beams 1 and 2 from Figure 32 are thus significantly stronger than beams 3 and 

4. Therefore, beams 3 and 4 will be ignored in this analysis. For modeling purposes, one 

may therefore consider just two beams from the reference surface and two beams from 

the test surface. Only a one-dimensional case is studied here, though the discussion 

applies equally to the two-dimensional case. 
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The four beams used to model the system may be represented as follows: 

R  =  R - e x p [ i { k , x  +  ̂  J ]  

F  =  r -  exp[/(A:,.r + f.(.r) +(})„)] ^ ^ ^ 

f = T • exp[/(A:,x + (j))] 

T  = l  • e x p [ i { k ^ x  +  ̂  +(t)^.(x) +A(.r))] 

In the above equation, the first terms on the right are the amplitudes of the 

reference, reflected reference, test, and reflected test beams. The propagation constants of 

the beams are given by k, and (j)„ is the phase shift introduced by the interferometer PZT. 

(()C(.k) is the phase shift introduced in the reference beam by the differences in the cover 

glass surface from a perfect plane. <() is the phase delay between the test and reference 

beams, and A(x) is the additional phase between the reflected test and reference beams 

due to tilt between the two. 

The four terms above may be added and the sum multiplied by its complex 

conjugate to get the final irradiance in the image plane." The term containing rt is 

ignored due to its low amplitude. In addition, the terms with r^. t". R". T". rR. and tT do 

not contain (j)„ and thus do not phase shift with the interferometer. Thus, these terms may 

be combined into a single constant C. These simplifications lead to the following 

equation. 

!  = C  +  2 R T c o s [ { k ,  - A : , ) . Y  +  ( t )  

+  2 r T cos[(A:, - k .  ).r ( x )  -(j)„ ] (10) 

+ 2/?/cos[(^^ -k^)x + ̂  +(t),.(x) + A(.v)-({)„] 

The first and second terms in the above equation are those normally associated 

with phase-shifting interferometry."" The third and fourth terms, however, involve 
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reflections from the cover glass. Equation ( 10 ) is then used in the basic equation for 

phase-shifting interferometry. given by the following:"' 

.V 

^/„(.Y.>-)sin(t)„ 
tan(^,{x.y) = ^ (11) 

v)cos(t>„ 
«=i 

The added terms due to the multiple reflections will introduce spatially dependent 

phase errors into the final measurement. The amplitude and frequency of these errors 

depend on the angle between the test and reference beams, the angles these beams make 

with the cover glass, the reflectivity of the two cover glass surfaces, and the wedge in the 

cover glass. The situation is quite similar to the multiple-beam interference used to make 

the sinusoidal phase gratings. 

Figure 33 below shows the results of two measurements where a wedged cover 

glass was present in the collimated space directly before the CCD camera in the 

interferometer. The only parameter changed between measurements was the tilt between 

the reference and return flat. Despite the common path nature of the cover glass, a 

sinusoidal pattern is seen in the final measurement. The magnitude of this pattern 

changes with different angles between the reference and test beams. The dependence of 

the error on the various beam parameters will next be examined. 
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Figure 33: Fixed-pattern errors due to multiple beam reflections. Tilt between the test 
and reference beams was different between the measurements, changing the amplitude of 
the errors and the calculated roughness of the surface. 

Several special cases of ( 1 0 ) may be studied to lend insight into when such errors 

may be eliminated from a measurement. The first situation studied is that in which the 

cover glass has no wedge, such that k1=k2 and k3=k4• For this case, the intensity equation 

becomes: 
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/ = C + 2/?rcos[(A:3 -A:,)x+(j) -ri]+2/-rcos[(A:, -(j)^ -t i ] +  

2 R [ cos[(A:3 - A:, ).V + (j) + +A(()^. — x ] ]  

In this expression, each of the terms merely has a constant phase added to the 

phase-shifting term, with a constant tilt contribution from each term with respect to x. 

Although the base phase of the measurement will be different than if the cover glass were 

not present, this only adds a piston term to the phase calculation. No fixed-pattern fringes 

will be observed for this case. 

The second case occurs when the reference and test beams are perfectly parallel. 

i.e. a nulled fringe condition for the phase measurement. Now. k,=k, k,=k4, and A=0. 

The intensity equation now becomes: 

/  =  C  +  2 R Tcos((j) -r|) + 2/*rcos[(A:, - A:, jx + cj) -(j)^ -rj] 

+ 2/?/cos[(^;, - A", ).r + (()+(|)^.-r|] (13) 

= C + 2 R Tcos((j> -ri) + 2 r Tcos((j) -r| +C (-x:))+ 2 r Tcos((j) -r| (.v)) 

In this situation, the final two terms introduce equal and opposite contributions to the 

phase of the final beam across the entire field. Whether or not the cover glass has wedge. 

no fixed-pattern fringes will occur in the final phase calculations. Figure 28 shows 

measurement results taken with a wedged cover glass inserted into the common beam 

path both with and without tilt between the test and reference beams. The nulled fringe 

condition eliminates the sinusoidal variations due to the cover glass. 

The final mathematical condition under which fixed-pattern effects are eliminated 

occurs when kj-k, = k4=k,. and A=m7r-2(t)j. where m is any odd integer. Unfortunately, (j)^ 

may vary with x and thus this condition will not necessarily occur over the entire field. 
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However, if (j)^. is sufficiently small or is slowly varying, it may be neglected. Thus, the 

above condition may be assumed to hold across the entire field. The intensity is now: 

/  = C + 2 R T c o s [ (A: ,  — k ^  ) . r+ (j)  - r i ]+ I r Tcos[(^5 - k ^  ) - Y  +  <t> - ( { > ,  - r j ]  

+  2 r r [ ( A : , - n + : i : ]  

= C + w R Tcos[(A:3 - A:, ).t+(j) -ri]+ 2/Tcos(5 ) -2/?/cos(5 ) 

= C + 2 R Tcos[(^, - k ^  ) x  +(() -ri] 

This is just the basic intensity equation from two-beam interference. Again, fixed-pattern 

errors are eliminated from the final measurement. 

Unfortunately, there is no guarantee that any of the above three cases may be met 

for a given measurement. While the camera cover glass is generally quite flat, the two 

surfaces are rarely parallel. Also, maintaining zero tilt between the reference and test 

beams or a fixed tilt, as in the first and third cases described above, is not possible for real 

measurements. The parts for the NIF project will contain power, astigmatism, and other 

low-frequency terms that make a nulled-fringe condition unachievable. Thus, as long as 

the nearly parallel surfaces are present in the beam, common path or not. fixed-pattern 

errors may print through to the final phase measurement. While the geometric conditions 

described here are interesting, they are thus not a practical solution to the problem. 

Three simple solutions to the problem of fixed-pattern errors are possible, 

however. The first of these is coating of the camera cover glass and any other relevant 

surfaces. If the reflection from these surfaces is made negligible, the fixed-pattern errors 

may be brought down to the noise level of the system. To be sufficiently below the noise 

level, one would wish the errors to be less than .Inm. To bring the maximum fi.xed-
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pattern errors to below this level requires coating each of the two cover glass surfaces to 

.05%. While such a coating may be obtained, the cost of removing, coating, and 

replacing the cover glass makes this option undesirable. 

A second option would be to use a cover glass in the camera with a large amount 

of wedge. With enough wedge, any potential phase variations will be of too high a 

frequency to be observed by the measurement process. The camera used for the NIF 

project has 1024 pi.xels and is 14mm square. Assume at least five fringes across each 

pixel are desired to avoid possibility of detecting fi.xed-pattem effects due to aliasing. 

Each pixel is on 14[a.m in size, and to have five fringes across each requires a wedge angle 

of over 6 degrees assuming 632.8nm light. This angle is too large to be practical in 

addition to the added cost associated with acquiring a high quality wedged cover glass. 

An obvious solution is to merely remove the cover glass from the camera. While 

this may not be possible for systems where the cover glass is continuously required for 

protection of the CCD. systems utilizing strictly coherent imaging are generally sealed 

from the environment. Since dust on any of the system optics may cause diffraction 

effects in the measurement, the system must be kept free from any contamination. Thus, 

the sealed system itself should protect the camera. Removal of the cover glass should not 

result in any risk of damage to the array. Also, this is the only method in which there is 

no chance of seeing cover glass effects, since it is not present in the system. 

The only other nearly parallel system component which could contribute to fixed-

pattern errors in the 600mm laser Fizeau is the transmission flat. Removal of this flat is 
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of course impossible. However, the flat is 600mm in diameter rather than 14mm. Thus, 

the wedge required in this piece to ensure that no fixed-pattern effects are visible is 

considerably less than for the camera cover glass. Thus, this is the preferred solution for 

this element. 

Other fixed-pattern effects: 

As mentioned above, dust and imperfections in the system optics can potentially 

lead to diffraction effects, which will show up in the final measurement. Although the 

system will hopefully be free from errors due to these sources, means of eliminating these 

problems should be studied. One way of looking at errors due to diffraction effects 

involves modeling the light incident on the detector plane as three separate beams: the 

test beam, reference beam, and a noise beam. Such a model could be represented by the 

following:" 

A, = exp(/(}>) 

.i=exp(/(|)J (15) 

A ^ .  = c { e x p ( i r [ )  

In the above equation. A, is the wave amplitude from the test arm. A, the amplitude from 

the reference arm. and A^. the amplitude from any extraneous light due to diffraction. The 

quantity q represents the ratio of the extraneous light amplitude to that from the test 

beam. 

Now when these beams are added, one gets the following equation for intensity in 

the observation plane: 
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I f  =2 + c/" +2cos((j) - ^ ^ )  +  2 q c o s ( r \  + 2r/cos((j) -n) ( 16 ) 

This intensity is once again used in equation (11). and an error in the final phase 

measurement is once again caused by the additional light. Denoting this error by Atj). one 

may calculate this quantity to be:'" 

A^=arctan ,,7) 
1 + q cos(r| - (j>) 

To reduce the error caused by the extraneous light, one may take advantage of the 

dependence on (j). the phase of the test arm field. Two phase-shifting measurements are 

taken, with a phase shift of tt applied to the test arm between measurements. When the 

two measurements are averaged, a decrease in calculated phase error of nearly a factor of 

q/2 is seen."" Since q represents the ratio of e.xtraneous light to that in the test beam, it is 

much smaller than one and a large reduction in phase error may be achieved. 

Schwider et al. demonstrated such a reduction in phase error e.xperimentally." 

Further reduction may be achieved by subtracting the numerator and denominator terms 

from each of the two measurements separately and then using these in the arctangent 

calculation of the phase. This procedure should produce a final phase measurement with 

total cancellation of any influence of diffraction or other fixed-pattern effects. 

Unfortunately, such a solution involves additional cost, complexity of the system, 

and calculation time. Thus, it is greatly desired to maintain the system as free from dust 

or other sources of fixed-pattern errors as possible. Achieving a minimum of tilt between 

the test and reference beams will help reduce potential errors from diffraction, as was the 
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case with the cover glass errors. While it is possible to use the above techniques to 

generate measurements free from fixed-pattern errors, these means will be used only if 

such errors become problematic. Final measurements on the interferometer, presented 

later, demonstrate that the system meets current measurement requirements without such 

measures taken. If specifications tighten significantly, however, future systems may 

require these modifications to maintain acceptable results. 

Conclusions 

After studying the effects of various operations on the calculated power spectral 

density plot, several necessary precautions become evident if the data analysis is to be 

trusted. First, while windowing of the data is necessary to eliminate edge effects, the 

renormalization required may lead to inaccurate surface analysis. Location of a feature 

within the field may cause discrepancies in the calculation of greater than a factor of six. 

To ensure proper surface characterization, multiple measurements should be taken with 

overlap between the measurements. Any frequency components whose amplitude 

radically changes between measurements suggest problems with localized structure. The 

surface may have to be measured multiple times to ensure accurate results. 

Feature orientation may also affect the PSD calculation, though to a lesser degree. 

Windowing functions again are partially to blame, with effects from the data collapse to 

one dimension also contributing to calculation errors. Use of a square array will help 

minimize these effects. However, for borderline parts measurement at two orientations 

may achieve more accurate surface characterization. 
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Another factor which may cause inaccuracies in the PSD calculation is missing 

data. Data points which are not measured due to insufficient fringe modulation should 

be replaced with values approximating those of their neighbors. If this technique is not 

used, missing data points may appear as spikes or holes in the surface map. This will 

lead to an additional nearly constant amplitude term across all spatial frequencies, as well 

as other effects for areas where a region of pixels remains unmeasured. Errors of up to 

20% at low frequencies and greater than 300% at higher frequencies were observed when 

analyzing several test datasets. Interpolative data restoration will reduce the effects of 

missing data, with less than 5% error in the calculated PSD observed across 

measurements with different missing pixels in each. 

Finally, fixed-pattern effects due to dust and nearly parallel optical surfaces may 

appear in the final calculated phase measurement. To eliminate such effects, the camera 

cover glass should be removed and the two surfaces of the transmission flat should be 

wedged. If necessary, measurement errors due to dust and other diffraction effects may 

be eliminated through introduction of a phase shifter on the test piece. If two 

measurements are taken with a 180 degree phase shift of the test beam between 

measurements, fixed-pattern errors will cancel. However, since this procedure adds to 

cost, complexity, and analysis time, it will only be employed should such errors be 

significant in the final interferometer system. 
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System Characterization and Optimization 

CCD Camera Evaluation 

The first item studied in optimizing the system measurements was selection of a 

CCD camera for the interferometer. The optics of the system could be perfect, but if the 

camera is noisy or unable to resolve high spatial frequencies, the quality of the optics 

does not matter. Therefore, several different cameras were evaluated to determine which 

one gave superior performance before further system analysis was performed. 

Camera Transfer Function 

The first parameter studied was the modulation transfer function (MTF) of the 

various CCD's. One of the simplest methods of determining the MTF of a camera is to 

project interference fringes directly onto the camera and measure the amplitude of the 

fringes as the frequency is changed."' ""* For this experiment, a Twymann-Green 

interferometer was set up using two high-quality mirrors. The setup is shown 

schematically in Figure 34. Tilt between the test and reference beams produces 

sinusoidal fringes." These fringes were first projected onto a COHU 1100 digital camera 

of the same configuration as that used in WYKO's laser interferometers. Fringes were 

oriented both horizontally and vertically to test whether the transfer function in the two 

directions differed. 
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Figure 34: Twymann-Green interferometer setup for measuring transfer function of the 
camera. Fringes are projected directly onto the CCD and the intensity pattern recorded 
for multiple frequencies. 

Intensity data was then taken and the FSD's of these datasets were calculated. 

The area under the PSD spike from the sinusoidal grating for a given frequency was 

divided by the maximum area under a spike for that fringe orientation. The square root of 

this ratio plotted across the range of spatial frequencies of interest gives the MTF of the 

camera. 

The normalization of the MTF described above is somewhat arbitrary. The 

normalization of the transfer function to the best measurement was used since the 

absolute irradiance values produced by the interferometer and the corresponding "ideal" 

camera output carmot be easily calculated. Since the camera should at the very least have 

good transfer function values at low spatial frequencies, this normalization should be 

valid. 
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Figure 35 demonstrates the initial calculated system transfer function for the 

camera in the horizontal and vertical directions. One can see that the horizontal transfer 

function falls off much more rapidly than the vertical one. Investigation into the cause of 

this led to the discovery that electronic filtering was being performed in this direction. 

This filtering was implemented to reduce readout noise from the camera. However, 

reduction of electronic noise also limited the ability to read true data. 
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Figure 35: MTF of the COHU 1110 camera in the horizontal and vertical directions 
calculated from projecting fringes directly onto the CCD array. 

Since the electronic filtering performed by the camera would limit the ability of 

the interferometer to measure to high spatial frequencies, such filtering had to be 

disabled. Thus, the capacitor used to perform the filtering was removed from the camera. 
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Figure 36 shows the system transfer function measurements taken once this was 

done. The camera-response is now nearly the same in both the horizontal and vertical 

directions. Also, the camera response exceeds the requirement of a 60o/o transfer function 

at half the Nyquist frequency, one of the goals of the interferometer. Thus, measurements 

taken with this camera will be able to determine the effect of other parameters on the 

transfer function and whether or not the ultimate system should be able to meet the NIF 

measurement requirements. While camera noise was increased by disabling the filtering, 

the increased noise was an acceptable tradeoff to gain the ability to measure high spatial 

frequency structure. 
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Figure 36: MTF of the COHU 1100 camera after the filtering capacitor was removed 
from the system. 
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In addition to measuring the transfer function of this camera, the transfer function 

of a Kodak Megaplus camera and Sihcon Mountain Design (SMD) IM60 camera were 

also examined. Both of these cameras exhibited system transfer functions which were 

relatively flat and whose values were greater than 60% at half the Nyquist frequency. 

Neither camera exhibited noticeable differences in MTF between horizontal and vertical 

features. This, combined with the similar MTF curves, suggests no significant electronic 

filtering is being performed to degrade the ability to measure high spatial frequencies. 

Thus, either of these cameras is suitable for the required measurements of the final 

interferometric system. 

Camera Noise 

The other serious concem relating to the camera is the possibility of camera noise 

affecting both the system transfer function measurements and the final measurements of 

the NIF optics. Errors in the individual frames read into the computer for phase-shifting 

calculations will produce errors in the calculated phase. These errors may be due to 

uncorrelated intensity noise with equal variance from frame to frame, intensity 

quantization error, or correlated intensity noise."' Of course, camera noise equates to 

intensity noise since there is no way to separate noise introduced by the camera and 

acquisition process from fluctuations in irradiance from the light source. 

Quantization noise is perhaps the easiest to analyze. This noise is due to the need 

to truncate an infinitely precise irradiance measurement to the nearest integer. Brophy 
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shows that the phase error due to quantization of the intensity is inversely proportional to 

the square of the number of integer values representing the intensity."^ For algorithms 

employing a 90 degree phase shift, he calculated the mean square phase error in radians 

to be approximately: 

In the above equation. Q is the number of levels used to sample the modulated portion of 

the intensity. Thus, a camera with just one more bit of noise free data will reduce this 

type of measurement error by a factor of four. While the quantization error is quite small 

for cameras that employ large numbers of bits, the formula demonstrates one of the 

advantages of ma.ximizing the number of noise-free bits used in the data acquisition. 

Uncorrelated intensity noise will add white noise to the measurements, raising the 

calculated PSD across all frequencies. Correlated intensity noise may add periodic 

components to the PSD. which may make a surface appear to have some structure when 

in fact it had been smoothly polished. These two noise sources will generally be the 

dominant noise sources with regards to camera and intensity noise, since as stated 

previously quantization noise is quite small with large bit numbers. Since these noise 

sources are caused by the system electronics and CCD properties, no empirical formula 

may be used to predict their effect for any given situation. 

To evaluate the noise level of the various cameras used in the initial study on the 

150mm interferometer and for potential use in the final 600mm system, several 

measurement results were studied. First, the difference of two successive acquired 
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intensity frames was taken with no light incident on the cameras. This dark noise 

measurement determines the noise floor for each camera and frame grabber combination 

and illustrates the best possible measurement accuracy that can be obtained. Next, the 

difference of two successive acquired intensity frames was taken with the cameras near 

their half saturation and full saturation levels. These measurements show the expected 

number of noise free bits in a measurement. Finally, two successive phase measurements 

were taken and subtracted with the 150mm aperture interferometer viewing a 100 by 

100mm field. The average of 10 measurements was recorded for each type of 

measurement described above. Although the measurement conditions for these 

measurements could not be made identical, the field of view, source, and surfaces 

measured with each camera were kept constant. Thus, measurements should be quite 

comparable. 

Several cameras were evaluated to determine their suitability to the NIF 

measurements and initial transfer function studies. First, the standard Cohu Instruments 

model 1100 camera used with WYKO's current 150mm laser Fizeau interferometer was 

studied. While this camera has too few pixels for use in the final system, studies of the 

150mm system were made and the results e.xtrapolated to a system employing a camera 

with greater numbers of pixels. In addition, the Kodak Megaplus camera and a SMD 

IM60 camera were studied. Both of these cameras have greater than 1000x1000 pixels 

and interface with frame grabbers capable of 30 frames/second. Thus, they have both the 

speed and resolution for possible employment in the final system. 
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Table 2 summarizes the results obtained from each of the measurements. Of the 

three cameras employed, the Silicon Mountain Design (SMD) shows the best noise 

properties. 

Camera Dark Noise Half Intensity Full Intensitv RMS roughness 
Level (bits) Noise Level Noise Level of Phase 

(bits) (bits) Difference 
Measurement 
(nm) 

COHU 1100 2.1 2.5 3.2 .65 
Kodak 1.8 3.6 4.1 .82 
Megaplus 
SMD IM60 1.3 3.6 3.9 .43 
with 2X analog 
gain 

Table 2: Comparison of noise properties of cameras considered for use in the final 
interferometer. 

In addition to the above tests for overall noise level, the PSD of the difference 

measurements was also taken to examine any potential frequency artifacts due to camera 

readout noise or other periodic electronic effects. The three PSD plots below show 

typical results of phase difference measurements from each of the cameras. With perfect 

white noise, one would expect the plots to be flat across the entire frequency spectrum. 

Results for the Kodak and SMD cameras are fairly flat across the entire spatial 

frequency range, showing only a slight decrease in noise towards higher spatial 

frequencies. Also, these cameras have nearly the same characteristics in the horizontal 

and vertical directions, so noise will not affect features with different orientations 

differently. Since there is no obvious difference in the shape of the PSD's produced by 
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the two cameras, it was determined to use the SMD camera in the final system because of 

its superior noise qualities. 

The PSD of the difference measurement from the Cohu camera, however, shows 

many periodic components in the horizontal PSD collapse. These frequency spikes are 

most likely due to readout noise in the camera. Further, the vertical PSD falls off steeply 

towards higher spatial frequencies, suggesting that a certain amount of electronic filtering 

may occur in this direction. This filtering could affect the calculated PSD of objects 

under test. For the system transfer function tests, however, the periodic noise is too small 

to greatly affect the data, and most data is taken with the object under test oriented 

vertically, so these factors should not adversely affect the results. 
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Figure 37: PSD of typical difference measurements for each of the three cameras studied. 
Of the three cameras, the SMD IM60 camera has the lowest and flattest PSD curves. 
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In conclusion, the above analysis demonstrates that the SMD IM60 camera 

should produce the best results in the final system. The camera has low noise and does 

not evince periodic effects in the PSD due to electronic effects. While the numbers of 

bits of noise are not significantly lower than the Kodak camera numbers, since the SMD 

camera is a 12 bit camera as opposed to 8 bits for the Kodak camera, the number of noise 

free bits is higher. The Cohu 1100 camera, while it should be suitable for analysis of the 

150mm laser Fizeau system, has neither the number of pixels nor the noise properties to 

make it a viable option in the final system. 

Coherent Versus Incoherent Imaging 

In addition to the CCD camera being an important part of the overall system 

design, the imaging optics are obviously just as important. Most commercial 

interferometers employ a rotating diffuser on an intermediate image plane. The image 

formed on the diffuser can then be relayed to the camera using incoherent imaging. A 

commercial zoom lens is usually used as the relay system to allow parts of varying sizes 

to be measured. Incoherent imaging eliminates any spurious fringes due to dust, edges, 

or multiple reflections within the relay system. Thus, fewer surfaces will contribute to 

measurement errors due to these factors than would be the case were strictly coherent 

imaging maintained throughout. 
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Figure 38: Schematic of a common commercial laser Fizeau interferometer (top) and one 
where the rotating diffuser and commercial zoom system are removed in favor of all-
coherent imaging (bottom). 

It was a concern that the combination of the rotating diffuser and commercial 

zoom system would reduce the system transfer function of the interferometer. To 

examine this consideration, the system transfer function was measured both with and 

without the rotating diffuser/zoom system in place. Figure 38 above shows schematically 

the two configurations employed. Measurements were made using both the sinusoidal 

phase gratings and phase step as described previously. 



108 

Experimental Procedure 

These measurements were taken on a WYKO 6000 150mm laser Fizeau 

interferometer. Initially, the system contained the rotating diffuser and zoom system. A 

schematic of the interferometer layout is shown in Figure 38. The field of view was set to 

100mm in the x direction, the same as that used for the high-resolution measurements for 

the 600mm system. The camera employed was a COHU 1100 digital camera and had a 

resolution of 736 pixels in the horizontal direction and 480 pixels in the vertical direction. 

Thus, the Nyquist frequency of the interferometer was 3.68 lines/mm in x and 2.40 

lines/mm in y. 

After the initial system transfer function measurements, the rotating diffuser and 

zoom lens were removed from the systern. The final imaging of the test piece onto the 

CCD was accomplished using a plano-convex singlet. While a doublet or more complex 

lens system would have better imaging properties, if the singlet produces acceptable 

results then there should be no problems in the final system. The field of view was kept 

at 100mm in the horizontal direction. Other aspects of the system were kept unchanged 

between the two configurations. 

For both configurations, the sinusoidal grating measurements were taken with as 

small a cavity between the flats as possible. This reduces environmental effects on the 

measurement results. Thus, the data will better represent the properties of the system 

itself In addition, the interferometer was focused on the final flat for each set of 

measurements. Since the "test object" in this case is formed by the interference of plane 
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waves, defocus should have little effect on the measurements. However, greater 

consistency is always desirable. In addition, for different series of measurements, care 

was taken to use the center of the test flats, to maintain similar conditions between 

measurements and because the quality of the flats is generally higher towards the center. 

The simulated phase grating was oriented as nearly parallel to the CCD a.\es as possible. 

Proper orientation was checked through examination of the peaks of the PSD. If the two 

peaks were horizontal to within one degree then the orientation was deemed acceptable. 

Basic system transfer function measurements with the phase step involve 

measuring the step in reflection rather than transmission. This eliminates any potential 

problems with propagation effects between the test piece and return flat. The step is 

placed as close to the interferometer as possible (within 3cm). again to minimize 

turbulence effects. The interferometer is carefully focused on the phase step, since 

defocus in this case would cause loss of some high-frequency components. The step is 

oriented such that there is a one to two pi.xel difference in the step transition location 

across the object. This small tilt ensures that the step occupies many locations within a 

pixel such that the effects of sampling problems are minimized. Fringes are nulled as 

much as possible for the measurements, as this generally reduces fi.xed-pattem effects and 

measurement noise. 

Measurement Results 

Simulated sinusoidal grating system transfer function results involving the two 

imaging configurations are presented in Figure 39. The plot clearly shows a dramatic 
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reduction in calculated system transfer function when the rotating diffuser and 

commercial zoom system are employed. With the incoherent imaging relay system 

employed, the system transfer function falls below 60% at .45 lines/mm, or about 1.8 the 

Nyquist frequency. By contrast, the system transfer function remains above 60% out to 

2.3 lines/mm when strictly coherent imaging is employed. This is 64% of the Nyquist 

frequency. The plot for coherent imaging is not very different from the measured camera 

transfer function, and thus the imaging probably contributes very little to the degradation. 

This is to be expected since coherent imaging systems should have unity transfer 

functions until their cutoff frequency. 13 
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Figure 39: System transfer function as calculated from sinusoidal grating produced by 
three beam interference. When the ground glass and zoom system are used the transfer 
function falls off far more rapidly than with entirely coherent imaging employed. 

In the above figure, the system transfer does not fall off quite smoothly for either 

case. The uneven falloff is primarily due to coherent noise from dust and other 
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diffraction effects. Changing the system configuration, focusing, and intensity 

adjustment all required accessing the inside of the modified interferometer. While the 

system was kept as closed and clean as possible, some dust collected on the pellicle 

beamsplitter inside the system and on other system optics. Since cleaning the system 

whenever a dust particle became visible proved impractical due to the time required, a 

certain amount of dust was allowed in the field. This dust, in tum. showed up in the final 

measurements and caused certain frequency components to measure more strongly than 

were it not present. 

The normalization of this plot is to the PSD of an ideal sinusoidal grating of 

I9.5nm peak-to-valley amplitude. This amplitude was obtained by entering the 

reflectances of the flats used in the e.xperiment into the multiple-beam interference 

equations given previously and calculating the expected phase variations. Further, the 

plot represents data where the cavity measurement itself was subtracted as much as 

possible. A single measurement was taken for each case where the second flat (whose 

AR coated side produces the phase grating) was tilted far enough off axis so as to not 

produce visible fringes. A phase measurement was then taken and the PSD of this 

measurement subtracted from all subsequent measurements. Although the cavity 

measured is not exactly the same as when the three flats are aligned to produce fringes, 

the differences should be minor. This allows a truer measure of the transfer function 

since the empty cavity structure is mostly eliminated. 
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In Figure 40, system transfer function results are presented for measurement of 

the phase step object, again with both system configurations employed. Each of the two 

curves is the average of five separate measurements, each with the step in a different 

horizontal location within the aperture. Once again, the system without the rotating 

ground glass and zoom arrangement has a much higher system transfer function across 

the spatial frequencies of interest. The configuration using the rotating diffuser and 

incoherent relay system will not meet the system transfer function requirements of the 

interferometer . 
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Figure 40: System transfer function as calculated from measurement of the phase step. 
Strictly coherent imaging produces superior results across all spatial frequencies 
measured. 

While the general features of the two plots are similar, there are notable 

differences in the system transfer function calculated through the two techniques. The 

most obvious difference is that the system transfer function for both configurations is 
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higher when the step technique is used as opposed to the three flat technique. The 

incoherent imaging case especially exemplifies these differences. In the three flat 

technique the calculated STF falls off quite rapidly, in an almost exponential fashion, and 

falls below 10% by 1.5 lines/mm. The STF using the step technique falls off linearly, 

however, and much more slowly, retaining a value in e.xcess of 15% at 3.0 lines/mm. 

The difference in the transfer function results for the incoherent imaging case 

derives mainly from the poor off-axis performance of the zoom lens. As mentioned 

previously, the three flat test obtains transfer function results from data across the entire 

aperture, while the phase-step test only includes data from one slice across the aperture. 

For higher spatial frequencies, the zoom lens system has a very low off-axis MTF. This 

causes the phase grating to be poorly imaged onto the camera outside the center of the 

field. 

Figure 41 demonstrates this effect quite clearly. In the first plot, the low-

frequency sinusoidal grating appears fairly uniform across the field, show ing little if any 

noticeable degradation near the comers. In the second plot, however, the grating is of 

much higher spatial frequency. Here the grating appears washed out near the comers of 

the aperture. This effect vvill of course reduce the calculated system transfer function. 

Since the step object is close to on axis, this effect will not be seen and the STF will 

appear much higher. Although the step object may be moved somewhat within the field, 

sufficient area must be available on either side of the step to perform the PSD calculation, 

and this limits how close to the edges the step may be placed. Thus, the phase grating 
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and this limits how close to the edges the step may be placed. Thus, the phase grating 

calculation will be lower than the phase step calculation whenever the imaging 

configuration varies greatly across the aperture. This was in fact the case for the 

preceding STF plots. 

The differences in the two techniques help separate out the effect of the zoom lens 

system and rotating diffuser on the system transfer function. The three flat test, which 

utilizes the entire aperture, clearly shows the off-axis effects of the zoom lens. However, 

since the phase step is nearly centered and the MTF of the zoom lens is quite good on 

axis, one may consider much of the degradation in the STF for the step object to be an 

effect of the rotating ground glass. Thus, the incoherent relay system would be unable to 

achieve the desired system performance even were zoom lenses with better off-axis 

characteristics utilized. 
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Figure 41 a: Low frequency fringes with good contrast across the entire field. 
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Figure 41 b: Higher frequency fringes in this plot exhibit better contrast towards the center 
than near the edges of the field. 

The other interesting feature of the plots is the irregularity of the STF for the 

coherent imaging case as opposed to the incoherent one. The STF when coherent 

imaging is used oscillates rather than falling off continuously, evident especially in 

Figure 40. Though the STF shown in the plot is the average of several different 

measurements, taken over slightly different portions of the aperture, the STF still does not 

fall off smoothly as one would expect. 

This behavior may be attributed mainly to coherent artifacts present in the 

measurement. If multiple measurements are taken with the step in the same location, the 

calculated STF remains almost identical, showing that turbulence and random noise are 

playing a small factor in the oscillations. However, if the step is moved around within 
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the aperture, the oscillations in the STF differ but not the overall form. Since certain dust 

patterns and other diffraction effects are visible in the measurements, these are most 

likely the cause of the oscillations. With the overall form of the calculated STF 

remaining unchanged as the step moves within the field, though, these oscillations may 

essentially be ignored and the underlying curve considered the true STF of the system. 

Thus, no loss in accuracy of the results should occur because of these effects. 

Conclusions 

The above results clearly demonstrate the inadequacy of using a rotating diffuser 

and incoherent relay system if one wishes to obtain high spatial frequency information 

from the laser Fizeau measurements. Both the effective phase grating calculations and 

the phase step calculations show dramatic improvement by moving to entirely coherent 

imaging. While the system transfer fianction does fall off somewhat in the coherent 

imaging case, this falloff closely resembles the response of the camera alone, shown in 

Figure 36. Thus, one may expect the final system to have sufficient spatial frequency 

resolution to meet the desired goals. Coherent noise artifacts must be carefully controlled 

to avoid adverse effects on the calculated PSD. but this difficulty should not be too severe 

an impediment to achieving a system able to make high quality measurements. 

These tests further demonstrate the utility of using the two complimentary 

techniques of calculating the system transfer function. Use of the phase step allows 

examination of the transfer function over one portion of the field such that the maximum 
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transfer function of the system may be easily measured. The three flat test averages the 

transfer function across the aperture. Thus the average STF may be obtained and the 

e.xpected frequency resolution of the instrument when measuring a large part may be 

obtained. 

Based on these results, the final interferometer was designed with entirely 

coherent imaging. As mentioned previously, continuous zoom systems generally employ 

many elements. The many surfaces in these systems increase the likelihood of dust, 

scratches, or impurities causing fixed-pattern effects in the final measurement. Therefore, 

a continuous zoom setup was avoided in favor of two sets of simpler imaging optics to 

achieve the required two fields of view. The system is designed such that the optics of 

the two zoom configurations slide in and out of the beam path depending on which field 

of view is selected. This allows the required 431x431 and 100x100mm fields to be 

viewed while minimizing the potential for diffraction effects producing measurement 

errors. 

Defocus and Propagation Effects 

Once it was determined that a strictly coherent imaging had better system transfer 

function properties, this configuration was chosen for future testing of the system. The 

next test procedures involved determining the effects of wavefront propagation on the 

ability of the system to measure high spatial frequencies. Although the use of coherent 

imaging will allow measurement of the required spatial frequencies under ideal 

conditions. Fresnel diffraction effects may affect the ability of the system to measure high 
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spatial frequency components. These potential problems must be accurately 

characterized, and if necessary, steps must be taken to minimize undesirable effects. 

As mentioned previously, the optics to be tested by the interferometer are quite 

large, and some will be tested at Brewster's angle. Figure 42 below shows a typical test 

setup for a transmission measurement in a laser Fizeau system. As shown in the drawing, 

testing these large parts at Brewster's angle could entail nearly a meter and u half round 

trip path for the wavefront passing through the part, off the reference flat, and back 

through the test piece. During this propagation distance, diffraction effects will distort 

the frequency information contained in the wavefront. This distortion must be properly 

characterized to determine the effects on the final system measurements. 

65 cm 
RF 

5 cm 

Figure 42: Schematic drawing of test setup for measuring a part at Brewster's angle in a 
laser Fizeau interferometer. 

Any general waveform may be broken down into a sum of sine waves of varying 

frequencies and amplitudes.' ' Thus, it will be useful to e.xamine the effect of propagation 
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on a sinusoidal phase disturbance. A uniform, normalized beam passing through a 

sinusoidal phase grating may be represented by the following formula:'^ 

u  , ( x )  =  exp 
m 

y — s i n (  2  7 t / „ . r )  (  1 9 )  

In the above equation, m represents the peak-to-valley extent of the phase delay and f^ is 

the spatial frequency of the grating. Provided m is sufficiently small (less than 0.1). we 

may approximate the above expression as: 

u , ( x )  «  ( / w / 2 )  +  y , ( m / 2 ) e x p O ' 2 7 c / „ . Y ) e x p i - j l i z f ^ ^ x )  

In Equation ( 20 ). is a Bessel fianction of the first kind, order q.'' The Fourier 

transform of this expression is: 

U,{f) = JSm/2)d(f)+J,(m/2)5(f-fJ+J_,{m/2W+fJ 

( 2 0 )  

(  21 )  

Finally, under propagation in the Fresnel regime, we get the following distribution in the 

final observation plane: 

f  i f )  =  exp( /At) e.xp( -jnXzf-) * T, (/) 
J„ { m  / 2)5 i f )  + J^ (m / 2) exp(-jnX-fJ )6 (f-f.) 
+  J . |  { m / 2 )  e x p ( "  ) 6  ( /  +  / , )  

U  A / )  =  e x p i j k z )  ( 2 2 )  

The inverse Fourier transformation of this equation leads to this expression: 

iiAx) = exp(Jkz)* J^(m/2)+expf-y'TC At/; ) [J, ( w/ 2) expQli^^x) -h 

y_,(/w/2)expf-y27i/;.v)] 
( 2 3 )  
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This distribution is the same as Uj(x) except for the frequency dependent phase 

factor multiplying the last two terms. This phase term causes the expression for u,<x) to 

match that of the sinusoidal phase grating of Equation ( 20 ) only when the term is real. 

When the frequency dependent phase term is strictly imaginary the distribution becomes 

that of a sinusoidal amplitude grating. When the additional phase term is complex, the 

final distribution is a combination of a phase and an amplitude grating. 

The distance the wavefront travels between the test piece and return flat will 

therefore greatly affect the phase measured by the instrument. With no significant 

propagation between the test piece and return flat, the final beam entering the 

interferometer will have twice the peak-to-valley phase variation as a single pass 

measurement, as expected. However, as propagation distance increases, this is no longer 

the case. Certain propagation distances will produce a reflected wavefront where some 

frequencies components have equal amplitude but opposite phase as compared to the 

original wavefront which passed through or reflected off of the test part. The wavefront 

entering the interferometer will therefore appear to have no amplitude at those 

frequencies and the measurement will be in error. Even for other frequencies, the 

measurement will be somewhat in error as the apparent phase amplitude changes with 

propagation due to diffraction. 

Figure 43 illustrates this point. It plots the theoretical peak-to-valley phase 

variation of a sinusoidal grating under different amounts of propagation. For a round trip 

distance of 80 cm. the 1 line/mm grating will have almost no phase modulation upon 
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returning to the test object. The interferometer would measure phase variation only from 

the second pass through the grating. The measurement would be in error by a factor of 

two if this were not taken into account. For greater propagation distances, the phase 

amplitude increases again, but the sine wave is now out of phase with the original grating. 

At about 160 em round trip path difference, the phase grating would not show up at all in 

the measurement due to cancellation of the propagated beam with the actual phase error 

in the part. 
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Figure 43: Theoretical calculation of measured phase disturbance of a one line/mm 
sinusoidal grating under varying amounts of propagation. 

Experimental verification of these conclusions was made using a phase grating of 

approximately .54 lines/mm. While the grating is not very large, nor of extremely high 

quality, it was sufficient to demonstrate the effect of propagation on phase measurements. 

The results of phase measurements under varying propagation distances are shown in 

Figure 44. One can see that with almost no distance between the phase grating and return 

flat, the phase grating measures approximately 25 nm in height. 
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Figure 44: Phase grating produced holographically to study the effects of wavefront 
propagation on the measured object structure. The grating has a frequency of 
.54lines/mm and peak-to-valley height of about 25nm. 

To achieve cancellation of the phase reflected off the return flat, the frequency 

dependent phase term in Equation ( 23 ) rnust equal 7t. Solving for z, one calculates a 

122 

round trip propagation distance of 46cm for 632nm light and the grating described above. 

Figure 45 below shows the grating measurement under 40cm round trip propagation 

distance and again under 80cm round trip propagation distance. Approximately the same 

area is shown in each of the plots. The plots show quite clearly the inability to properly 

measure the phase under certain propagation distances. 

The PSD for the grating under 40cm propagation, close to the expected 

cancellation distance, shows a peak of 6.0 nm2mm at the frequency of the sinusoidal 

structure. When the wavefront propagates a round trip distance of 80cm, however, the 

propagated wavefront should almost have returned to being a pure phase disturbance. 
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The PSD for this measurement shows a peak of 200 nm2mm, over an order of magnitude 

higher than for the other measurement. Thus, propagation distance between the test piece 

and return flat can in fact dramatically change the measured phase variations in the part. 
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Figure 45: Contour plots and associated one-dimensional PSD plots for the phase grating 
measured in transmission. In the top figure, the wavefront leaving the grating underwent 
40cm round trip propagation before passing through the test piece a second time. In the 
bottom, 80cm round trip propagation distance was used and the peak of the PSD at the 
grating frequency is more than an order of magnitude higher. 
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Since an arbitrary object may be broken down into appropriately weighted sums 

of sine waves, this effect is not limited to surfaces with only basic sinusoidal phase errors. 

For an object composed of many frequency terms, one would expect the PSD of the 

surface measured in transmission to fall to zero at certain frequencies depending on the 

distance from the test part to the return flat. Thus, the measurement configuration may 

have as much of an effect on the ability of the system to measure high spatial frequency 

components as the base system transfer function. 

To examine this point, the phase step object used previously for the system 

transfer function calculations was measured in transmission. The interferometer was 

focused on the return flat, located a meter and a half from the reference flat. First, the 

step was placed close to the return flat, so the wavefront passing through the step 

underwent almost no propagation before reflecting off the return flat and passing back 

through the step. The step was then sequentially moved closer to the interferometer, 

increasing the propagation distance of the transmitted wavefront. The system transfer 

function was then calculated using each of these measurements. 

Theory suggests that the calculated system transfer function for each measurement 

should show the system transfer function with no propagation multiplied by the real part 

of the phase term in Equation ( 23 ) for the appropriate propagation distance. This 

multiplicative factor should look like a chirped sine wave, where the frequency increases 

with increasing spatial frequency of the PSD. Figure 46 demonstrates the system transfer 

function calculated from measurements with various round trip propagation distances. 
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One can see that the calculated transfer function does in fact fall off rather severely as the 

propagation distance increases. 
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Figure 46: Calculated system transfer function from measurements of the phase step with 
varying distances between the step and return flat. Minima in the system transfer function 
are observed and move to lower spatial frequencies with increasing propagation distance. 

As expected, the first minima of the calculated transfer function move to 

increasingly lower frequencies as propagation distance increases. Equation ( 23 ) predicts 

that the first minimum should be inversely proportional to the square root of the round 

trip propagation distance. Figure 4 7 demonstrates that the measured first zero of the 

transfer function versus the theoretical matches quite closely for the data presented in 

Figure 46. There is less than a 10% difference between the theoretical and actual data. 

The differences that do exist may be due to several factors. Tilt in the return flat causing 
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the wavefront to not pass back through the same portion of the test part, errors in 

measuring the propagation distance, and coherent noise may all shift the minima slightly 

from the expected values. 
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Figure 4 7: Theoretical and measured first minima of the system transfer function for 
various round trip path distances of the wavefront passing through the phase step. 

Additional minima may also be observed in Figure 46 for the cases of 1 OOcm and 

120cm round trip propagation distances. Minima as a function of propagation distance 

should follow a 1 /f2 frequency dependence. One would expect a measurement of an 

object with equal amplitude components at all frequencies to resemble Figure 48, a 

theoretical plot of an ideal transfer function for the case of 1.2m round trip propagation 

distance. The second minimum of the theoretical curve occurs near 1. 9 lines/mm. In 

Figure 46, however, it occurs nearer 1.8 lines/mm. This small difference is most likely 

due to the return flat not being completely in focus when the measurements were taken. 

The return flat may be moved several centimeters in either direction without visibly 

changing the sharpness of an object placed in that plane. Since the best focus location 
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was determined by eye, the in-focus location was not always accurately chosen. Defocus 

of the reference flat will have an effect similar to additional wavefront propagation, and 

thus the observed minima may shift frequency slightly. 
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Figure 48: Theoretical calculated system transfer function for a step object after 1.2m 
round trip propagation between the test piece and return flat. 

In addition to examining the step in transmission, the step was also measured in 

reflection. For this experiment, two setups were employed. In one, the interferometer 

was focused on the step placed close to the reference flat. The step was then sequentially 

moved away from the interferometer to various distances from focus, and the transfer 

function of the measurements calculated. In the other setup, the interferometer was 

focused on the step placed two meters from the reference flat. For this case the step was 

moved progressively closer to the interferometer between measurements. 

The case of measuring the step in reflection is significantly different from that of 

measuring the step in transmission. Most importantly, there is no propagation of the 
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wavefront to a return flat and back. Thus, there will be no cancellation of frequencies due 

to two wavefronts with oppositely phased frequency components adding together. 

Measurement under reflection from the step is equivalent to propagating the out-of-focus 

step to the in-focus position for the interferometer. This propagated wavefront is what is 

ultimately measured by the interferometer. Thus, moving the step five centimeters from 

the nominal focus position should be equivalent to measuring a phase step after five 

centimeters propagation. 

Measurement of the step after movement from its in-focus position should thus 

produce the same results whether the step is being moved closer to or further from the 

interferometer. Figure 49 below shows plots of the measured system transfer function 

with the step moved various distances from its in-focus position. The plots do in fact 

show very similar behavior whether the interferometer was focused far away and the step 

moved towards it or vice versa. Also, the minima for this case correspond well with 

those predicted by Equation ( 23 ). 
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Figure 49: Calculated system transfer function for step measured in reflection. The step 
was defocused various amounts, and minima in the calculated STF are observed which · 
rnove to lower spatial frequencies with greater amounts of defocus. 

The results for the calculated transfer function from the step measured in 

retlection have one significant difference from what theory predicts. As Figure 49 shows, 

the calculated transfer function does not drop below 50% even at the locations of the 

local minima caused by defocus. As in the transmission case, certain spatial frequencies 

should not be measured by the instrument due to propagation of the wavefront to the 

measurement plane. However, significant frequency components are still measured at 

these spatial frequencies. 

Various methods of simulating this phenomenon were tried. However, non-

rigorous diffraction theory techniques were unable to produce data where the 

transmission and reflection cases would differ for the step measurement. The diffraction 
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and propagation simulation program Diffract also was unable to duplicate such results, 

due to a lack of resolution in the step region caused by inability to produce large enough 

arrays for the calculations. 

Several potential causes for the differences are possible, though as stated none can 

be confirmed through simple theoretical calculations. Transmission measurements, since 

they do involve reflection off a return flat and a second passage through the part, could 

have shearing effects associated with the final measured wavefront. Shear of the beam 

between the two passes through the step object could cause frequencies to be lost which 

otherwise would have been measured. However, this option is not very probable because 

tilt of the step object and return flat have little effect on the PSD of the final 

measurement. 

Another e.xplanation is that a lack of parallelism between the top and bottom 

surfaces of the step could change the propagation of the wavefront in reflection enough to 

allow frequencies components to be present which would not be measured given an ideal 

step. As noted previously, the step object is not perfect, and these imperfections have a 

greater effect in reflection than in transmission by about a factor of two. Therefore, it is 

possible that while a perfect step measured in reflection would generate zeros at the 

appropriate frequencies, the variations in the step introduce components into the 

measurement which cause the frequencies to not reach zero. This explanation, however, 

suffers from the fact the transfer function calculated from the reflection measurements is 
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not significantly higher than expected at points other than near the theoretical minima. 

Thus, this is probably not a significant contributing factor to the discrepancy. 

In order to fully explain this phenomenon, rigorous diffraction theory will most 

likely have to be employed. Simple wavefront propagation techniques, sampling 

considerations, and the explanations given above do not produce results consistent with 

the measurements. With proper electric field solutions around the boundaries of the step, 

more accurate results may be obtained. Such modeling of propagation of aperiodic 

wavefront structures is not an easy matter^^ '^. however, and is beyond the scope of this 

work. Since the system transfer function meets requirements, and defocus and 

propagation effects may still be studied as to their effect on the observed frequencies, this 

exploration will be left for future research. 

Based on the above results, it can be seen that the measurement setup shown in 

Figure 42 will not allow measurement of high spatial frequency structure across the entire 

test piece. Based on computations from Equation ( 23 ). Table 3 gives the minimum 

propagation distance at which the phase modulation reaches a zero. Further, a system 

criterion was set such that the phase modulation remains at 92% of its maximum value, 

maintaining an 84% amplitude modulation for the propagated wave (explained further 

below). The ma.\imum distance to meet this requirement is also listed. No frequencies 

greater than .4 lines/mm can be measured to the required tolerance for a part with 65cm 

between the test piece and return flat, as in the Brewster's angle setup described 
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previously. Thus, the measurement setup must be changed to reduce the required 

propagation distance for measurements. 

Spatial Frequency 
(lines/mm) 

Propagation Distance to 
First Zero (cm) 

Propagation Distance to 
84% Phase Modulation 
(cm) 

0.03 87793 30000 
0.4 493.8 180 
l.O 79.0 28.5 
1.25 (1/4 Nyquist) 50.6 18.5 
2.5 (1/2 Nyquist) 12.6 4.6 

Table 3: Theoretical calculations of ma.\imum allowable propagation distance for 
acceptable measurements of various spatial frequency components. 

The last column of the table above requires some e.xplanation. For transmission 

measurements of all parts, and for both transmission and reflection measurements of parts 

oriented at Brewster's angle, the wavefront passes through (or reflects from) the test optic 

twice. The beam which hits the test optic the second time will not undergo any of the 

propagation effects described above. Therefore, if the propagated beam has only 84% of 

its original modulation, this beam added to the beam from the second pass (with 100% 

modulation) will achieve the 92% specification for distortion. For parts measured at 

normal incidence in reflection, the only ones where the wavefront hits the part only once, 

there should be no propagation effects provided it is in focus. Thus, for 92% fidelity of 

the measurements, the propagated beam may have only 84% of its original amplitude. 
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effectively doubling the tolerance from what one would achieve with a single pass 

through the part. 

Measurement of high spatial frequencies are most critical when measuring 

100x100mm sub-apertures of the test pieces, since this is where the camera can measure 

these higher spatial frequencies without aliasing. The system was designed such that the 

camera may pan to any section of the 431x431 field for lOOxlOOmm measurements 

without moving the test part. Thus, it is possible to measure the entire test piece with 

high resolution without risking damage to the part by translating horizontally or 

vertically. The setup shown in Figure 42 was to be employed, with neither the test part or 

return flat moved as various sub-apertures were examined. 

However, this configuration will not allow measurement of the higher spatial 

frequencies due to the large propagation distances. Therefore, the measurement setup 

must be modified. The simplest solution is to translate either the test piece or return flat 

parallel to the angle of the test piece. Such translation will allow the part of the test optic 

being examined to lie as close as possible to the return flat. Since translation of the test 

piece is undesirable due to an increased potential for damaging the part, movement of the 

return flat was chosen. The setup for such measurements is shown in Figure 50 below. If 

the return flat can approach to within a few centimeters of the test optic, the round trip 

path the beam travels can be kept below 40cm and spatial frequencies of up to 0.83 

lines/mm may be measured with greater than 92% fidelity. 
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Figure 50: Translation of the return tlat to minimize path to return flat and back for sub-
region measurements. 

The original design of the return flat was circular, with a diameter of 600mm. the 

diagonal of a 431x431cm square. Use of such a return flat for Brewster's angle testing, 

however, poses difficulties for the translation scheme described previously. As a circular 

return flat is translated parallel to the test part, it is only the outer arc of the circle which 

comes closest to the optic to be measured. Thus, only areas near the center of the 431 mm 

square may be measured with the required small propagation distance. 

Figure 51 below demonstrates this more clearly. In order to measure the outlined 

upper right comer of the square, one must move in 90mm from the rightmost edge of the 

circle. Brewster's angle for a part of index 1.5 is 56 degrees."'' Thus the minimum 

distance between the RF and the test part in the comer will be 90mm*tan(56)= 135mm. 

and the maximum distance will be 285mm. The mount for the retum flat will add about 
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8cm of additional round trip path. Only frequencies of up to 0.66 lines/mm will be 

measured with less than 8% overall signal degradation. To allow the return flat to 

approach closer to the test piece, it was decided to truncate the flat in the vertical 

direction. The areas removed are shown with dashed lines in the tlgure. With this action 

taken, only the mount of the flat limits how close the edge of the flat can get to the test 

piece for measurement of any subregion on the test piece. 

90mm 

Figure 51: 431 mm square field from tilted test part inscribed in 610mm diameter circle. 

The final system design with the truncated return flat allows the return flat to 

approach within 4cm of the Brewster angle part. Thus, round trip propagation distances 

will range from 8cm to 38cm depending on which edge of the 100x100mm subregion is 

considered. Frequencies of up to 0.87 lines/mm may now be measured with 92% fidelity 

If the requirement is rela.\ed to allow for a 25% signal degradation, frequencies of over 

1.18 lines/mm may be measured, as opposed to only 0.90 lines/mm for the circular return 

flat. Of course, these numbers are for the edge of the subregion farthest from the return 
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flat. If an average 8% loss is allowed across the subregion. frequencies to I.l lines/mm 

may be considered with the truncated flat. 

Thus, although the system transfer function remains greater than 60% to beyond 

half the Nyquist frequency, certain test setups will be unable to measure such high 

frequencies. Truncating the return flat in the vertical direction reduces the distance 

between the test piece and return flat, but frequencies higher than 0.87 lines/mm will be 

degraded more than 8% across certain portions of the field. Measurement of parts at 

normal incidence, with 8cm or less round trip path, will measure frequencies as high as 

1.9 lines/mm with less than 8% degradation. If frequencies higher than these are to be 

measured, an appropriate scaling should be made based on Equation ( 23 ) to more 

accurately determine the strength of a given frequency component. 
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Final System Evaluation 

System Design 

Once the above aspects of system perfomiance were studied, tiie system design 

for the final 600mm aperture interferometer was finalized. The design utilized the SMD 

IM60 camera due to its superior noise properties and 1024x1024 array size, as mentioned 

previously. Also, the system was designed with two fixed-zoom imaging arms: one to 

measure the full 431x431 aperture and the second to measure any 100x100mm sub-

aperture of the full field. To achieve a sufficiently high transfer function, no rotating 

diffu.ser was used in the system such that imaging was strictly coherent. 

The completed system is shown in Figure 52. The system measures 

approximately 800mm in height. 1.3m in width, and over 2.5m in length. The system 

contains multiple fold mirrors within to reduce the overall length. Folding the system 

allows the entire interferometer, test optics and return flat to fit on a five- by twelve-foot 

optical table. The large reference flat is visible on the front of the instrument, with the 

back of the return flat mount seen on the right side of the figure. The computer which 

controls the system and performs the data analysis is seen in the background. 
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Figure 52: Completed 600mm laser Fizeau. 

Transfer Function 

Once the final system was constructed, the transfer function of the completed 

interferometer was measured. The step technique was used for the initial measurements 

due to the need to perform only a single measurement. Since results for the two 

techniques were similar in the case of the smaller interferometer, if the transfer function is 

acceptable using this technique it was decided that the sinusoidal phase grating method 

need not be employed. 
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Figure 53 below plots the system transfer function in the small field of view as 

calculated from measurement of a phase step. The transfer function is greater than 60% 

at 2.5 lines/mm, half the Nyquist frequency of the instrument. In fact, the transfer 

function remains greater than 50% out to the Nyquist frequency. Measurements at 

different field locations also showed adequate transfer function characteristics, showing 

no noticeable roll-off when the step object was located near the edges of the field. The 

validity of employing strictly coherent imaging to achieve an adequate transfer function is . 

therefore proved. 
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Figure 53: System transfer function of final interferometer taken from step measured in 
reflection, 1 OOx 1 OOmm field. 
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Interferometer Noise Floor 

Not only is it important that the system transfer function of the interferometer be 

high, but also that the noise level of the measurement be low. Obviously, if the noise of 

the instrument is nearly as great as the desired signal level, one cannot accurately 

determine the true surface structure from a single measurement. Noise measurements of 

the camera showed that the system noise may be considered uniform and zero mean, and 

thus the effect of noise may be reduced by averaging many measurements of the part.'" 

However, this is undesirable due to the increased time that would be required to 

accurately measure each part. Therefore, the instrument noise must be kept well below 

the desired measurement sensitivity. 

To meet the requirements of high-power laser measurements, the 600mm laser 

Fizeau interferometer needs to measure spatial frequencies between .03 lines/mm and .4 

lines/mm with great accuracy. Acceptable parts must have a PSD curve that lies below 

1.0*v ' where v is the spatial frequency. To ensure that the interferometer does not 

significantly contribute to the measurement, it is desired that its noise be an order of 

magnitude lower, with a PSD curve below 0.1*v'' over the spatial frequencies of 

interest. One-dimensional projections of the PSD data are taken at 30 degree increments 

for sufficient angular sampling of the frequency components. This will allow for 

frequency components at different angles to be accurately measured, as discussed 

previously. 
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In addition to the above specification, it is also required that the overall root mean 

squared roughness in the spatial frequency range of .03 to .4 lines/mm be less than 

4.66nm. Such a specification ensures that the surface not have a frequency components 

approaching the specification limit across all frequencies of interest. Thus, it places 

further constraints on surface quality. The rms roughness target for the interferometer 

empty cavity (no test optic between reference and return flat) is placed at 1.47nm over 

this same frequency range. This again allows for confidence that parts which fail are 

truly unacceptable and were not merely measured inaccurately by the instrument. 

As discussed previously, camera noise is one of the limiting factors in the ability 

of the interferometer to achieve these specifications. In order to achieve sufficient light 

levels for the small field of view measurements, a higher gain setting was used with the 

camera when examining the 100x100mm subregions. The camera used for the project, 

the SMD IM60. may be used with a digital gain of four to increase the signal coming 

from the CCD. The gain operation, however, increases camera noise. Thus, 

measurements need to be taken with both full field (431x431mm) as well as small field 

(100x100mm) to ensure the system met specifications under both conditions. 

In Table 2 it was seen that the lowest rms roughness achieved by subtraction of 

two sequential measurements (referred to in the future as a difference measurement) was 

.43nm. Typical difference measurements ranged from .45nm rms roughness to Inm rms 

roughness. These values were achieved without use of the 4X digital gain setting on the 

camera, however. 
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Initial difference measurements employing the 4X digital gain showed rms 

roughness values of greater than 2nm. a level of noise beyond the system specifications. 

To reduce this noise, a thermoelectric cooler was employed with the CCD array. With 

the array cooled to 15 degrees C. difference measurements of between .8 and 1.3nm rms 

roughness were obtained. This noise level is acceptable, though the noise floor of the 

system is still somewhat higher with measurements in the small field of view as 

compared to the full field. 

Figure 54 below shows the calculated one-dimensional PSD of a typical 

difference measurement taken with the full field of view on the final 600mm laser Fizeau 

system. For this case, the overall rms roughness of the surface vvas 2.3 nm. most of this 

number being caused by residual turbulence. Tlie surface specification line and 

interferometer target line for PSD are also plotted in the figure. In the frequencies of 

primary interest, those between the vertical dashed lines, the interferometer performance 

is seen to be significantly better than the target. Further, the insert on the graph that 

shows the integrated area under the PSD curve over those frequencies also demonstrates 

more than adequate system performance. 
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Figure 54: PSD plots and integrated rms roughness (insert) for full field measurements 
taken on the final 600mm interferometer. 
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Figure 55 presents similar results taken for a 100x100mm subaperture of the field. 

The overall rms roughness across all spatial frequencies was .89nm. The results are still 

well below the target PSD level over the frequencies of interest. In fact, the 

interferometer noise floor remains below the target line beyond 1.0 lines/mm, and below 

the part specification out to the Nyquist frequency at 5.0 lines/mm. Thus, despite the 

increased camera noise, system performance remains better than required. 
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Figure 55: One-dimensional PSD plot of difference measurement taken on lOOxlOOmm 
sub-aperture. 

When taking difference measurements on the system, especially over the entire 

field, turbulence was noted to be a significant contributing factor to the overall rms 

roughness of the surface and to several of the low-frequency terms. A canvas canopy was 

employed around and above the air table on which the system is mounted, but turbulence 

due to temperature gradients between the canopy, table, and ambient air were evident in 

many of the measurements. In Figure 56, two sequential difference measurements are 

plotted. Air turbulence causes low-frequency variations which may be seen in the plots, 

as well as the differing rms roughness calculated for the two measurements. 
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Figure 56: Two difference measurements of the same part showing low-frequency 
variations due to turbulence. 

Although the problem of turbulence is most readily noted when subtracting two 

sequential measurements, single surface measurements are also affected. Figure 57 

below shows an empty cavity measurement taken on the 600mm system as well as the 
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result of subtracting two sequential empty cavity measurements. The low-frequency 

structure evident in the subtracted measurement is due to air turbulence. Figure 58 shows 

the power spectral density as calculated from seven separate measurements of the flat 

from Figure 57. as well the PSD of one of the measurements minus another. The PSD of 

the subtracted data effectively gives the contribution of turbulence to the measurement. 

Turbulence only contributes significantly to the lowest frequencies, with amplitude 

greater than the single surface measurements only for the three lowest frequency terms. 

For frequencies greater than .03 lines/mm. the seven PSD plots coincide with one another 

to within 1%. 
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Figure 57: Contour plot of empty cavity measurement (top) and difference of two empty 
cavity measurements (bottom) showing turbulence effects. 
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Figure 58: One-dimensional PSD plot of seven empty cavity measurements, the part 
specification line, and one of the seven measurements minus another. 

These results demonstrate that the interferometer meets its performance 
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requirements with regards to measurement noise. Although the system noise is slightly 

higher for small field measurements where a digital gain of four was used with the 

camera, both full field and small field measurements surpass the system requirements. 

While turbulence will affect the overall rms roughness as calculated from the wavefront 

data, turbulence effects are confined to the lowest frequencies measured. In the 

frequency band of interest, the effects of turbulence on the PSD data are not seen. 

Therefore, no special precautions need be taken to control turbulence during the 

measurement process. 
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Empty Cavity Measurements 

Once the noise level and transfer function of the instrument were confirmed, 

measurements were taken with only the reference and return flats in place and not test 

optic in the beam path. These empty cavity measurements are necessary to determine 

whether the reference and retum flat to be used with the final instrument are of 

sufficiently high quality. In the measurement process, the structure introduced by the 

reference and retum flats can be subtracted from the final part measurements. However, 

it is desired that PSD of the empty cavity measurement be low enough such that this 

process is not necessary in order to accurately interpret the data. This will allow for more 

rapid calculations and will eliminate the need to re-measure the empty cavity for 

subtraction purposes each time the measurement configuration is changed. 

Figure 59 and Figure 60 below show the one-dimensional PSD plots of empty 

cavity measurements on the completed system. For both measurements, the PSD plots lie 

more than a factor of ten below the final parts specification line ( below the noise target 

level) across the frequencies of primary' interest. Further, the PSD plots lie below the 

parts specification out to the Nyquist frequency for both cases. Thus, the surfaces of the 

reference flat and retum flat should not adversely affect the measurement capabilities of 

the instrument. If a test piece shows unacceptable PSD amplitude, one may confidently 

assume the part itself is bad without considering significant contributions from the 

reference or retum flats. 
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Figure 59: Empty cavity measurement of system over 43lx43lmm field. 
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Summary 

This dissertation describes some of the challenges of producing a large-aperture 

phase-shifting interferometer for measurement of high-power laser optics. In order to 

achieve the desired performance of such laser systems, the optics must be measured with 

a high degree of accuracy to relatively high spatial frequencies compared with traditional 

interferometric measurements of large optics. The measurement results will be used 

determine the acceptability of the test pieces and to model system performance before the 

laser is actually completed. 

Before the system itself was examined and optimized, a careful examination was 

made of the discrete power spectral density function for use in optics characterization. 

The PSD gives information about the frequency content of the measured optics, an 

advantage over traditional techniques such as Zemike coefficients for systems where 

periodic surface structures greatly affect the system performance. However, the PSD 

function too has drawbacks associated with its use. 

The largest problem with using the power spectral density function to characterize 

is that the surface to be measured is not an infinitely large, infinitely sampled surface 

being transformed into an infinitely large, infinitely sampled PSD plot. Instead, a finite, 

sampled surface is transformed into a finite, sampled PSD plot. The finite Fourier 

transform assumes periodicity of the data, and to avoid adverse effects from 

discontinuities at the edge of the field, a smoothing window must be applied to the data. 
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The smoothing function chosen for the data analysis was the Manning window. It 

was seen the location of localized structures within the field and the starting frequency of 

distributed structures will cause the calculated PSD to vary due to the renormalization 

required when the Manning window is applied to the data. To alleviate these problems, 

parts should be measured multiple times with overlap between the measurements such 

that structures are not located in the same portion of the field for all measurements. 

Rotation of features and missing pi.xels in the measurement were also seen to 

potentially cause misleading measurement results. Calculating the one-dimensional PSD 

from the two-dimensional plot must be done at various angles to ensure accurate 

frequency and amplitude characterization of surface features. A sampling interval of 30 

degrees was found to reduce errors to below 5%. If certain pixels are not measured by 

the instrument, they should be filled in with data which approximates the surrounding 

pixels. Otherwise, the Fourier transform calculations may view this data as large spikes 

or holes depending on what value was used for the data points, and therefore the 

calculated PSD data may shift. Simple bilinear interpolation to fill in the missing data 

reduced errors to below 5% across the spatial frequencies of interest. With the 

precautions outlined, results of the PSD calculations should be accurate to within 10%. 

but borderline parts should be measured with several translations and rotations to make 

sure characterization is accurate. 

The laser Fizeau interferometer was specified to have an overall system transfer 

function of greater than 60% at half the Nyquist frequency. To achieve this goal, the 



153 

system was designed to use entirely coherent imaging. The rotating diffuser and 

continuous zoom system commonly employed in commercial interferometers to eliminate 

diffraction artifacts in the final imaging portion of the system unacceptably degraded 

system performance. To achieve the desired two fields of view. 431 x431 mm and 

100x100mm, two simple imaging systems, with fewer than three lenses each, were used 

to image the test piece onto the detector. With a strictly coherent imaging system, the 

system transfer function met the system specifications. However, the system must be 

kept as free of dust as possible and nearly parallel elements eliminated from the beam 

path in order to reduce the effects of diffraction or other fixed-pattern artifacts entering 

into the final phase measurements. 

Despite having a high system transfer function, the system will be unable to 

measure high spatial frequency features of the test optics unless the path traveled by the 

wavefront from the test optics to the return fiat is kept small. For normal incidence 

testing the round trip path may be kept small enough such that the spatial frequencies of 

interest may be easily measured. To minimize the propagation distance for testing at 

Brewster's angle, the return flat was truncated in the vertical direction. This will allow 

measurement of frequencies up to .87 lines/mm with less than 8% reduction in the 

measured phase amplitude versus the actual phase amplitude over the entire 100x100mm 

subaperture. 

The one-dimensional power spectral density of two sequential phase 

measurements subtracted from one another, a measure of system noise, was constrained 
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to be a factor of ten better than the allowable part specifications. To achieve the low 

noise levels for both fields, a thermoelectric cooler was employed with a high quality 

camera. Final difference measurements showed the system noise floor to be beneath the 

required PSD specification of 0.1 v ' " across the frequencies of interest. Turbulence was 

found to affect the rms roughness as calculated from the surface, but did not affect the 

PSD curve or the rms roughness calculated from that curve over the frequencies of 

interest. Thus, no special precautions with respect to turbulence needed to be taken. 

The final interferometric system met the optical requirements for measurement of 

the high-power laser optics for use in the National Ignition Facility. One of the largest 

sources of error in the final results will most likely be the use of the discrete PSD curve to 

measure the amplitude of the various frequency components. While the effects of the 

finite Fourier transform calculations may be minimized, further analysis should be made 

to ensure that results are adequately accurate for system modeling and performance 

predictions. Additional study may also be made to determine the differences between 

measuring sharp phase objects in transmission and reflection when considering 

propagation effects. While results of the two techniques were similar, significant 

differences e.xist which cannot be accounted for by simple vector diffraction modeling. 
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