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Overview of the Article:
This article discusses the use of the Power Spectral Density (PSD) to analyze and specify the roughness of an optical surface.  The application of the PSD in this particular paper is the specification of the components used in the National Ignition Facility (NIF) laser beam path.  Because the NIF system uses high power lasers the optical components are specified over a larger range of spatial frequencies than is typically included in calculations of the surface figure and the surface roughness alone.  The paper summarizes the calculation of the Power Spectral Density and addresses some of the issues that must be considered when calculating the PSD.

Purpose of this Synopsis:

The purpose of this report is to summarize the article ”Specification of optical components using the power spectral density function” and to consider some of the other  applications of the PSD in metrology.  Included are explanations of the equations and issues discussed in the paper.  Also, discussed are some of the references sited in this paper and additional papers on this topic.  The format of this report in general follows the format of the article.
Background information on the PSD:
The Power Spectral Density (PSD) is a function that describes the amount of error in a surface a particular spatial frequency.  As an example for those who are not familiar with Fourier transforms, consider a sheet of sand paper with sand grains that are 0.1mm wide.  We can represent the sandpaper as a sum of sine waves with differing periods and magnitudes.  The most dominant sine wave would be the one with a period that is roughly the size of the sand grain or 0.1mm.  The frequency of this sign wave is 1 divided by the period so the frequency would be 10mm-1.  The PSD plots the magnitude of each sine wave needed to construct the surface as a function of the spatial frequency.  For the case of the sand paper there would be a peak in the PSD somewhere near 10mm-1.  There are some limitations to this analogy, but the general concept can be used to understand the PSD for the purpose of this synopsis.  It is also good to keep in mind that high frequencies correspond to small scale defects while low frequencies correspond to large scale defects.  
1. Introduction

The NIF project developed a two dimensional PSD specification for the optical surfaces in the laser path.  They developed this method because of the high powered lasers used in the NIF system, the large size of the optics (up to 800mm), and improved measurement capabilities.  At NIF they are using phase-shifting interferometer which provides them with a three dimensional representation of the profile of the surface.  From this profile they calculate the PSD.
2. Spatial Frequency Regimes of Interest

The degradation in the performance of an optic depends not only on the height of periodic defects, but also on the relative size of the defects.  The PSD method is useful because the PSD contains information about the period of the defects on the optical surface as well as the magnitude (height) of the defect.  Three different regions are typically specified: the low, mid, and high spatial frequency regions.  The cutoffs for each region depend on the application.  For optical applications the wavelength of the light used and the size of the part are often the parameters which determine the cutoffs for the three regions.  

The lower order frequencies for optical components are typically specified using Seidel Aberrations, Zernike polynomial or some other polynomial fitting.  Errors in the surface in this region are often called surface figure errors and are typically normalized to the size of the part.  It is usually the size of the part that determines the cutoff for this region.  For NIF this region corresponds to spatial period longer than 33mm.  In the NIF project and many other projects this region is well defined using fitting equation like the Seidel aberrations so the paper does not address the lower order spatial frequencies.
The high spatial frequency region is typically the region where surface roughness will cause scattering of the light.  For NIF high spatial frequencies are any spatial period less than 120um.  For NIF most of the optics are designed for a wavelength of 1.05 um.  This gives a high frequency cutoff for NIF of about 120 λ.  For their application the scattered intensity is diffracted out of the main laser beam or can be adequately controlled using a spatial filter.  For other applications the PSD of this region may be more critical to the performance.  One example could be in the specification of a material such as ground glass that is designed to scatter light.  The high spatial frequencies are more important to the scattering performance of the ground glass than the mid or lower frequency components.
The region which is not well specified by any standards is the mid spatial frequency region.  This is the regime where the PSD can be helpful.  For NIF there are spatial frequencies in this region which cause non-linear growth in the phase errors and can cause damaging intensity.  In other applications these mid frequencies can also be a problem.  For instance, if a window is used on a scanning system and the period of an error is about twice the size of the scanning beam size, then as the beam scans across the window it will be as if the beam scans across a series of positive and negative lenses.  

3. Approach

The following sections will explain the equations used in this article to calculate the PSD.

3.1 Fourier domain.

Equations (1) and (2) are simply stating that and phase retardation due to an optic can be represented by a sum of exponentials with spatial frequency, ν.  Equivalently they are showing that the phase retardation as a function of frequency is the Fourier transform of the optical path difference.  The optical path difference could be directly calculated by measuring the wavefront reflecting off of or transmitting through the optic or indirectly calculated by measuring the surface and taking into account the index of the material for a material in transmission or for mirrored surfaces by multiplying the surface features by 2.
Next, there are two issues briefly discussed which address the minimum and maximum spatial frequency that can be calculated from a given measurement.  The sampling frequency is one parameter that determines the maximum frequency that can be measured.   If a pixel in the measurement detector represents 1mm on the test surface than clearly spatial periods smaller than 1mm can not be measured.  The Nyquist frequency discussed in the paper is the theoretical maximum frequency that can be calculated from a given surface profile.
The minimum frequency that can be calculated is determined by the field of view of the measurement.  If the measurement area is a circle with a diameter of 25mm then spatial periods that are larger than 25mm can not be measured.  Additionally, periods that are a few times smaller than the measurement aperture will be affected because of the finite size of the measurement window.  The method of Fourier transforms fits the surface with a series of waves of infinite extent.  Because the measurement has discrete edges and is not infinite in extent there are error introduced into the PSD.  This becomes less of a problem as the spatial frequency increases for a particular measurement.  For the higher spatial frequencies the relative size of the measurement window is larger than for the lower spatial frequencies.
In order to address the issue of the finite size of the measurement NIF uses a Hanning window to soften the effects of the measurement edge.  There are many other approaches which weight the data near the edges.  One of the references listed in the paper, F. J. Harris (1978) compares about 20 methods used to address the finite size of the measurement window.

Equations (7) through (10) are simply showing how they calculate the root mean squared from either the optical path difference or the phase retardation as a function of optical frequency.  This is very similar to the method shown in class but they also show how to calculate the rms from the Fourier transform of a function. 
3.2 PSD

Equations (11) and (12) show that the PSD is calculated by taking the autocorrelation of the optical path difference or equivalently multiplying the Fourier transforms of the optical path difference times its complex conjugate.

Equations (13) and (14) show how the rms can be calculated from the PSD over a specified spatial frequency band.  From the PSD the rms is can be calculated by integrating the PSD over the bandwidth and taking the square root.  
3.3 1D vs. 2D
By using interferometery a 3D map of the surface can be obtained.  From this either a one dimensional or a two dimensional PSD can be calculated.  For a one dimensional PSD only lines across the measurement are used.  This can lead to ambiguities.  There can be a very different PSD’s in different orientations.  For instance if there is tool chattering during the manufacture of the part that only occurs in one direction but not the other then there will be a spike in the PSD in the direction perpendicular to the chatter but not in the direction parallel to the chatter.  A two dimensional PSD contains both the orientation and magnitude of the frequencies.  This is a more complete description of the surface.  A comparison of the one dimensional and two dimensional PSD’s is shown in section 4, Results.

For other applications the use of a two dimensional instead of a one dimensional PSD would depend on the particulars of the part.  I imagine that if diamond turning is used to fabricate a part then a one dimensional PSD that is calculated radially may be the best PSD to use. 

5. Future Directions

Typically many measurements are needed to completely describe the PSD over the frequencies of interest because each measurement is limited by the sampling period and the field of view of the instrument.  A tool which could measure an entire 1 meter optic with a spatial resolution of 1um is not practical.  Instead the entire optic is measured at a lower resolution.  Then the area of the part measured is reduced and the resolution increased until the bandwidth of interest has been measured.  

The PSD’s from the various measurement apertures and resolutions can be joined together, but they found that the frequency response of the tools used for each measurement limit their ability to join the PSD’s.  They are addressing this problem by experimentally measuring the Optical Transfer Function, OTF, of each instrument.  OTF describes the instruments ability to measure a given frequency.  If there is a particular frequency that the instrument is not accurately reporting they can compensate for this error using the OTF.  The OTF is calculated the same way it is for visual system by using test targets with a known spatial frequency.  The paper by E. L. Church (1989) discusses the effect of the optical transfer function of an interferometer on the PSD.  They found that the OTF of the microscope to leads to a noticeable and predictable error in the PSD.  The error depends not only on the OTF but also on the shape of the roughness on the surface that is measured.
Other Related Papers.
According to a follow-up paper also by J.K. Lawson (1999) at NIF they eventually used custom post processing software to calculated the PSD because of the sensitivity of the PSD to the algorithm used.  In addition to the issues with windowing and OTF of the instrument already addressed in the 1995 paper they also list variability due to the way that drop-outs and no-data is handled as an additional consideration when calculating the PSD.  Additionally, they also discuss the additional specification added to the optical components which limit the value of the RMS gradients as a function of spatial frequency for spatial periods greater than 2mm.  

Final Remarks and Conclusions:
As illustrated in this paper the PSD can be used to specify optical components.  It is particularly useful in the mid frequency range which is not well described using scattering models or traditional aberrations.  The procedure for calculating the PSD from a surface profile is reasonably straight forward and commercial software is available to calculate the PSD.  However, there are some subtleties to the measurement due to methods used to window the data, the OTF of the instrument, and the algorithm used which can lead to variability in the PSD calculation. 
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