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Abstract

The manufacture of scratch standards for use with MIL-0-~13830A has been hampered by the
lack of an objective measurement technique. The U.S. National Bureau of Standards has
therefore undertaken a comprehensive program to provide quantitative measurements of the
light scattered by the scratches and to correlate them with assessments made by trained ob-
servers. In this paper, I apply scalar diffraction theory to developing design criteria for
a polar scanning apparatus, describe an apparatus that includes a novel optical system, and
show scans from one full set of secondary standards. Comparing these scans with the visual
assessments is not straightforward.

1. Introduction and objective

Although scratch standards! for specifying optical surface gquality have been around for
several decades, their use and manufacture entail certain problems. Even the measurements
of the standards are to this day performed entirely by eye; largely for this reason there 1is
no reliable manufacturing process and a consequently high rejection rate.

A careful literature search has revealed few objective measurements besides some inte-
grated scatter scans that were reported some years ago. We have therefore undertaken a
comprehensive program to (i) provide quantitative measurements of the light scattered by the
scratches, (ii) develop a body of theory to relate the properties of the scratches to the
pattern of scattered light, and (iii) correlate the measurements with the assessment made by
the eye.

The purpose of this program is to attack the measurement and characterization problem.
To this end, we are developing photoelectric measurement techniques and theory and using
them to characterize existing artifact standards. These are scribed scratches as well as
artifacts produced by other methods (such as etching). When the measurements and the sub-
sequent characterizations are completed, an objective standard can be developed. The arti-
fact standards could then be retired.

Even so, the scratch specification will remain a cosmetic standard. As now, the desig~
nation of the scratch (10, 20, 40, 60, or 80) will not relate directly to depth or width.
In the field, test specimens will still be compared visually with an artifact standard; the
photoelectric measurements described here are not now intended to be applied directly to
inspections of optical components.

2. Elementary diffraction theory

In this section I apply the Fraunhofer-Kirchhoff diffraction theory to diffraction by a
one-dimensional phase object such as a scratch. The results are useful for design purposes
and are in principle accurate for scratches that are wider than a few wavelengths and
shallow enough that we may assume single scattering. Likewise, the scattering angles must
be sufficiently small that single scattering applies.

We begin by calculating the diffraction pattern of a pure phase step (that is; one with
no thickness). The width of the step is b and the width of the illuminating beam is B. The
phase change across the step is A. The equation for the diffraction pattern in the far
field? is

B/2
E(8) = [ A(s) e
-B/2
where E is electric field strength, k is 27/A, and where multiplicative constants have been
ignored. A(s) is the amplitude of the electric field at any Egint s between ~B/2 and B/2
and, for uniform and collimated illumination, is equal to A_e at the location of the phase
step and J—\(i elsewhere. If the index of the glass is n and Zhe depth of the scratch is t,
A= k(n - 1)t.

~i{k sin#8)s as, (1)

The integral, Eq. (1), may be evaluated by separating it into an integral corresponding
to the diffraction pattern of an aperture with width B and a second integral corresponding
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to the diffraction pattern of a slit with width b but with a relative strength dependent on
the phase shift A. The result is the sum of two diffraction patterns,

ia/2

(9) = AOB[sinc¢ + 2i(b/B)e sin(4A/2) sincé¢], {(2)

E
groove
where sinc x = (sin x)/x, ® = (n/X) B sin® and ¢ = (/X)) b sinf6. The first term describes
the unscattered or zero-order light. The second term describes the scattered light and is
the diffraction pattern of the phase step; it is weaker by (2b/B) sin (A/2) than the first
term. It also has angular spread B/b times the first; therefore, the first term dominates
around 8 = 0, whereas the second term dominates elsewhere.

A system capable of measuring the entire scattered radiation pattern must be capable of
measuring both the scattered and unscattered light. The peak intensities of these two terms
are proportional to the squares of the electric fields expressed in E%. £2). The system
must therefore be capable of a dynamic range somewhat greater than 4b%/B“: this requirement
sets a limit on the size of B, which must be no more than, say, 1000 b.

We may extend the argument to a tilted scratch (angle of incidence ¥ not equal to zero)
by examining the diffraction integral for that case and by considering reflection off the

parallel sides of the scratch. Equation (2) becomes, for this case,
. . ia/2 . ,
(3] =
Egroove( ) (AOB/COS¢)[51nc¢ + 2i(bcosy/B) e sin(4/2cosV¥) sincé], (3)
where ¢ is now (7m/X) B(sin® + siny) and ¢.is (H/X) b(sin® + siny). If ¢ is not too large,

the conclusion of the preceding paragraph is not substantially affected. The factor on the
right side of Eg. (3) is a normalizing factor common to all terms and will hereafter be
ignored.

Calculation of the side~reflection term may be simplified by assuming that the scratch is
shallow compared to its width and that the angle of incidence is less than about 30 degrees.
In that case, the part of the scattering pattern due to the sides is equal to the interfer-
ence pattern caused by the two reflections, modulated by the diffraction pattern of a single
slit with width t. The center of the pattern is located at the angle of specular reflec-
tion; however, if we include the 180 degree phase change on reflection at the low~high index
interface, we find that the center of the pattern is a dark fringe, rather than the usual
bright fringe. In other words, we see sine-squared fringes, rather than the usual cosine-
squared fringes. Equation (4) gives the relative amplitude of the reflected light (R ~ 0.04
is the reflectance of the edge),

1/2

E = R (t/B)siny sinc[{7/A)t (cosB® + cosv)]| sing. (4)

8
refl( )
This term can, in most cases, be neglected because of the factors Rl/2 and siny. A simple
diffraction calculation is therefore sufficient for purposes of estimation.

Surface roughness within the scratch may be modeled as a superposition of sinusoidal
phase gratings with random phases. The amplitude diffraction pattern of one such phase
grating is a series of Bessel functions." If the peak phase of the grating is less than a
radian or so, we may drop all but the Bessel functions of order zero and one. Therefore

- 1 : 1 . - .
Egrating(e) = (b cosw/B){Jo(A ) sincé¢ + Jl(A Y[sinc(¢ mb/d) + sinc(¢ + ﬂb/d)]} (5)
where d is the period and A' the peak phase of the grating. A' is related to the peak
height h by the equation A' = 2m{n-l1)h/X. A diffraction peak is located at angle 8 given by
A/d = sin® + sinVy; generally it is spatially separated from the zero order peak, and the two
terms may be treated separately.

A general roughness such as might be seen in an etched groove is not adequately described
as a single sinusoidal grating, but rather as a superposition of such gratings. If the
angular spectrum of the diffracted light is, say, one fourth of the 20 or 30 degree range we
are interested in, we can develop a better model by assuming that the roughness is describ-
able as a superposition of four sinusoidal terms with diffraction peaks at, let us say, O,
10, 20, and 30 degrees. Because the surface roughness is in reality two dimensional, we
conclude that the effect of the J, term, when smeared over all angles, is at any one angle
about 1/42 less than the peak value given by Eq. (5).

We may use a similar formalism to treat a scratch with a curved bottom: We approximate
the shape of the bottom with a half cycle of a cosine function. This is the same as saying
the scratch can be described adequately by its first Fourier series coefficient (other than
the dc term). The resulting diffraction pattern is a series involving Bessel functions; the
peak intensities of each term cluster about the direction of specular transmission. If the
depth of the curvature is small enough, then the term that contains the Bessel function of
order zero,
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Table 1.

Relative intensity Center of aAngular
pattern spread
b cosPyo 27 At A
0-Order Terms (%)% [1 + 3 2(a"/cos ) 0 5 cosy

. JOZ(A"/cosw) -2 JO(A'/cosw)

. JO(A"/cosW) cos (A/cosy) ]

. . t . 2 A
Side Reflection 4R (E 51n¢) 2y £5iny
. b 2 p¢ A? A A
Grating, (g cosv)? I 2(—=) T 5 CosT
First Order B 1 cosy 4 b cosv

e = A" 3
E ottoml?) = (bcos¥/B) J_(4"/cosy) sincé, (6)
is the most important. If A" > 1 rad or so, other terms become significant. Because the

amplitude distributions described by these terms overlap considerably, adding them is usual-
ly quite complicated. Therefore, the best we can say in a general way 1is that the intensity
is a few times that given in Eq. (6). Likewise, the angular spread is a few times that
deduced from Eg. (6).

If Egqs. {(3), (5), and (6) are all significant, the zero order electric field is

E_(8) = (bcos¥/B) [et? I (ar) g (a") ~1]sincé. (7
The diffracted (or scattered) intensity is E2,

Table 1 lists the relative contributions of various factors to the scattered intensity
for the case where different terms are separated physically from one another (so that inter-
ference may be ignored). The third column lists the approximate angular spread of each con-
tribution. (In reality, if the scratch is deep, or A' > 1 rad, then the description is more
complicated and the angular spread can greatly exceed A/b cosV¥). Figure 1 is a rough sketch
of the light scattered by a 5-um-wide scratch for which A = m. A' and A" are each 7n/2; this

is probably an unreasonably large value for A". Even so, the figure shows that zero order
diffraction is almost always the dominant term. (The curves shown are intensities; no
attempt is made to perform a complete calculation including interference. At angles where

two terms are roughly comparable, interference will be a factor but will not change order of
magnitude estimates significantly.) The dashed line in Fig. 1 represents a surface roughness
term about 1/16 of the J; term computed from Table 1 and shows that roughness within the
scratch is unlikely to be a significant factor apart from what it may add to the zeroes or
to the zero-order term [Eq. (7)].

The scattering pattern of the scratch is almost entirely the result of diffraction and
depends largely on the average width and depth of the scratch.

The first entry in Table 1 involves terms of the form A/cosy. For convenience, let &'
and A" = 0. Then the sguare bracket becomes sinz(A/Z cosV). A is the phase difference
between rays that pass through the scratch at normal incidence and those that pass by the
scratch. As A increases from zero, the sine increases, passes through a maximum when its
argument equals 7/2, and decreases to zero again when the argument is 7. At normal
incidence, therefore, a rectangular groove is most effective when t = 1/2(n-1), or about
0.63 um when n = 1.5 and A = 0.633 um. Twice this depth, the scratch would be invisible if
it were a truly rectangular groove.

Tilting the scratch has the same effect as changing its thickness. In particular, if A
were slightly less than m, rotating the scratch about its axis would make the intensity of
scattered light pass through zero at that angle for which A/cos¢ = m. If the scratch is
substantially deeper than 0.6 um, there will be several angles at which the scattered inten-
sity is maximized. Similar remarks hold true for the terms that include J,.. Consequently,
deep scratches may display variation of scattered intensity with angle of Incidence or view-
ing angle. The magnitude of this variation will decrease as the complexity of the profile
increases -- for example, as the bottom becomes more and more rounded or irreqular, increas-
ing numbers of Bessel functions creep into Eq. (6), and these functions have maxima and
minima at different values of cosy. Likewise, viewing with an extended source will
obliterate most of the detail in the pattern of scattered light.
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Figure 1. Sketch of relative scattered power {(normalized to incident power) for scratch
cross section shown. Sidelobes of Bessel function terms are not shown.

Wevertheless, because of the way the scratches are viewed, it might be prudent to manu-
facture artifacts not over 1 um in depth. In addition, although a regular and repeatable
shape 1is obviously necessary, a perfectly rectangular cross section may turn out to be in-
advisable because of the relatively large sensitivity to angle.

3. Instrumentation

The optical system for detecting the scattered light is shown in Fig. 2. The transform
lens focuses the He-Ne laser beam to a point on the circumference of the circle to which the
detector assembly is constrained. The sample is located at the center of this circle; the
intensity at points along the circle is the Fraunhofer or far-field diffraction pattern of
the sample.

The limiting aperture is located in a novel position: to the left of a relay lens. The
function of this lens is to project an image of the aperture through the transform lens and
into the plane of the scratch. (The transform lens has to be located at least one focal
length to the left of the sample.) This is necessary because space problems prohibit plac-
ing the aperture in contact with the scratch, and even a few centimeters separation results
in a Fresnel diffraction pattern. The intensity variation near the scratch may be ten or
twenty percent. For studies of scattering by overall surface roughness, this may not be an
important factor; for studies of scattering by an isolated defect, an error comparable to
the intensity variation will arise, depending upon positioning of the scratch. Using the
relay lens eliminates this error by locating a pupil, or a virtual aperture, precisely in
the plane of the sample. The principle is identical to that of imaging pupils in a tele-
scope.” The intensity across the width of the pupil is constant to %2 percent or so.

The width of the beam falling onto the tranform lens determines the impulse response of
the system. At ten or twenty degree angles, the impulse resporise is six or seven orders of
magnitude less than at zero degrees; this may well be comparable to the light scattered by a
small scratch. A glare stop is therefore located beyond the transform lens. Even though
this stop is well inside the near field of the light distribution on the lens, it reduces
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Figure 2. Experimental apparatus. Dashed lines show how image of aperture stop is

projected into plane of sample.

the impulse response to zero at all angles greater than that for which there is no line of
sight through the stop to the lens. The effect of the glare stop is sketched in Fig. 1l; the
dashed line represents the impulse response in the absence of the stop, whereas the sharp,

vertical cutoff is the result of the stop.

The slit before the detector is 2.5 millimeters wide and a centimeter high.

This slit

determines the amount of scattered light that falls onto the detector at any angle. The
slit height is sufficient to capture light scattered out of the plane of incidence, and the
width is chosen to ensure resolution (in the plane of incidence) of the finest scattering

patterns.

The detector is a 2.5 millimeter disk. We therefore require a field lens to project onto
the detector all the light that passes through the centimeter-high slit. This is accom=-
plished by choosing the lens so that it images the scratch onto the plane of the detector.
Use of the slit and field lens also relaxes the requirement that the detector lie at all
times in the plane of incidence. Finally, the detector-slit-field lens assembly is enclosed

in a box with a red glass filter (not shown) to eliminate stray light.
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Figure 3. Diffraction patterns of 50 um slit (left) and 150 um slit (right).
are values calculated using 51 and 150 um widths.
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The entire experiment is computer controled. The computer drives the stepping motor that
revolves the detector about the axis of the sample, acquires data from the detector and the
reference detector, and ultimately processes and plots the data and records a paper copy of
the graphics. 1In addition, the computer automatically changes the range of detection by
switching a precision feedback resistor in the detector circuitry. There are six such feed-
back resistors, each about ten times the resistance of the last; counting an order of magni-
tude or so for the lock-in amplifier, this yields seven or eight orders of magnitude in
total.

After checking detector linearity by measuring the transmittance of a ~50 percent filter
at many intensity levels, I examined the system as a whole by measuring the diffraction pat-
terns of some precision slits. Figure 3 shows two such scans. The first graph is a plot of
the measured diffraction pattern of a nominally S0 um slit. The black dots are the calcu-
lated values of the maxima relative to the intensity of the principal maximum; they are cal-~
culated using 51 um, which fit the data better than the nominal value. The minima are not
zero because of the finite size of the scanning aperture (which is only three or four times
smaller than the width of the sidelobes). Beyond ten degrees or so, phase errors resulting
from the slit irregularities cause slight deviations of theory from experiment.

The second graph in Fig. 3 is the diffraction pattern of a 150 um slit. Here the system
does not resolve the sidelobes because the detector width is about equal to the sidelobe
width. The four black dots are calculated values, which include a correction factor to
account for the detector width.

4. Preliminary results

I have run polar scans of the intensity scattered by several sets of scratches that have
been classified by eye. One such set of scans is shown in Fig. 4. The graph labeled
"impulse response" is just the polar scan with no sample. The structure seen in the numbers
60 and 80 scans is typical and results from the use of coherent light; with a somewhat ex-
tended, broadband source such as those used for visual observations, the curves would be
substantially smoother.

Table 2 is a compilation showing the relative power scattered at angles of five and ten
degrees off axis; it lists the lowest, highest, and average (+l standard deviation) values
for four sets of scratches. When plotted on a semi-logarithmic scale, the average five
degree data are nearly linear with designation. Still, the data show a great deal of scat-
ter, only some of which results from the accidental minima that result from the use of
coherent light. The data points overlap in such a way that a given designation cannot
always be distinguished from its nearest neighbor by a single photoelectric measurement.

Table 2. Relative power detected at +5° and +10°

Scratch +5° +10°

designation Lo Av £ 1 a Hi Lo Av £ 1 ¢ Hi
10 0.89 1.8 + 1.0 3.2 0.75 1.5 £ 0.9 3.2
20 3.2 4.9 £ 1.6 8.1 2.3 3.9 £ 1.2 6.1
40 5.7 14 £+ 10 30 0.63 4.0 £ 2.2 7.0
60 16 41 + 19 66 2.2 6.3 £ 3.8 13
80 16 85 t 76 220 6.4 29 £+ 206 84

Units of 107%. Average of four sets, or eight measurements per designation.

Work supported in part by U.S. Army Armament Research and Development Command and by
Calibration Coordination Group.
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