
Center, did extensive calculations simulating the contour
ing of sinusoidal surfaces with a spherical probe. 
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Surface metrology 

T esting of optical surfaces is an important function 
in considering the overall performance of an optic. 
Testing of an optic usually involves two separate 
specifications—one for figure and the other for 

roughness. This article focuses on the spatial frequency 
content of optical surfaces and the corresponding frequency 
response of optical surface test instrumentation. The fre
quency components (amplitude and frequency distribution) 
of the surface, and the associated instrument's response 
function, may be as important in evaluating the perfor
mance of a surface as the modulation transfer function for 
specifying the performance of a lens. This article reviews 
several parameters necessary to describe the instrument 
response function for roughness testing. A recent review 
article discusses the history and development of several 
techniques for testing the figure of optics.1 Other refer
ences describe interferometry in greater detail. 2 , 3 

The first part of this article discusses the separation 
between surface figure (waviness) and roughness; the sec
ond reviews the frequency response distribution of surface 
profile measuring instruments. Both characteristics are 
important in describing the performance of optical sur
faces. Specific instruments, specifications, resolution, and 
repeatability are not covered. 

Frequency footprints 
Surface optical testing is typically divided into two fre
quency regions. The first is a measurement of the surface 
figure, or form; the second, roughness. The frequency 
separation between figure and roughness is somewhat 
arbitrary and depends on the application of the surface. In 
the optical industry, the dividing line is usually set to allow 
selection of the high spatial frequency content of the 
roughness data, e.g., 0.0125 µm-1 (80 µm wavelength). Other 
special applications, such as x-ray mirrors, require both 
high frequency and mid-spatial frequency information. 

An easy way to visualize the spatial frequency content of 
a surface is to examine an idealized surface composed of 
two different frequency components. Figure 1 shows such 
a simple surface with a low frequency figure component 
and a high frequency roughness component. Figure l a 
shows a surface profile (i.e., surface height vs. position) for 
this idealized surface. Figure lb shows the frequency re
sponse of the idealized surface. The low frequency "spike" 
due to surface figure has a higher amplitude than the high 
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Figure 1. Simple surface with one low frequency and one high 
frequency component 

frequency "spike" due to surface roughness. (This effect is 
common in a number of examples in nature—from a road 
with 100 foot hills and small ripples in the paved surface or 
from a mountain range with a forest of trees.) Typically, low 
frequency features have larger amplitudes than high fre
quency features. 

It is often important to separate surface figure and rough
ness from the profile data. A digital filter can be used to 
separate the two components with a cutoff frequency 
typically between 0.0125 µm-1 and 0.000125 µm-1 (0.08 and 8 
mm).4 Thus, the cutoff frequency is selected to exclude 
specific low frequency information from the roughness 
data. The proper selection of the cutoff frequency depends 
on the particular manufacturing process. An example of 
this type of analysis is shown in Figure 2 for an arbitrary 
cutoff filter. 

Instrument response function 
Each type of measuring instrument has some region over 
which frequencies are properly measured and reported. A 
standard oscilloscope has a finite bandwidth and frequency 
cutoff. For example, a 20 MHz oscilloscope would yield a 0.7 
volt signal for a 1 volt 20 MHz sine wave input signal. The 

Figure 2. A typical surface profile 

reason for the decreased amplitude is that an oscilloscope 
bandwidth is defined as the point at which a sine wave 
amplitude is attenuated by 3 dB in amplitude (50% in 
power). 

What equivalent criteria could be used to define the 
measurement range of surface profile instruments? First, 
assume that there is some frequency range over which the 
instrument response is unity. That is, the amplitude and 
phase of surface features are reported without distortion. 
(Of course, no instrument will really be this perfect, either 
in amplitude or phase). Figure 3 (next page) illustrates an 
idealized frequency response of a surface profiling instru
ment with both low and high frequency limits. This leads to 
the condition that the measurement frequency region span 
the following limits: 

More detail concerning each frequency limit is useful. 
The low frequency limit is often specified as one half the 
trace length. Note that the amplitude response at this low 
frequency limit may be less than unity. The sampling of the 
trace is finite and its Fourier transform is an approximation 
to a continuous Fourier transform.5 The finite trace length 
has the effect of smearing the low spatial frequency detail. 
The high frequency amplitude response limit is also less 
than unity due to the effects of sampling, detector pixel 
size, and resolution of the focussing optics or stylus radius. 
Several articles have been written about the frequency 
response of surface measuring instruments. 6 , 7 , 8 One 
method of estimating the high spatial frequency limit is by 
the spatial resolution of the focussing objective, either 
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Figure 3. An ideal instrument frequency response. 

from the Rayleigh or Sparrow criteria. Both criteria scale 
the maximum frequency proportional to the numerical 
aperture of the objective. 

The actual spatial frequency response function of an 
instrument will have a response less than unity at the 
Rayleigh criteria. This is analogous to the modulation trans
fer function for a lens. The contrast of a line pattern is 
reduced from unity near the Rayleigh limit as well. One can 
use either an instrument response or the modulation trans
fer function to describe the frequency response. Both are 
found by taking the Fourier transform of the impulse re
sponse function. 

Another high frequency limit is imposed by requiring 
that aliasing does not affect the recorded data. Aliasing 
occurs if frequencies higher than the Nyquist frequency 
(equal to 1/2 the sampling frequency) are allowed to pass 
into the frequency response of the instrument. Aliasing in 
any digitally sampled instrument is a problem because 
information above the Nyquist frequency can fold into the 
data and results in improper information in the spectrum.5 

Figure 3 shows the Nyquist frequency above the maximum 
instrument frequency response for an ideal instrument. 
Typically, instruments remove the aliasing problem by 
setting the maximum frequency response to be less than 
the Nyquist frequency. In some special cases, aliasing 
is removed from the data by a process of inverse 
filtering. 9 However, the inverse filtering approach must 
include assumptions about the frequency content of 
the actual surface. 

Power spectrum 
I have discussed the frequency response of surface profile 
instruments. How can this information be used to quantify 
the roughness, or finish, of an optic? The standard method 
has been to measure the surface profile and calculate the 
RMS roughness. A one number description has a disadvan
tage in that the frequency spectrum of the data is not 
displayed. An alternate method of defining the quality of a 

surface is by the power spectrum. The power spectrum is 
calculated from the roughness data and is proportional to 
the square of the Fourier transform. A power spectrum 
standard for surface roughness has been proposed. 1 0 

The frequency response characteristics of a surface mea
suring instrument are important in quantifying the perfor
mance of an optical surface. Further information can be 
found in the references listed below. 
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The making of 

binary 

optics 
By Michael W. Farn, Margaret B. Stern, 
and Wilfrid Veldkamp 

I n a development that parallels the evolution of single 
transistors to integrated circuits to microprocessors, 
binary optics is the enabling technology in the transi
tion from macroscopic optics to arrayed micro-optics 

to integration of optical subassemblies with built-in pro-
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