
tion procedure must compensate for these effects. This 
process will almost certainly involve integration of optical 
design programs into the interferometer so that the two 
optical paths can be ray-traced and compared. 

In many situations, testing is the bottleneck of the optical 
fabrication process. While a great deal o f technology has 
been developed to attack this problem, the needs of the 
design and manufacturing communities are not yet fully 
met. 
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Why measure MTF? 
By Peter T. Carellas and Stephen D. Fantone 

Modulation Transfer Function (MTF) has been asso
ciated with measurement of performance of optical 

systems from the initial introduction of linear system 
analysis to this field. As the demand for higher quality, 
higher resolution optical systems has become prevalent, 
both designers and metrology scientists have begun inves
tigating M T F as a mutual mode of quantifying the per
formance of optical systems. This article identifies the 
reasons for specification and measurement of M T F as a 
system characterization tool. 

M T F is a direct and quantitative measure of 
image quality. 

Most optical systems are expected to perform to a 
predetermined level of image integrity. Photographic 
optics, photolithographic optics, contact lenses, video 
systems, fax and copy optics, and compact disk lenses only 
sample the list of such optical systems. A convenient 
measure of this quality level is the ability of the optical 
system to transfer levels o f detail from object to image. 
Performance is measured in terms of contrast (degrees of 
gray) or modulation, and is related to the degradation of 
the image of a perfect source produced by the lens. 

The M T F describes the image structure as a function of 
its spatial frequencies, most commonly produced by Fourier 
transforming the image spatial distribution or spread func
tion. Therefore, the M T F provides simple presentation of 
image structure information similar in form and interpre
tation to audio frequency response. The frequency com
ponents can be isolated for specific evaluation. 

PETER T. CARELLAS is manager for M T F Measurements 
Products with Optikos Corp. in Cambridge, Mass. 
STEPHEN D. F A N T O N E is president o f Optikos Corp. 

M T F can be related to end use applications. 
Frequently, imaging systems are designed to project or 

capture detail components in the object or image. Appli
cations that rely upon image integrity or resolution ability 
can use M T F as a measure of performance at a critical 
dimension, such as a line width or pixel resolution or retinal 
sensor spacing. Optical systems from low resolution hand 
magnifiers to the most demanding photographic or litho
graphic lenses relate image size and structure to the end 
application requirement. 

For example, video imaging systems must be designed to 
consider the image size produced by the lens relative to the 
array pixel size and location. A n array pixel width of 6 µm 
corresponds to a cut-off frequency of 8 3 / 1 p / m m . In most 
cases, attempting to resolve beyond this limit is impossible; 
therefore, designing a lens that maintains the high M T F 
out to this cut-off frequency is appropriate for this applica
tion. Specifying performance of a lens beyond this fre
quency is superfluous. 

FIGURE 1. A typical MTF measurement instrument 
will allow full freedom to create a test environment 
exactly as the design environment, including spectral 
filtering, off-axis evaluation, conjugate matching, and 
image plane movement. 
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M T F is ideal for modelling concatinated 
systems. 

M T F is analogous to electrical frequency response, and 
therefore allows for modelling of optical systems using 
linear system theory. Optical systems employing numer
ous stages (i.e., lenses, fi lm, the eye) have a system M T F 
equal to the product of the M T F of the individual stages, 
allowing the expected system performance to be gauged by 
subsystem characterization. Proper concatination requires 
that certain mathematical validity conditions, such as pupil 
matching and image relaying, be met, however. 

M T F testing is objective and universal. 
The influence of the test engineer is minimized with 

M T F testing, as human judgments of contrast, resolution, 
or image quality are not required. Under the same test 

conditions, the polychromatic M T F of a lens can be 
compared to the polychromatic M T F of a design or to 
another instrument. Consequently, no standardization or 
interpretation difficulties arise with M T F specification and 
testing. 

M T F allows system testing in the exact 
application environment. 

Since M T F testing is performed on the image or wavefront 
produced by an optical system, the parameters that influ
ence lens performance and design can be re-created exactly 
in the test of the lens. Field angle positions, conjugate 
ratios, spectral regions, and image plane architecture can all 
be modelled in the test o f an optical system. For example, 
the characterization of a double Gauss lens at finite conju
gates can be easily performed and compared to design 
expectations or application requirements. 

M T F provides the most direct method of 
measuring integrated polychromatic 
performance of optical systems. 

Most commercial instruments dedicated to measuring 
M T F readily determine polychromatic M T F . The test 
spectrum can be tuned to the polychromatic design spec
trum using photopic filters, infrared bandpass filters, or 
color filters, for example. Substitution of glasses that share 
the same index of refraction at one wavelength but have 
different dispersions can severely affect performance of a 
polychromatic optical system. Monochromatic testing of 
such a system may not uncover the substitution; polychro
matic M T F testing will expose the fabrication error. 

MTFs can be accurately predicted and 
toleranced with lens design software. 

Virtually all lens design software today allows graphical 
depiction and subsequent tolerancing of polychromatic 
M T F . Lens design software programs calculate the system 
M T F either through the autocorrelation of the exit pupil 
wavefront function or by Fourier transforming the point 
spread function, which is calculated by Fourier transform
ing the pupil wavefront. Polychromatic M T F is computed 
by vectorial addition of the monochromatic M T F and 
phase function. These methods for calculating M T F are 
also used with phase measuring interferometers to calcu
late the M T F of relatively well corrected monochromatic 
optical systems. 

M T F measurement instruments provide 
testing versatility. 

Numerous other tests can be performed on a standard 
M T F test instrument. Field curvature, distortion, and blur 
spot size are parameters relating to image characterization 
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FIGURE 2. An image scanning MTF measurement 
system produces (a) an edge trace function that is 
converted to a (b) one-dimensional line spread function, 
whose Fourier transform is (c) the Modulation Transfer 
Function. 



and are therefore capable of quantification with M T F 
metrology equipment. M T F testing offers the engineer 
and test technician a method for directly measuring the 
image features related to overall system performance. It is 
a well developed and understood concept and bridges the 
gap between the lens designers, optical fabricators, and me
trology engineers. 

MTF testing...bridges the gap between 
the lens designers, optical fabricators, 

and metrology engineers. 

W h e n is a surface clean? 
By Jean M. Bennett 

Recently I was asked how one can specify the cleanliness 
level o f a surface. After some thought, I had to admit 

I could not answer the question. It is almost as difficult as 
defining what a surface is. However, I may be able to shed 
a little light on the kinds of dirt one is likely to find on 
optical surfaces and ways to remove it. 

Dirt comes in two main forms: (1) particles that can 
produce pinholes or considerably increase the scattering 
level on film-coated surfaces, and (2) thin semi-continuous 
layers o f a foreign material. Examples of the latter might 
be cutting oil remaining from diamond turning of a metal 
mirror, or a layer produced by the reaction of a metal with 
constituents in the atmosphere, forming, for example, 
silver sulfide on silver,1 copper oxide on copper, or blue 
haze on electroless nickel. 2 Surface contamination layers 
will degrade the reflectance of a mirror, prevent thin films 
from adhering, and increase scattering levels. Additional 
kinds of dirt include fingerprints and cleaning residues. 

Procedures for cleaning optics depend on the material on 
the surface of the optic, the type of dirt, and the intended 
use of the optic after it has been cleaned. It is essential to 
have an adequate inspection technique to show when a 
surface is clean. 

Mass production cleaning of glass parts before coating 
with thin films has been thoroughly discussed in the 
chapter "Cleaning of substrate surfaces" in Coatings on 
Glass.3 Cleaning of semiconductor surfaces, particularly to 
remove particles, has been covered extensively in several 
published conference proceedings.4 Cleaning one-of-a-
kind optics is treated in the chapter "Cleaning and Inspec
tion of Surfaces" in Introduction to Surface Roughness and 
Scattering.5 The remainder of this article is based on 
material in the last reference. 

JEAN M . B E N N E T T , a research physicist at the Naval Weap
ons Center, China Lake, Cal i f , recently co-authored In
troduction to Surface Roughness and Scattering (OSA, 
1989). 

Seeing particles on surfaces 
A microscope illuminator used in a darkened room is a 

simple effective method to see particles on surfaces. With 
the light shining on the surface at an oblique angle, the 
observer should look at the surface at an angle almost back 
along the specularly reflected beam. (Particles scatter most 
strongly at angles close to that of specular reflection.) A 
differential interference contrast (Nomarski) microscope6 

is useful for seeing smaller particulate-type dirt, finger
prints, cleaning residues, and other discontinuous types of 
dirt (not monolayers or thicker continuous films). 

Note, however, that it is difficult to tell raised features 
from depressions on a surface in a Nomarski microscope. If 
a surface has scratches on it, which are usually easy to 
identify, one can note the side of the scratch that contains 
the shadow and compare the shadow on the scratch with 
shadows on unknown features. If there is doubt, one 
should try to profile the surface to verify whether a feature 
is above or below the mean surface level. 

Transparent surfaces such as bare glass are much more 
difficult to see in a Nomarski microscope than are opaque 
reflecting surfaces, but they can be easily observed by the 
special technique of total internal reflection microscopy 
(T IRM) , 7 which is shown schematically in Fig. 1. A T I R M 

FIGURE I. Schematic diagram of the TIRM apparatus 
for viewing contamination on transparent optics. 
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