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By combining a personal
computer with an optical
testing interferometer, it is
possible to perform optical
tests with better accuracy
than the accuracy of the
reference optics used in the
interferometer. There are dif-
ferent techniques for per-
forming absolute tests of flat
surfaces, spherical surfaces
and surface roughness.

he measurement of any

quantity involves the com-

parison of the quantity
with some reference. In interferom-
etry, this reference is generally a flat
or spherical mirror, but it might be
a shifted version of the surface under
test, as in lateral shearing interfer-
ometry, or a nonoptical surface, such
as the air-bearing table used in the
Sommargren profiler.! In any case,
the surface is always measured rel-
ative to a reference.

Over the years, techniques have
been developed for measuring sur-
faces in an absolute sense in that
the effects of the reference surface
are removed in the final results.
The major problem with these

techniques has been the amount of

computation required to obtain the
final results. Now that state-of-
the-art interferometers are inter-
faced with personal computers,
this major drawback has been

eliminated, and the making of ab-
solute measurements is common
practice.

Spherical surfaces

Computer techniques make it pos-
sible to subtract interferometer er-
rors from errors in a spherical mir-
ror being tested if three measure-
ments are performed.? Figure 1
shows the three measurements re-
quired. First, the mirror is tested at
the center of curvature using com-
mon techniques. Next, the mirror is
rotated 180°, and the measurement
is repeated. Then either a flat mir-
ror or the mirror under test is placed
at the focus of the diverger lens. If
W, is the error due to the reference
arm of the interferometer, W _is the
error due to the diverger lens, and
W_ is the error due to the spherical
mirror under test, the three mea-
surements give:

WO"‘ = wsurf + Wru!’ + Wdu'
WIHD" = Wsurf + Wrrl’ 7 wdiv
focus — wre!‘ * 1/2 wdiv + Wdl\']

The bar over the symbol means the
quantity has been rotated 180°. The
error due to only the mirror surface
is obtained by combining these three
measurements.

W =1/2[W, +W . -W
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focus focus

Figure 2 shows typical results for re-
moving interferometer errors from a
spherical-mirror measurement.

Flat surfaces

Absolute measurements of flat sur-
faces are also available, although the
most popular technique gives only
profiles through the surface.® To ob-
tain x and y profiles from an absolute

Figure 1. Three measure-
ments required for absolute
testing of a spherical mirror.
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measurement of a flat surface, four
measurements and three flats are
required. Figure 3 shows the four
measurements required of flats A, B
and C.

If G(x,y) is a measurement, and
f{x,y) is the surface error of a flat, the
four measurements give:

G, xy) =f,(xy) + [,(-x.y)

G, xy) = f,(xy) + {.[-xy)

Gy lxy) = f(xy) + f.(-x.y)

G, xy) = f(x,-y) + f.(-xy)
From these four equations it is pos-
sible to solve for both the x and y
profiles of the three flats. For exam-

ple. the x profile of the three flats is
given by:

fA(x.0) = Gap(x,0) + G Acz{x,{})—(;ﬂc Ax,0)

f(x.0) = GAB()&,O)—GAC{;,O) + GgeAx,0)

felx,0) = —Gpp(x,0) + G,\%(x,(}) + GgeAx0)

Once the x profile is known for the
reference flat, the reference flat can
be used to find additional profiles for
a test flat.

If the shape of the entire surface is
desired, multiple profiles can be ob-
tained by repeating the above
process. If it is known that the sur-
face errors can be described with
Zernike polynomials, eight mea-
surements using three flats with rel-
ative rotations of 45, 90, and 180°
can be used to give the entire sur-
face shape. The measured shape will
be described in terms of Zernike poly-
nomials.?

Surface roughness

Powerful computer techniques
make it possible to measure inter-
ferometrically surfaces smoother
than the reference surface in the in-
terferometer. As described below, er-
rors in the reference surface can be
removed, enabling a person to mea-
sure subangstrom surface mi-
crostructure routinely, even with a
much rougher reference surface.®

Each measurement made with an
interferometric optical profiler yields

to-valley difference is 0.081 A, (b).

Figure 2. Measurement of spherical mirror. Interferometer aberrations: rms
surface roughness is 0.014 A, peak-to-valley difference is 0.121 A, (a). After
interferometer errors are removed, rms surface roughness is 0.011 A, peak-

the relative point-by-point distance
between the reference and test sur-
faces. Assuming the test and refer-
ence surfaces are uncorrelated and
independent of one another, the rms
roughness o of the interferomet-
ric measurement is a combination
of the two rms roughness values:

O =V 0 +0,.]

where o

test

the surface under test and o, is the

is the rms roughness of

the computer and subtracted from
each measurement.

Another technique is to create a
profile of the reference surface by av-
eraging a number of measurements,
N, of a smooth mirror. The mirror
surface used to do the averaging does
not need to be supersmooth, but the
smoother it is, the fewer the mea-
surements needed to be averaged.
Between measurements, the mirror
is moved by a distance greater than
the correlation length of the surface.

rms roughness of the in-
terferometer reference sur-
face.

To subtract the effects
of the reference surface in
the interferometer, three
different techniques can

be implemented. A % C INVERTED
e L

Figure 3. Four measurements required for
three-flat test.

straightforward means of
producing a reference-sur-
face profile is to measure
a super-smooth mirror
with an rms roughness of
less than 1 A. This infor-
mation can be stored in
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The roughness of the mirror being
measured tends to cancel out, and
the result obtained after averaging
approximates the reference surface.
The resulting rms roughness-mea-
surement error is given by:

G

e - mirror

error n

whereo refers to the rms rough-
ness of the mirror surface used to
produce the generated reference pro-
file. Thus, the error in the measure-
ment of the test-surface rms rough-
ness is reduced by using a smoother
mirror to generate the reference and
by increasing the number of mea-
surements averaged lo generate the
reference. Once the reference-sur-
face profile is generated, it can then
be subtracted from subsequent mea-
surements of test surfaces to mea-
sure the surface profile minus the

reference surface. Using this proce-
dure, supersmooth surfaces with rms
roughness values of less than an
angstrom can be measured.

A simple technique for obtaining
the rms roughness of a super-
smooth surface, but not the profile,
is to use the so-called absolute rms
roughness-measurement technique.
For the absolute rms roughness
measurement, two uncorrelated
measurements of the test surface
are made. To get an uncorrelated
measurement, the test surface is
moved between measurements a
distance greater than the correla-
tion length of the surface. Since the
reference-surface effect on the mea-
sured profile should not change
from the first to the second mea-
surement, the effects of the refer-
ence-surface profile cancel out
when the difference of these two
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Figure 4a. Profile of the super-
smooth mirror with the effects of
errors in the reference surface
remaining.

Figure 4b. Profile of the refer-
ence surface obtained by averag-
ing 16 uncorrelated measure-
ments of the supersmooth mirror.

Figure 4c. Profile of the super-
smooth surface obtained by sub-
tracting the profile shown in Fig-
ure 4b from the profile shown in
Figure 4a. Note that the vertical
scale for Figure 4c is different
from that of Figures 4a and 4b.

measurements is taken. If we as-

sume the two measurements, test 1
and test 2, are uncorrelated, the
rms roughness of the difference pro-
file can be written:

2 2

a. .. =a 4=
diff test]

El'*l.l‘k
Because independent measurements
of the test-surface profile should have
similar statistics,

”’M-\Il = ”Lm-LL!
The rms roughness of the test surface
is given by: o = Oar
test ’IE
v

Thus, the rms roughness of the test
surface can be easily determined by
making two measurements of the
surface. When these measurements
are made, the effects of the reference
surface cancel, and the surface sta-
tistics are derived. However, the cal-
culated surface profile does not rep-
resent the actual test surface.

Figure 4 shows measurement re-
sults for a supersmooth mirror which
was found to have an rms surface
error of 0.071 nm. Measurements
performed using the absolute rms
technique gave a similar result of
0.070 nm.

The use of a computer with an
optical testing interferometer cre-
ates a much more powerful system
than the interferometer by itself.
Being able to perform optical tests
more accurately than the reference,
can go a long way in improving the
quality of the optical systems pro-
duced. O
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