WO T 00 A 00 O
US005502566A

United States Patent [
Al et al.

5,502,566
Mar. 26, 1996

Patent Number:
Date of Patent:

[11]
[45]

[54] METHOD AND APPARATUS FOR

ABSOLUTE OPTICAL MEASUREMENT OF
ENTIRE SURFACES OF FLATS

[75] Inventors: Chiayu Ai; James C. Wyant;

Lian-Zhen Shao; Robert E. Parks, all
of Tucson, Ariz.

Assignee: Wyko Corporation, Tucson, Ariz.
Appl. No.: 387,635 -
Filed: Feb. 13, 1995

Related U.S. Application Data

[63]
[51]
[52]
[58]

Continuation of Ser. No. 97,168, Jul. 23, 1993, abandoned.

Int. CLS G01B 9/02
US. CL 356/359
Field of Search 356/359, 360,

356/345, 357

[56] References Cited

PUBLICATIONS

“Absolute Flatness Testing by the Rotation Method with
Optimal Measuring Error Compensation”, by G. Shulz and
J. Grzanna, Applied Optics, Jul. 1992, vol. 31, No. 19, pp.
3767-3780.

“Absolute Flatness Testing by an Extended Rotation Method
using Two Angles of Rotation” by G. Schulz Applied Optics
Mar. 1993, vol. 32, No. 7 pp. 1055-1059.

“Ein Interferenzverfahren zur Absolutpriifung von Plan-
flachennormalen”, by J. Schwider, G. Schulz, R. Riekher
and G. Minkwitz, Optica Acta, 1966, vol. 13, No. 2,
103-119.

“Ein Interferenzverfahren zur absoluten Ebenheitspriifung
langs beliebiger Zentralschnitte”, by G. Schulz, Optica Acta,
1967, vol. 14, No. 4, pp. 375-388.

“Ein Interferenzverfahren zur Absolutpriifung von Plan-
flichennormalen”, by J. Schwider, Optica Acta, 1967, vol.
14, No. 4, pp. 389-400.

“Optical Flatness Standard: Reduction of Interferograms”,
by William Primak, SPIE, vol. 965, Optical Testing and
Metrology II (1988), pp. 375-381.

“Comments on the Paper: ‘Optical Flatness Standard’”, by
G. Schulz and J. Schwider, Optical Engineering, pp.
559-560. :
“Optical Flatness Standard” by William Primak, Optical
Engineering, Nov./Dec. 1984, vol. 23, No. 6, pp. 806-815.
“Absolute Flatness Testing by the Rotation Method with
Optimal Measuring-Error Compensation”, by G. Schultz
and J. Grzanna, Applied Optics, Jul. 1992, vol. 31, No. 19,
pp. 3767-3780.

“Absolute Flatness Testing by an Extended Rotation Method
Using Two Angles of Rotation”, by G. Schulz, Applied
Optics, Mar. 1993, vol. 32, No. 7, pp. 1055-1059.

(List continued on next page.)

Primary Examiner—Samue] A. Turner
Attorney, Agent, or Firm—Charles R. Hoffman

[57] ABSTRACT

A method and apparatus for measuring an absolute profile of
a flat using an interferometer system that includes an inter-
ferometer adapted to support two flats, a detection system,
and a computer adapted to compute the OPD (optical path
difference) between surface of the two flats, wherein a first
flat [A] having a first surface and a second flat [B] having a
second surface are supported in the interferometer, with the
second surface facing the first surface. The interferometer
system measures the OPDs between the first and second
surfaces for each pixel. The first flat [A] then is rotated by
a number of predetermined angles relative to its initial
position and each time the OPDs are measured. The first flat
[A] is rotated to its initial position or 180° therefrom. A third
flat [C] having a third surface is substituted for the second
flat. The OPDs between the first and third surfaces are
measured. The first flat [A] is replaced by the second flat,
with the second surface facing the third in an orientation
mirror imaged to its original orientation. The interferometer
system is operated to measure the OPDs. The computer
solves first, second, and third equations to obtain the entire
surface topographies of the first, second, and third surface,
wherein each equation is expressed as a sum of even—even,
even—odd, odd-even, and odd—odd parts so as to effectuate
cancellation of terms, permitting solving of the equations for
the surface topography.

8 Claims, 3 Drawing Sheets

13 /6 19y 7//8 s /A
14 77 /7
2 > Z) S y
)
/4
/ 2 Ly
20 20 4 £
’pf26§25 28 Vzr
2/ o
PZT
22
10" o) (@3 (&
CAMERA *>| COMPUTER




5,502,566
Page 2

PUBLICATIONS

“Absolute Testing of Flatness Standards at Square-Grid
Points”, by J. Grzanna and G. Schulz, Optics Communica-
tions, Jun. 1990, vol. 77, No. 2,3, pp. 107-112.
“Establishing an Optical Flatness Standard”, by G. Schultz,
J. Schwider, C. Hiller and B. Kicker, Applied Optics, Apr.
1971, vol. 10, No. 4, pp. 929-934.

“Interferometric Testing of Smooth Surfaces”, by G. Schulz

and J. Schwider, Progress in Optics XIII, 1976, pp. 95-167.
“Algorithm for Reconstructing the Shape of Optical Sur-
faces from the Results of Experimental Data”, by V. B.
Gubin and V. N. Sharonov, Sov. J. Opt. Technol. 57 (3), Mar.
1990, pp. 147-148.

“Absolute Calibration of an Optical Flat”, by B. Fritz,
Optical Engineering, Jul./Aug. 1984, vol. 23, No. 4, pp.
379-383.



U.S. Patent Mar. 26, 1996 Sheet 1 of 3 5,502,566

3 6 /9
il

4 /7)

2

4

SRR

20 20 £
Va6 25 28 V27
| 2
b4 -
PZT
22
10" o (@3 (%
CAMERA | COMPUTER FIEDi
kf( Y=f, (X)+£,(X) y
X)=fo (X)+£,(X .gg) 44
r)
N@ 36 35
=X
fe(X) ) - X
32 3/
A~ e G =Y. | Y&
ot ?44 ?44
4y
AN X ?) J
N 4 A_’A ‘2 3o

Fr=or

44 45
. . S~———F o3 ——
00,26 90° /42 00,40 90°_
(+) {-) . 42
(=) (+)
I80° 0° 18o° ) (+) 5o

(+)

/
N
/’:E
N

270" FrmedA A0 Frs.48



U.S. Patent Mar. 26, 1996 Sheet 2 of 3 5,502,566
Y X Y Y
X
Y
Y Y Y Y Y Y
Fr=-54
A180° 290° 245°
Y X
Y
Y
Y Y Y Y
BX BX gX gX
Aleoo B 890° B45°
Y X
Y X
Y
Y Y Y y
cX cX cX cX
Ms Mg Mo Mg




U.S. Patent Mar. 26, 1996 Sheet 3 of 3 5,502,566

(50 :
INSTALL FLATS A & B ON INTEROMETER] 4 oy (57
10, MEASKE% %%';Z: fﬂROF'LE M1 SUBTRACT THE KNOWN PARTS OF A ANDB
I FROM M; AND FROM Mz, AND SUBTRACT
' 5/ THE KNOWN PARTS OF B AND C FROM Mg
ROTATE FLAT A I80° CCW, MEASURE v &8
A A
CAVITY PROFILE My, AND STORE Mp SOLVE EQUATIONS 14 AND 15 FOR
1 &2 A60,20dd6,Boo,20dde,AND Coo,20dd6
ROTATE FLAT A TO 90° CCW FROM [TS 1 (584
INITIAL ORIENTATION, MEASURE
CAVITY PROFILE M3, AND STORE M3 SUBTRACT THE KNOWN PARTS OFA ANDB
FROM M; AND FROM Mg, AND SUBTRACT
Y (53 THE KNOWN PARTS OF B AND C FROM Mg
ROTATE FLAT A TO 45° CCW FROM [TS ! (59
INITIAL ORIENTATION, MEASURE
CAVITY PROFILE M, , AND STORE M, SOLVE EQUATIONS 14 AND 15 FOR
00,40dd8, “o00,40ddO, “0040ddO
! (54
REMOVE FLAT B AND INSTALL FLAT C v (60
IN iTS PLACE,MEASURE CAVITY PROFILE COMBINE TERMS ACCORDING TO
Ms, AND STORE Ms EQUATIONS I1, 12 AND 13 TO OBTAIN
A, B AND C PROFILES
i o5

REMOVE FLAT A AND INSTALL FLAT B
IN ITS PLACE,MEASURE CAVITY PROFILE
Mg, AND STORE Mg

| (56

SOLVE EQUATIONS 14 8 15 FOR AgetAgo
+Aoe Bee T Beo +Boe »AND Cag+Ceg + Cog

]

Fl— 557



5,502,566

1

METHOD AND APPARATUS FOR
ABSOLUTE OPTICAL MEASUREMENT OF
ENTIRE SURFACES OF FLATS

This is a continuation of patent application Ser. No.
08/097,168, filed Jul. 23, 1993, now abandoned by Ai et al.
and entitled “METHOD AND APPARATUS FOR ABSO-
LUTE OPTICAL. MEASUREMENT OF ENTIRE SUR-
FACES OF FLATS”.

BACKGROUND OF THE INVENTION

In a Fizeau interferometer, two optical flats such as A and
B, having surfaces 1 and 2, respectively, face each other and
form a cavity 4, as shown in FIG. 1. The interference fringes
produced by the interferometer reveal the optical path dif-
ference (OPD) between the adjacent surfaces 1 and 2 that
define cavity 4. If one of the surfaces, for example, a
reference surface, is perfectly flat, the optical path difference
at each pixel of CCD camera 22 represents the topography
of the other surface, thereby indicating the degree of flatness
or non-flatness of that other surface. If the reference surface
is not perfectly flat, then the accuracy of testing the flatness
of the other surface is limited by the imperfection in the
reference surface.

To obtain absolute measurements of flatness of a test
surface, various techniques have been described, the most
prominent references in this area being G. Schulz, “Ein
interferenzverfahren zur absolute ebnheitsprufung langs
beliebiger zntralschnitte”, Opt. Acta, 14, 375-388 (1967),
and G. Schulz and J Schwider, “Interferometric Testing of
Smooth Surfaces”, Progress in Optics XIII, E. Wolf, ed., Ch.
IV (North-Holland, Amsterdam, 1976). These references
describe what is referred to as the “traditional three-flat
method”, in which two pairs of “flats”, or objects with flat
surfaces are compared in pairs. For example, flats A and B
are compared by obtaining interferometric measurements of
the cavity between them, and flats A and C similarly are
compared using interferometric measurements defining a
slightly different cavity between flats A and C, and similarly
for the pair of flats B and C. The flats of one of the pairs then
are rotated relative to each other and similar interferometric
measurements between the flats of that pair again are made.
Then computations are made upon the measured data to
obtain exact profiles along several diameters of each flat.

- Since it usually is desirable to have the topography of an
entire flat surface, rather than profiles along a few diameters,
the basic method described above has been improved upon
to obtain profiles along a large number of diameters of each
flat of each pair. Several methods, including those described
inB. S. Fritz, “Absolute Calibration of an Optical Flat”, Opt.
Eng. 23, 379-383 (1984); J. Grzanna and G. Schulz, “Abso-
lute Testing of Flatness Standards at Square-Grid Points”,
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Opt. Commun. 77, 107-112 (1990); C. Ai, H. Albrecht, and

J. C. Wyant, “Absolute Testing of Flats Using Shearing
Technique”, OSA annual meeting (Boston, 1991); I.
Grzanna and G. Schulz, “Absolute Flatness Testing by the
Rotation Method with Optimal Measuring Error Compen-
sation”, Appl. Opt. 31, 3767-3780 (1992); G. Schulz,
“Absolute Flatness Testing by an Extended Rotation Method
Using Two Angles of Rotation”, Applied Optics, Vol. 32,
No. 7 pp. 1055-1059 (1993), and W. Primak, “Optical
Flatness Standard I: Reduction of Interferograms”, SPIE
Proceeding 954, 375-381 (1989), have been proposed to
measure the flatness of the entire surface. The latter methods
involve tremendous numbers of least squares calculations,
which are very time-consuming, and more importantly, they
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result in loss of resolution of the profiles of the flat surfaces
defining the cavities because least squares methods always
tend to smooth the data.

Using the prior techniques, the above-mentioned exact
profiles along individual diameters of a test flat have been
attainable using four measurements of a pair of flats A and
B, another pair of flats A and C, and yet another pair of flats
B and C. Conventional phase-shifting interferometry using
a Fizeau interferometer has been used to obtain the cavity
shape, which constitutes the above-mentioned optical path
difference for each pixel between adjacent faces of the two
flats being compared. An example of the foregoing tech-
nique would involve four measurements M;, M, Mg and
M, subsequently explained with reference to FIG. 5B. The
most that can be achieved from the prior three-flat method
for absolute testing of optical flatness is obtaining of abso-
lute profiles of each flat surface along a large number of
diameters of each flat.

Manufacturers of conventional interferometers often have
proprietary software for performing the foregoing three-flat
testing procedures. Although such software usually is made
available to the purchasers of the interferometers, the soft-
ware has no capability of performing absolute testing of
entire surfaces of flats in any way that is not limited by the
accuracy of the reference flat. No product presently is
commercially available that allows a user of commercially
available interferometers to achieve full surface absolute
testing of optical flats with precision greater than that of the
reference flat being used.

Users of equipment to measure absolute flatness of a test
surface generally would prefer to make as few interferomet-
ric measurements as possible, because of the tedious, time-
consuming nature of mounting a plurality of optical flats on
the interferometer and precisely rotating them relative to
each other with the nceded degree of precision. This
involves loosening clamps to allow removal and installation
of the flats and very careful handling of the flats.

It would be highly desirable to have a fast, economical
way of testing the absolute flatness of a surface with
accuracy that exceeds that of the reference flat being used.

There is an unmet need for a fast, economical method and
apparatus for absolute testing of an entire surface area of an
optical flat.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the invention to provide a
technique and apparatus for absolute measurement of the
topography of the entire surface of a flat.

It is another object of the invention to provide an eco-
nomical technique and apparatus for measuring the topog-
raphy of the entire surface of a test flat with greater accuracy
than that of a reference flat being used.

It is another object of the invention to provide a technique
and apparatus for absolute measurement of an the topogra-
phy of optical flat with as few separate interferometric
measurements as possible.

It is another object of the invention to provide a technique
and apparatus for absolute measurement of an the topogra-
phy of optical flat in as little time as possible, consistent with
pre-established accuracy requirements.

Briefly described, and in accordance with one embodi-
ment thereof, the invention provides a method of measuring
an absolute profile of a flat using an interferometer system
including an interferometer adapted to support two parallel
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flats, a detection system, and a computer adapted to compute
the OPD between surfaces of the two flats. A first flat having
a first surface and a second flat having a second surface are
supported in the interferometer with the second surface
facing the first surface. The interferometer system is oper-
ated to measure and store the OPDs between the first surface
and the second surface for each pixel. The first flat is rotated
by a predetermined angle relative to its initial position. The
interferometer system again is operated to measure and store
the OPDs between the first and second surfaces for each
pixel. This procedure is repeated a certain number of times
for the same number of other angles. The first flat is rotated
to its initial position or 180° from its initial position. A third
flat having a third surface is substituted for the second flat.
The interferometer system is operated to measure and store
the OPDs between the first and third surfaces for each pixel.
The first flat is replaced by the second flat, now oriented with
the second surface facing the third surface in an orientation
mirror imaged with respect to its original orientation. The
interferometer system is operated to measure and store the
OPDs between the second and third surfaces for each pixel.
The computer is operated to solve first, second, and third
equations for the topographies of the first, second, and third
surfaces. The first, second, and third equations each express
the profiles of the corresponding first, second, and third
surfaces as a sum of even—even, odd-even, even—odd, and
odd—odd parts, and use the stored OPDs to compute the
absolute topographies of the first, second, and third surfaces.
In one described embodiment, the first flat is rotated 180°,
90°, and 45°, respectively, relative to its original position to
obtain the OPD measurements referred to. The OPD mea-
surements are designated M1,M2-M6, respectively. The
first, second, and third equations are

A=A +A,+ A8+ Agoz0di0 + Acotoudes
B = B.. +B,. + B, + Byy,20a40 + Boosoder
C = Cee + Coe + Cop + Cop 20400 + Covtodan-

wherein in one of the described embodiments the various
even and odd components are related by the equations

Ayt Agp =M - M2,
B, + B, =[M; — [M}]"*)2 — (A, + A%,
Coe + Cop = [((M5 — [M5]"5%)/2 — (A, + AT,
Age = (my + ms— mg + [my + ms — mg")/4,
B = (m; + [my]* - 24,,)/12,
Cee = (ms + [ms]* ~ 24,.)12,
Ago,20a00 = (m' — m3)2,
00,20dd8 = ([mj~]9c:° - m3)I2,
Coo,20aa8 = (Mg 1°%" — ms)2 + By, 204000
Asogodae = (mg" — m)2,
B oo 40dd0 = ([mz"]“u —my")2,
Cootodde = (Img' 1% — mg")\2 + B o, 40dde»
where
m; = (M, + [M;]'¥%)/2,
ms = (Ms + [M;]'%)/2,
mg = (Mg + [Mg]"3®)/2,
M7 =My ~ Ay + Ay + A) — (B + By + BT,
My =My~ [Ane + Ay + Al = By + B,y + B,
m6=Ms— By, + By + Bee) = [Cop + Cpp + Col™s
m" =M, = (Ao + Ao + Ace + Ao, 20a00) —

[Boe + Bep + Bee + Bog, 200081
m' =M~ A, +A,+ A, + Aua,ZmidB]Asu -

[Boe + Bep + Bee + Bop 20aa0]™
me" = Mg — (Boe + B, + Beo + Bos 20400) =

[Coe + Ceo + Coe + Cop,20aa0]™

Other embodiments are disclosed which achieve absolute

testing of flats using eight or four or other number of

measurement configurations of three pairs of flats.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating a pair of flats installed in
an interferometer for the purpose of absolute testing of the
entire surfaces of the flats.

FIG. 2 is a diagram useful in explaining how a one-
dimensional function is composed of the sum of an odd
function and an even function.

FIG. 3 is a diagram useful in explaining the symmetry
properties of a two-dimensional function including an odd—
odd part and an even—even part.

FIGS. 4A and 4B are diagrams useful in explaining
periodicity of a polar coordinate function.

FIGS. 5A and 5B are diagrams useful in explaining
varjous interferometric cavity measurement configurations
in accordance with several embodiments of the invention.

FIG. 6 shows the front and rear views of the optical flats
A,B and C used in accordance with the invention and their
associated x,y coordinate systems for each view.

FIG. 7 is a flow chart of the steps performed in accordance
with one embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1 shows the configuration of an interferometer
system 10 in which flat surfaces 1 and 2 of flats A and B,
respectively, define the particular configuration of cavity 4
for which the OPD measurements (at each pixel) constitut-
ing the cavity shape are made, the cavity shape being the
distance between flat A and B at each pixel. Interferometer
system 10 can be the assignee’s commercially available
Wyko 6000 Fizeau phase shifting interferometer, which
includes light source 12 producing beam 14 through beam-
splitter 13 into lens 16. Collimated light from lens 16 passes
as beam 17 through an anti-reflective coating on the rear
surface of flat B, which is shown in FIG. 1 as the reference
surface of cavity 4, which in the Wyko 6000 interferometer
can be shifted along the optical axis by PZT (piezoelectric
transducer) 25. Numeral 26 designates the physical connec-
tion of flat B to PZT 25. Some of that light is reflected by
front surface 2 back through lens 16, and is reflected by
beam splitter 13 as beam 20, which is focused by lens 21
onto the detector array of CCD camera 22, wherein each
element of such detector array corresponds to a pixel in the
field of view of the interferometer. The rest of beam 17
passes to surface 1 of flat A, which in the Wyko 6000
corresponds to the test surface supported by a physical
connection 27 to a stationary support 28, and is reflected as
beam 18 back through lens 16, interfering with beam 19, and
being reflected by beamsplitter 13 into the CCD detector
array of camera 22, which senses the resulting interference
pattern. The output of CCD camera 23 is input to computer
24, which may be a DELL model 466.

Appendix 1 attached hereto is an object code printout of
a program which is written in the language C to be executed
on computer 24 of the Wyko 6000 interferometer for solving
equations (11)—(15) to obtain the absolute profiles of flats A,
B and C.

FIG. 5A shows the six cavity measurement configurations
of three flats A, B, and C for which relative surface topog-
raphy measurements must be made by means of interfer-
ometer system 10 of FIG. 1, the topography being the height
of each pixel of the entire surface or an area thereof relative
to a reference plane. The profile of the surface is the height
of each pixel along a line, such as a diameter or a polar
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coordinate circle, relative to a reference plane. FIG. 6 shows
front and rear views of flats A, B, and C and their front
surfaces 1, 2, and 3, respectively. Their x,y coordinate axes
are superimposed on their respective front surfaces 1, 2 and
3. The rear views in FIG. 6 all are “flipped in the x
direction”. The meaning of this is explained subsequently.
Such relative surface topography measurements produce the
OPD at each pixel of the image in cavity 4 for each of the
six measurement configurations. In each configuration, the
upper flat in the diagram of FIG. 5A is of a front view, and
the lower flat is “fiipped in the x direction” and is of a rear
view of that flat. In some configurations, the upper flat is
rotated 180°, 90°, or 45° with respect to the lower flat.

In FIG. 5A, M1 represents the set of optical path distance
(OPD) interferometer measurements at all pixels in the
interferometer “field of view” between the facing surfaces 1
and 2 of flat A and flat B, respectively, with flat B being
flipped in the x direction (i.e., about the y axis). M2
represents the OPD measurements for all pixels between the
facing surfaces of flat A and flat B with flat A rotated
counterclockwise 180° and flat B flipped in the x direction.
M3 represents the OPD measurements for all pixels between
facing surfaces of flat A and flat B with flat B flipped in the
x direction and flat A rotated counterclockwise 90° (from its
initial angle). M4 represents the OPD measurements for
every pixel with flat B flipped in the x direction and flat A
rotated 45° counterclockwise. M5 represents the cavity
shape between flat A in its original orientation and flat C
flipped in the x direction. M6 represents the cavity shape
between flat B and flat C flipped in the x direction.

In accordance with the present invention, it is recognized
that a Cartesian coordinate system, a function F(x,y), which
represents the surface topography of an optical flat can be
expressed as the sum of an even—even part F,(x.y), an
odd—odd part F, (x,y), an odd-even part F, (x,y), and an
even—odd part F, (x,y) as indicated in the equation

F&y)=F et FootFoctFe, 6]

where the subscripts indicate the symmetry of the function
in the x direction and in the y direction, respectively.
Because the flats such as A and B in FIG. 1 are facing each
other, one flat, for example B, is “flipped” relative to the
other so that the test surface and the reference surface face
each other to define the cavity 4 defined by surfaces 1 and
2 of flats A and B in FIG. 1.

At this point, it may be conceptually helpful to refer to
FIG. 2 for an explanation of what is meant by “even” and
“odd” functions. It is known that a one-dimensional math-
ematical function f(x) can be expressed as the sum of an
even function and a corresponding odd function, for
example

SOy (x) (1A)

where
fLo=Y5 [fx)f(-x)], and
FoFYe [fx)-R-=x)L

f,(x) is an “even” function and f_(x) is an “odd” function;
that is, f,(x) is an “even” function because £ (x)=f (—x), and
f,(x) is an “odd” function because f,(x)=—f,(—x). That is,
f,(x) is an “even” function because it has left-right symme-
try with respect to its values in the left and right Cartesian
coordinate half planes, and similarly, f(x) is an “odd”
function because it has left-right anti-symmetry with respect
to its values in the left and right half planes. Similarly, an
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6

“even” function of y has symmetry with respect to its values
in the top and bottom Cartesian coordinate half planes, and
an “odd” function of y has anti-symmetry with respect to its
values in the top and bottom half planes. ‘

In FIG. 2, curve 30 illustrates how the function f(x) is
equal to the sum of its corresponding even component £, (x),
indicated by numerals 31 and 32, and its corresponding odd
function f,(x), indicated by numerals 33 and 34. The adding
of £,(x) and f,(x) yields f(x) because parts 31 and 33 add to
produce portion 30 of f(x) for x greater than zero, and
opposite polarity portions 32 and 34 cancel for negative
values of x.

From curve 31,32 in FIG. 2 it can be seen that if even
function f,(x) is “flipped” along the x axis to produce f,(—x),
the magnitude and polarity of the “flipped” function is
unchanged. However, if odd function f,(x) is flipped about
the x axis to produce f,(—x), the magnitude is unchanged, but
its polarity is opposite.

The one-dimensional function of Equation 1A is similar to
the function of equation (1) above, except that equation (1)
is two-dimensional (in the x and y directions). For a two-
dimensional Cartesian coordinate system, an example is
shown in FIG. 3 to illustrate the F, (x,y) and F,,,(x,y) terms
of equation (1). In FIG. 3 numerals 35,36,37,38,39 and 42
with adjacent solid dots represent triangular pyramid shapes
extending upward out of the two-dimensional x,y plane of
the paper toward the reader. Numerals 40 and 41 with
adjacent hollow circles 45 designate identical triangular
pyramids extending downward below the x,y plane of the
paper away from the reader. FIG. 3 illustrates that

F, (0 Y)=F o (2,Y)=F . (6, ~)=F ()

F o y)=—F (5 Y—F o (%—y)=F,p (). 2)

That is, F,,(x,y) has a left-right symmetry and a top-bottom
symmetry. F_ (x,y) has a left-right antisymmetry and a
top-bottom antisymmetry.

Similarly,
F (6 3)7F oo X Y)=F oo, —Y)=F o (-%-)
Foe(RY)==F o5, Y)F 5 (0 =y)=F o (-%-Y). (24)

Thus, a function F(x,y) in a Cartesian coordinate system
can be expressed as the sum of an even-odd, an odd-even,
an even—even, and an odd—odd function as follows.

Fy)=FeitFootFoctFe, (2B)
which is identical to Equation 1.
where

F,(xy) = (F(xy) + FCxy) + F(x—y) + FCx-y))/4, 20

Foo%y) = (F(x,y) — FCxy) — Fx,—y) + F(-=x—-y))/4,
F_(xy) = (F&x,y) + F=xy) — F(x,~y) — F(-x-y))/4,
F,(xy) = (F(y) — F=xy) + Fx~y) — F(-x-y))/4.
If two flats are defined by F(x,y) and G(x,y), respectively,
and if G(x,y) is “flipped” in the x direction, then the.
measured optical path difference (OPD) is equal to

FlyHG=xy). (6)

For convenience, an operator [ I*, meaning “flip the flat in
the x direction” and an operator [ ]°, meaning “rotate the flat
in the O direction”, are defined

“Flip in x” means:

Fey)I=F(-xy) @A)

“Rotate 0” means:
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[F(xy)]°=F(x cos 8y sin 6, x sin 6+y cos 6). (4B)
Thus, from Equation 1,
[FOy) % = F(-=x,-). ()]

[F(x-y)]lson = Feot Foo — Fop ~ Fp, and
[Fa* = Fep = Fpp = Foe + Fop.

From Equations 5, when the flat is rotated or flipped, some
of the four components change sign. This fact is used to
solve for the four components of Equation 1.

Using these expressions, it is relatively easy to solve for
the first three of the foregoing terms F_(x,y), F..(x,y), and
F,,(x,y), as follows:

M;, M,, and My from FIG. SA can be written as

MI = Aee + Aoo + Aoe + Azo + Bee - Bao - Baz + Bzm
My=A.+A,,—Ase— Ay + Boe — Byy — B, + B,
Ms=A, + A5 +Ast A+ Coo = Cop = Cp + Cppe
Therefore, all the odd—even and the even—odd parts of the
three flats can be obtained easily as

(54)

Ape + A, =M; - M2,
B, + Boy = [(M; = M35)/2 ~ (A, + AL,
Coe + Cop = (M5 — [Ms]*)2 = (A, + AT

(5B)

To cancel all the odd—even and the even—odd parts from M,,
M, and M, one can “rotate the data 180°” using the rotation
operation defined in Equations 5. m;, ms, and mg are defined
as

mp; = (MI + [Ml]lsou)lz = Aee + Aaa + Bee - Bom
ms=Ms + M52 =A,, +A,, + C.. — C,,»
g = (M; + [Mg]'*"}2 = B, + Byp+ Cop = Copr

50

It should be noted that m;, ms, and mg include only
even—even and odd—odd functions. From Equation 5C all
the even—even parts can be derived easily as given below:

A

ee = (M + ms — mg + [my + ms — mg)/4, (5D)
B, = (m; + [m]* — 24,12,
Ce.

(ms + [ms]* — 24,.)/2.

The following discussion is directed to solving for F,(x,
).
A Fourier series is used to explain the symmetry proper-
ties when a flat is rotated. In a polar coordinate system, the
profile of a flat surface on a circle centered at the origin is
a function of 0 and has a “period” of 360°. It can be shown
that for x>+y?=constant, the equation of a circle, F,,(x,y),
F,..(x,y), F,,(x,y), and F,, (x,y) can be expressed as Xf,, cos
(m8), =f,, cos (nB), Xf,, sin (m0), and Xf, sin (n0), respec-
tively, where m is an odd integer and n is an even integer.

‘What is meant by the profile around a polar coordinate
circle for the function sin 26 is illustrated in FIG. 4A,
wherein the (+) and (-) symbols in each of the four quad-
rants indicate a “period” of 2 around the periphery of polar
coordinate circle 42 by indicating the quadrants of polar
coordinate circle 42 in which the function sin 20 is positive
and negative. FIG. 4B illustrates the same information for
the odd—odd function sin 40 which has a period of 4 around
the periphery of polar coordinate circle 42, wherein the (+)
and (-) symbols appearing in 45° increments around the
periphery of polar coordinate circle 42 show the period is 4.

For an odd—odd function, the profile of a flat surface
along a polar coordinate circle can be defined using only
Fourier sine terms. The odd—odd function F,,, ,¢ does not
have a perfect solution, but for the purposes of the present
invention it can be sufficiently accurately defined by the first
few terms of the Fourier series expansion. FIGS. 4A and 4B
thus are useful in understanding how a Fourier series expan-
sion of the F,, (x,y) function is formed as a sum of odd—odd
terms of different angular frequencies.
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The Fundamental frequency of Xf, sin (n8) is 2, corre-
sponding to a period of 180°, where n is an even integer. To
emphasize this, a subscript 26 is added to the term F,(x,y).
Thus, F,,(x,y) can be expressed as a Fourier sine series as

F,

00.26F 0020406 Fo0,2evenes

(6)
where

@

F, 00,2evend = z f2m5in(2me) = Z famsin(4m0) = F, 00,48
m=even m=1

Foopodto= I fomsin(2m8), @®
m=odd

where f,,, are coefficients of the 2mth terms of the Fourier

series. Similarly, F,, 49 is divided into two groups, and

defines the 40dd6O term as in Equations 6-8. Hence,

®

Fo0,267F 00 20a00F o0 400467 Foo,80aa6™ - - - -

It should be noted that each term includes a very broad
spectrum of the Fourier sine series. For example, F,, 5,440
includes the components of sin (28) , sin (60) , sin (108) ,
sin (140), etc. For a smooth flat surface, the odd—odd part
Foo,20 can be accurately represented by the first two terms of
Equation 9. Using the above-described rotation operator, it
can be shown that

[F o026 =F 0 20406 F p02eveme- (10

Comparing Equation 10 with Equation 6, one can see that
the sign of F,,,, 5,440 s Opposite, as is the sign of F,, 4,40
Thus, the 20dd8 and 40dd6 terms can be solved by rotating
the flat 90° and 45°, respectively. In theory, the higher order
terms can be derived by rotating the flat at a smaller angle.
For example, the 80dd0 term can be determined by rotating
22.5°. Therefore, the terms of all frequencies of the odd—
odd part Fyg 59 of a flat can be obtained.

It should be noted, however, that no Fourier expansion is
actually used for deriving the entire absolute topography of
the flat in accordance with the present invention. The Fourier
series are given here merely to provide insight into the
limitations of this method.

The equations of the cavity shape measurements of the six
measurement configurations of the pairs of flats A-B, A-C,
and B-C shown in FIG. 5A are

Mi=A+BX, My =Al8P . BX (10A)
M; =A% 4 BX, My= A%+ BX,
M5=A+CX, M6=B+CX.

It can be shown that the odd-—odd part of Equation 1 can
not be solved exactly. The fact that the signs of some terms
change after a rotation is used to solve for the odd-even, the
even—odd, and the even—even parts of a flat first, and then
the odd—odd part is solved. If the odd—odd parts of the
surfaces can be approximated by 20dd6 and 40dd@ terms,
the topographies of the three flats A, B and C can be
approximated by the equations

AZA A4 A 00, 200061 A 00,0046 an

B~=Bee+B a=+Bzo+Ban,20dd9+B 00,40ddB» (12)
CEC¢e+Coe+Cza+Coa,2addB+ Cpa,dadde' (13)

The various even and odd components of Equations 11-13
are defined as given below:
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Age+ Ao =M, ~ M2,

B, + B,, = M, ~ [M;]**)2 — (A, + A, )%,
Coe + Cop = [(M5 — [M5]O)2 = [A, + A 17T,
A, = (my + ms — mg + [m; + ms — mgl*)/4,
B, = (m; + [m)* — 24,02,

C.. = (ms+ [ms]* = 2A4,.)/2,

Ao 20ai8 = (M)’ — '!13')/27

Boo,Zodde = ([m1']90° - mj’)lzv

Coo20dd0 = (Ms1°" — mG)2 + Byy, 20ua0-

A o300 = (m;" — my")I2,

B o,40dd8 = ([m,"]“’ —my")2,

Cooaotan = (M6" 1% = mg"VW2 + Boy soaier

14

where

m, =M, + [M;]'¥9)/2,

ms = (Ms + [Ms]*®)2,

me = (Mg + [Ms]'13%°)/2,

my' =My~ (A + Ay + Ap) = [Bog + Buo + BT,
my' = Ms—[Age + Ay + Aeel’” — [Boe + Boo + B J%,
mg = Mg — (Boe + By + Bee) = [Coe + Coo + Col™,
m" =Mp—~ (Aoe + Ao + Are + Avo20da0) ~

1s)

[B,.+ B,, + B, + Bav,ZaddB]x'
my' =M~ [A, + Ay + A, + Aav,20ddB]4su -

[Boe + By + Beg + Boo, 20aun)™s
mg" = Mg~ (Boe + Bep + Bee + Boo,20ad0) —

[Coc + Coo + Cee + Cop 20020

In theory, as long as the odd—odd parts of the surfaces of
flats A, B and C can be approximated by 20dd6 and 40dd6
terms, the surfaces of such flats can be determined by taking
the OPD measurements for the six configurations of FIG. SA
and inserting the data from such measurements into Equa-
tions 11-15 to calculate the surface topographies of flats A,
B and C.

In practice, the rotation operation [ J**" in Equations 14
and 15 requires interpolation to obtain the heights of points
not on the nodes of a square grid array, and such interpo-
lation may introduce small errors. The interpolation for the
height of a point is accomplished by weighting the heights
of the three or four surrounding grid nodes linearly propor-
tionally to the distances from this point to each of the nodes.
See J. Grzanna and G. Schulz, “Absolute Testing of Flatness
Standards at Square-Grid Points”, Opt. Commun. 77,
107-112 (1990). “Decentering” of the flats which may occur
as a result of the rotation operations and the flip operations
also may introduce small errors. From our experiments, we
find that the measurement reproducibility error is the major
limiting factor of the accuracy of this method. For the three
flats A, B and C there are four basic configurations. The
above described embodiment of the invention uses six
measurement configurations as shown in FIG. 5A, which
permits use of an iteration method to reduce the measure-
ment reproducibility error, which occurs when the flats are
removed and replaced back to the mount between the
various measurements.

In summary, the absolute topography of a flat can be
calculated using simple arithmetic and without Fourier
series, least squares, or Zernike polynomial fitting. With the
six measurements of FIG. 5A, the profiles along the four
diameters of the three flats in the 0°, 45°, 90°, and 135°
directions are exact.

The relationship among the profiles along these diameters
is also defined exactly. Because the flat A is approximated by
the sum of the odd-even, even—odd, and even—even func-
tions and the known components of the odd—odd function,
the area between two adjacent diameters is missing sin (8n8)
components, where n=1,2,3 . . . . These higher order terms
can be derived by rotating the various flats at smaller angles.
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Equations 11-13 represent the absolute entire surface
topographies of the three flats or wafers A, B, and C
expressed as sums of the even—even, odd-even, even—odd,
and odd—odd functions described above, the first three
terms being easily solved as indicated above in the refer-
ences C. Al and J. C. Wyant, “Absolute Testing of Flats
Decomposed to Even and Odd Functions”, SPIE Proceeding
1776, 73-83 (1992), and C. Ai and J. C. Wyant, “Absolute
Testing of Flats by Using Even and Odd Functions”, Appl.
Opt. 32, (to appear in 1993), the odd—odd function being
expressed by the first two terms of the Fourier series
expansion as indicated above. Equations 14 and 15 give the
values of the various terms in Equations 11-13 as a function
of the interferometer-measure cavity shape measurements
M1-M6 as shown in FIG. 5A.

Use of the above described technique and equations to
obtain absolute measurements of the topographies of optical
flats A, B, and C in accordance with Equations 11, 12, and
13 using interferometer 10 of FIG. 1 is outlined in the flow
chart of FIG. 7. As indicated in block 50 of FIG. 7, flats A
and B are attached by means of suitable mounts to interfer-
ometer 10 in the configuration indicated by block M; of FIG.
5SA. Interferometer 10 then is operated to perform phase-
shifting measurements to obtain OPDs at each pixel in the
field of view of interferometer 10 for the cavity 4 defined by
the present configuration of flats A and B. This set of OPDs
constitutes the cavity shape M, indicated in FIG. 5A. Cavity
shape M, then is stored in computer 24 of interferometer 10.

Next, in accordance with block 51 of FIG. 7, flat A is
rotated 180° counterclockwise relative to its initial orienta-
tion. Interferometer 10 then is operated to generate and store
the cavity shape M,. In accordance with block 52, flat A then
is rotated to an orientation that is 90° counterclockwise from
its initial orientation. Interferometer 10 then is operated to
compute and store the cavity shape M; corresponding to the
configuration shown in the M; block of FIG. 5A. In accor-
dance with block 53, flat A is rotated to an orientation 45°
counterclockwise from its original orientation. Interferom-
eter 10 then is operated to generate and store the cavity
shape M, indicated in FIG. 5A.

In accordance with block 54, flat B is removed, and flat C
is mounted in its place on interferometer 10 in the configu-
ration indicated in the M, block of FIG. 5A, that is, flipped
in the x direction. Interferometer 10 then is operated to
compute and store the cavity shape Ms.

Finally, in accordance with block 55 of FIG. 7, flat A is
removed from interferometer 10 and replaced by flat B,
oriented as indicated in the Mg block of FIG. 5A. Interfer-
ometer 10 then computes and stores the cavity shape M.

Then, as indicated in block 56, appropriate ones of
Equations 14 and 15 are solved using the program of
Appendix 1 to obtain values of the even—even, even—odd,
and odd—even terms of Equations 11, 12, and 13.

Next, in accordance with block 57 of FIG. 7, the various
terms obtained according to block 56 are subtracted from
M,, and M,, and M to obtain m,’, m,', and m¢' of Equations
15.

Next, according to block 58, the various terms in Equa-
tions 14 and 15 are solved using the program of Appendix
1 to obtain values for the terms A, o000 Boo20dae 20d
C,0.20aa0- Finally, other expressions of Equations 14 and 15
are solved to obtain values of A,, 40400 Booacases a0A
Cao,4odd9‘

Next, in accordance with block S8A of FIG. 7, the various
terms obtained according to blocks 56 and 58 are subtracted
from M,, M,, and Mg to obtain m;", m,", and ms" of
Equations 15.
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The terms obtained in block 56, 58, and 59 of FIG. 7 then
are combined in accordance with Equations 11, 12, and 13
to obtain the absolute topographies of the entire surfaces of
flats A, B, and C.

The above technique was derived by recognizing that
some of the even—even, even—odd, etc. terms include
functions that undergo polarity changes when rotated by a
particular number of degrees so as to result in additional
equations and so as to result in cancellation of various terms
when the equations are solved mathematically. By experi-
mentation and intuition, it was found that such cancellations
occur in such a way as to greatly reduce the number of
measurements needed.

FIG. 5B shows eight measurement configurations of flats
A, B, and C, rather than six as in FIG. 5A. The methodology
according to FIG. 5B is similar to the methodology corre-
sponding to FIG. 5A, but the equations are different, and are
given below.

In each configuration in FIG. 5B, the flat is of a front view,
and the lower one is flipped in x and is of a rear view. In
various configurations shown in FIG. 5B, one flat is rotated
180°, 90°, or 45° with respect to another flat. The equations
of the eight configurations are

My=A+B¥, M= A0 4 BX, (16)
M3=A% + BX, My=A% + BX,

Ms=A10 4 CX, Mg=B+CX,

Mq=B% 4 CX, My=B*+CX.

Using Equations 2B and 2C, M,, M, and M, can be written
as

My=A,.+Ay+A,+A,+B,.~B,,—B, +B
My=A,+A,~Ap—Asp+ B, — By — B, + B,
Ms=A,+ Ay —Ap=Ap+Coe —

an

€0’

Coo = Coet Car

which are similar to Equations 5A.

Therefore, all of the odd—even and the even—odd parts of the
three flats can be obtained easily according to

Ape+ Ao =M, — M)I2,
By + B, = (M, = [M})"7)/2 ~ (A, + A%,
Coc + Cep = [(Ms — [M*)N2 ~ [4,, + AT,

18)

which are similar to Equations 5B.

To cancel all of the odd—even and the even—odd parts from
M,, M, and Mg, one can “rotate the data by 180°” using the
rotation operation defined in Equations 5. m;, m,, and mg
are defined as

my =M, + [M)"*)2=A,, +A,, + B.. - By,
ms= (MS + [M5]180u)/2 = Aze + Aua + Cee - Cow

ms = (Ms + [Mg]"**)2=B,, +B,, + C.. — Cp,

19

which are identical to Equations 5C.

It should be noted that m;, ms, and mg include only
even—even and odd—odd functions. All of the even—even
parts can also be obtained easily as

A= (my + ms — mg+ [m; + ms — mgl¥)/4,
B, = (m; + [m;]X — 24,,)2,
Cec = (ms + [m5]x - 24,2,

ey

which are identical to Equations 5D.

Because all of the even—even, even—odd, and odd-even
parts of each flat are obtained, they can be subtracted from
M,, M, Mg, and M, respectively. The difference includes
only the odd—odd part A,, 59, B2 and C,,, 5. m';, m's,
m'g, and m'; are defined as

@1

(I
m; = Aoa,28 - Boa,zﬂ‘
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-continued
M3 = [Ago,26l"" = Boo 200
M5' = Bno.ZB - Con,ze'
117 = [Buo,20)" = Cos20-

All of the 20dd6 parts of the three flats are obtained as
Ao, 20a08 = (my' — m3)2, (22)
By, 20000 = (mg' — m7)2,
Coo,20dd0 = (M7 1% = mg)I2,
The 2even6 term of Equation 6 can be divided into two
halves, namely the 4evend and 40dd6 terms. The 40dd6 term
can be obtained by rotating one flat 45° instead of 90°. Using
a similar procedure for deriving Equations 21 and 22, m",,
m", m"s and m" are defined as

my" =A,48— lfao«xe: (23)
my" = [Avn,49]45 — B,oa0,
m6" = Boa,49 _SC;DMB’
mg" = [Bon.46]4 = Cooter
Then, all of the 40dd0 terms can be obtained as
Ao, rodae = (my" — my")2, 24

Bno.4adde = (mﬁu —mg")2,
Coo,40dds = ([”‘a“]nas= —mg")2.

In summary, the sum of one half of the Fourier sine series
(i.e., 20dd6 term) is obtained from the 90° rotation group.
The other half is further divided into two halves, and one of
them (i.e., 40dd0 term) is obtained from the 45° rotation
group. Thus, after each rotation, one half of the unknown
components of the Fourier sine series of the odd—odd
function is obtained. The higher order terms can be derived
by rotating the flat at a smaller angle. For example, the
80dd®@ term is determined by rotating 22.5°. If the odd—odd
component of the flat can be approximated by the first terms
as are those in Equation 9, the three flats can be approxi-
mated by Equations 11-13.

It has been recognized that the flat topographies can be
calculated using either four or six of the measurement
configurations of FIG. 5A because M; and M, can be
expressed in terms of M, and M;. See L. -Z Shao, R. E. Parks
and C. Ai, “Absolute Testing of Flats Using Four Data Sets”,
SPIE Proceeding 1776, 94-97 (1992).

Using the operators of Equations 4A and 4B, it can be shown
easily that M, and M, can be expressed in terms of M,, and
M,, that is,

M =A% 4+BX 25)
= [A45° + BX]45° —-[A+ BX]45° + [A45° + BX]
= [Ma~M1)* + My,

and

M, =AY 4 BX (26)

= [AS0° + BX]90° _[A + BX]90° 4 [A0° + B

=[M; - MP°% + M.
Therefore, both M, and M, in all the Equations 14 and 15
can be substituted with Equations 25 and 26. Then only four
measurements M,, M,, M, and M, of the six-measurement
procedure are needed.

It is shown above that A, 5,40 Boo.20aae> 30d C,p 20000
are derived from two nonrotational measurements M, and
M and a 90° measurement My, and A, 4, 440> B oo, 40a40, a0
C,o,40aa6 re derived from two nonrotational measurements
M, and Mg and a 45° measurement M,,. Similarly, it can be
shown easily that A, g,448) Boo,goaaes a0d C,, g,a40 Can be
derived by two nonrotational measurements M; and Mg and
a 22.5° measurement. Here M, is defined as a 22.5° mea-
surement which is similar to M,, except that flat A is rotated
22.5°, rather than 45°, i.e.,
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MA2S 1B, 27
Using the same procedure for deriving A, 4oa000 Boo,40daes
and C,, 4,440 Of Equations 14, one can obtain

Ago,s0dde = (m;" ~ m7:)/2, (28)
B, sodan = {[m, 12" — m;'}2,

Copsodan = {Img T2 = mg"+ [m/T>5" — m; 12,

where m,”, my", and m," are the differences after subtracting
the known parts of flat A and flat B from M,, Mg, and M,
respectively, i.e.,

m/ =M, - A' - [BT, 29)
mg =Mg—B' —[CT,
m; =M;— [A-]zz.s" - [B']x,
where A', B', and C' are defined as below:
A=A, +A,+ A+ Asoz0aae + Avododim (30)

B'=B,, + B., + B.. + Boo,20da8 + Boo,40dder

C =Coe+ Cop + Coe + Coo,20dd0 T Coo,doaan:
All of the components of the 20dd@, 40dd6, and 8odd6 terms
are obtained by rotating the flat 90° (M), 45° (M,), and
22.5° (M,), respectively. Similarly to Equations 27-30, the
components of the 160dd6, 320dd6, and higher order terms
with a smaller rotation angle, can be derived.

In the derivation of Equations 25 and 26, the 180°
measurement M, is expressed in terms of the 90° measure-
ment M,, which is also expressed in terms of a 45° mea-
surement M,,. Using the same procedure, the 45° measure-
ment M, can be expressed in terms of the 22.5°
measurement M. Therefore,

M=[M-M P>+ M. &Y
From Equations 25, 26, and 31, M, M,, and M, can be
expressed in terms of M; and M. Hence, only four mea-
surements M,;, My, Mg, and M, are needed.

The four parts can be derived in different sequence and
different combinations. Because only four measurements are
needed, we redefine the equations of the four configurations
and express the equations for all components explicitly in
terms of these four measurements. Here, we use N; to
represent the measurements in order to distinguish them
from the measurements M;. The four measurements N;, N,,
N, and N, correspond to M;, M, Mg, and M,,, respectively,
as follows:

Ny=A+BX No=A+CX, (32)

N3=B+C¥, Ny=A%" 4 BX,
Using the previous procedures, we derive the components
of even—even and even—odd first:

A+ Ay, = {INJ* + Ny~ N2,
B, +B,, = (N; — Ny + N3)/2,
Cee+ Cop = {~Ny + Ny + [N5I¥H2.

(33)

The even—even components are easily solved for, as pre-
viously described for the six-measurement and eight-mea-
surement embodiments of the invention.

Next, we derive the odd-even components of each flat. To
make the error analysis easy, we manipulate the expressions
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such that the right-hand side of the equation always has the
same number of measurements for each flat. Therefore

Ay, = Ny — N2 + {[[N;J* + Ny — N;]'8° 14 — (34)
{IN,J* + N, — N;}/4,
B,, = (N; — N)/2 + {[N, + N, — N5]"*" V4 —
(N, + N, — N4,
C,. = (N, — NoI2 + {[N; + N, — [N;7X)"%" 4 —
{N, + N, — [N5]X1/4,
where

Ns=[N,~N,]*"+Nd,

Ne=[Ns—N1%"+N5. (35)

Similarly, the 20dd6 and 40dd8 terms are given below:

Apo,20dd0 = Ny — Ns)I2 + {lIN* + N, — NPoV4 - (36)

{INT* + Ny — Ns}4 + {AnP” = A M2,
Boo20aa0 = Ny — N2 + {[N; + Ny — N;J° Y4 —
(N; + Ny = N34 + {[B,.]’” ~ B, }/2,
Cooz0at0 = Np = N2+ {IN; + N; = [NsP7Y/4 ~
{NL + Ny — [NsPV4 + {[C,.°” - C,. 12,

and

Ao apate = Ny = N2 + {[IN,TX + N, = N,J*5° W4 - 37

{[N1F*+ N, - N;}/4 + {[A,1%5 - A, M2 +
Ao, 2000)" ~ Ao, 20a00 12,
By goaan = (N; — N2 + {IN; + N ~ N;1**" 14 —
(N, + N, — N34 + {[B,J*" - B, 12 +
{[Boo,208)*”" = Boo, 20008312,
Coostoats = Ny = N2 + {IN; + Np — [N;71*5 14 -
{N; + N, — [N;X}4 + {[C,J**" - C,.}2 +

{1Coo,20a00)">" = Co0,20aa0}2.

In summary, if the odd—odd parts of the surfaces can be
approximated by 20dd® and 40dd@ terms, the flats can be
derived with this four-measurement algorithm. Each flat can
be calculated from the sum of the corresponding terms in
Equations 33, 34, 36, and 37.

While the invention has been described with reference to
several particular embodiments thereof, those skilled in the
art will be able to make the various modifications to the
described embodiments of the invention without departing
from the true spirit and scope of the invention. It is intended
that all combinations of elements and steps which perform
substantially the same function in substantially the same
way to achieve the same result are within the scope of the
invention.
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APPENDIX 1

modify.exe
USAGE: modify INFILE OUTFILE [-x XCENTER] [-y YCENTER]
(-a XSHIFT] [-o YSHIFT] [-z SCALE [XCEN YCEN]]
[-r ANGLE [XCEN YCEN]] [-i}]
WHERE:
INPFILE contains data array to be modified
.. OUTFILE contains data array after modified
- -x flips the data in the X direction at XCENTER
’ -y flips the data in the Y direction at YCENTER
-a shifts the data in the X direction by XSHIFT pixels
-0 shifts the data in the Y direction by YSHIFT pixels
-z zooms the data by SCALE at center (XCEN, YCEN)
-r rotates the data by ANGLE at center (XCEN, YCEN)
-1 inverts the whole data array (times by -1)

subtract.exe
USAGE: subtract infilel infile2 outfile [-# ENVFILE] [-r]
[-b BLOCKNAME] [-a]
WHERE:
infilel is the minuend
infile2 is the subtrahend
outfile is the difference (infilel - infile3)
-# specifies the environment file ENVFILE
-r specifies this is a reference file
-b specifies the name of the block (same in both files) to use
~a specifies to add instead of subtracting

rescale.exe
USAGE: rescale INFILE OUTFILE [-s SCALE]
WHERE:

-s rescales the data by SCALE
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APPENDIX 1

e

e

flt_phase = (float**) phase_header->data_ptr; /* Pointers to the data */

for( i = 0; i < phase_header->header.x_size; i++ )
for{ j = 0; j < phase_header->header.y_size; j++ )
if( flt_phase[i][]j] != BAD_PIXEL_FLOAT )
flt_phase{i][j] *= scale;
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. BPPENDIX 1 .

static void sub float(void) {

register x, y;

flocat wavelen_scalel = (float) 1, wavelen_scaleZ = {(float) 1,
ref_wavelength = (float) 1;

float **datal, **dataz, *11, *12;

if ((ref_wavelength != (float) 1) || (add_data}) {
if (add_data)
wavelen_scaleZ = - wavelen_ scale2;

for (x=0; x<infilel_header->header.x_size; x++) {

ASSIGN_LINES(float)
if (escape_ocut(0}}
close_del_exit{NO_FNUM, NO_FNAME, NO_MSG, TRUE, -27};
else {
for(y=0; y<infilel_header->header.y_size; y++, 12++, 11l++) {
if ((*12 != BAD_PIXEL_FLOAT) &&
(*11 t= BAD_PIXEL_FLOAT))

*11 = (*11 * wavelen_scalel) - {*12 * wavelen_scalel)};
else
*11 = BAD_PIXEL_FLOAT;
}
}
}
[**** Subtract *x*x/
else {

for (x=0; x<infilel_header->header.x size; x++) {
if (escape_out(0))
close_del_exit(NO_FNUM, NO_FNAME, NO_MSG, TRUE, -30);
else {

11 = datal{x];
if (read_single line) {
if (single_line != NULL)
free(single_line);
single_ line = get_3d_col(file2_handle,infile2 data_blk_ name,
: &(infileZ_header->header),x);
if (single_line == NULL)
sprintf{msg, "%s%s%s%s", GET_ERR, infile2_data_blk_name,’
IN _FILE, infileZ_name);
close_del_exit{-1, NO_FNAME, msg, TRUE, -11);

}

12 = (float *) single_line;
}
else

12 = datazx];

-for (y=0; y<infilel_header->header.y_size; y++, 1l++, 12++)
if (*12 == BAD_PIXEL_FLOAT)
*11 = BAD_PIXEL_FLOAT;
else
if (*11 != BAD_PIXEL_FLOAT).
*#11 ~= *12;
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APPENDIX 1

static float cur_height_ £ t{(float x1, float y1)

{
int %, y;
float p, ¢, pP1l, ql;
x = (int) x1;
y = {int} y1;
p = (float} (yl - (float) y);
pl =1 -p;
g = (float} (x1 - (float)} x);
ql =1 - g;

if ( (x >= 0) && (x < hdr->header.x_size-1l} &&
(y >= 0} && (y < hdr->header.y_size-1}) ) {
if ((p <= EPSILON) && (g <= _ EPSILON))
return ( cur_fphase[x][y}] );
else
if ( (cur_fphase[x ][y 1 < BAD_PIXEL_FLOAT) &&
(cur_fphase[x ][y+1] < BAD_PIXEL_FLOAT) &&
(cur_fphase[x+1]{y ] < BAD_PIXEL_FLOAT) &&
(cur_fphase[x+1]{y+1] < BAD_PIXEL_FLOAT) ) e
return ( pl * gl * cur_fphase[x]{y] + p * ql * cur_fphase(x]([y+1] +
pl * g * cuxr_fphase[x+1][y] + p * g * cur_fphase[x+1}[y+1l] );
else
return (BAD_PIXEL_FLCAT};
}

else
return (BAD_PIXEL_FIOAT);
} /* cur_height_float */

static void flip_x_float(int axis)}

{

int x, y, x_start, x_end, x_flip; N

action_msg("Flipping data in X...");
if ( axis < (x_size/2) )
{

X_start = 0; -

x_end = axis * 2 + 1;

}
else /* flip axis is in the right part */
{
x_start = axis - (x_size - 1 - axis};
x_end = x_size;
3
zero_array_float();
if (ome_array) { /* clear the lines not used */
for (x = 0; x < x_start; x++)
copy_line_float{ fdata_line, x );
for (x = x_end; x < x_size; X++)
copy_line float( fdata_line, x );
}

for (x=x_start; x<x_end; x++)

%_flip = x_end - 1 - {x - x_start);
for (y=0; y<y_size; yt+)

fdata_line{y] = cur_fphase[x_flipl{y]:
copy_line float( fdata_line, x );

screen_msg("Flipping data in X");
} /* £flip x_float */
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static void flip_y_float{int axis)

int x, y, y_start, y_end, y_flip;
if { escape_out(FALSE) )

start_over = FALSE;
return;
}
action_msg("Flipping data in Y..."};
if { axis < (y_size/2) )
{ ‘
y_start = 0;
y_end = axis * 2 + 1;

else /* flip axis is in the upper part */
{
y_start = axis - (y_size - 1 - axis);
y_end = y_size;

}

zero_array_float();
if {(one_array) {
y_£flip = (y_end - 1 + y_start);

for (x=0; x<x_size; x++) {
for (y=y_start; y<y_end; y++)
fdata_line{y] = cur_fphase(x][y_£lip - ¥];
copy_line_float( fdata_line, x );

}

else {
for (y=y_start; y<y_end; y++)

yv_flip = y_end - 1 - {y - y_start);
for (x=0; x<xX_size; xt+)
fphase[x]([y] = cur_fphase[x][y_flip];
}
}
screen_msg("Flipping data in Y");
/* £lip_y_float */
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static void rotate_data_float(float theta, float xavg, float yavg)
{
int x, vy;
float cos_theta, x_sin_theta, y_sin_theta,
x1l, yi, i_x_term, i_y_ term;

action_msg("Rotating data..."};
theta = -theta * M_PI / 180; /* convert degrees to radians & change sign */

cos_theta = (float) cos(thetaj};
x_sin_theta = (float) sin(theta);
y_sin_theta = x_sin_theta * aspect;
x_sin_theta = x_sin_theta / aspect;

for (x=0; x<x_size; X++t)

{
i_x _term (float) (xavg + (x-xavg} * cos_theta);
i_y_term (fleat) (yavg + (x-xavg) * x_sin_theta);
for (y=0; y<y_size; y+t)
{

x1 = i_x_term - (y-yavg) * y_sin_theta;
yl = i_y_term + (y-yavg) * cos_theta;

/! fphase{x][y] = cur_height float(xl, yl);
fdata_line[y] = cur_height float(xl, yi1);

copy_line_float( fdata_ line, x };
}
screen_msg{"Rotating data");
} /* rotate_data_float */
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echo off APPENDIX 1

rem **%*** USE 6 MEASUREMENT ALGORITH

rem ***xxx T/Ps: (%1 %2 %3: dummy),

rem *X¥xFEx (%4 %5: flip and rotation centers) ****
rem *****x* NOTE: M1-M6 MUST exist.

rem ****** All equation numbers are referred to my paper
rem *¥*x*x in Appl. Opt. V32, 1993.

rem AEEKEA AR KAk Ak IR okr Ak kR AR K I hkkkkkxkxAk%* FTTND OEEO, Eq. (15)

subtract -S M1.0PD M2.0PD Aceec.0OPD
if ERRORLEVEL 1 goto end

rescale -$ Aoeeo.0OPD Roeeo.0PD -s 0.5
if ERRORLEVEL 1 goto end

modify -$ M1.0PD TEMP.OPD -r 90 %4 %3
if ERRORLEVEL 1 goto end

modify -$ TEMP.OPD TEMP.OPD -r 90 %4 %5
if ERRORLEVEL 1 goto end

subtract -$ M1.0PD TEMP.OPD Boeeo.OPD
if ERRORLEVEL 1 goto end

rescale -$ Boeeo.OPD Boeeo.CPD -s 0.5
if ERRORLEVEL 1 goto end

subtract -$ Boeeo.0OPD Aoeeo.0OPD Boeeo.OFPD
if ERRORLEVEL 1 goto end

modify -$ Boeeo.OPD Boeeo.OPD -x %4

if ERRORLEVEL 1 goto end

modify -$ M5.0PD TEMP.OPD =-T 90 %4 %5
if ERRORLEVEL 1 goto end

medify -$ TEMP.OPD TEMP.OPD -r 90 %4 %5
if ERRORLEVEL 1 goto end

subtract -$ M5.0PD TEMP.OPD Coeeo.OPD
if ERRORLEVEL 1 goto end

rescale ~$ Coeeo.0PD Coeeo.0PD -s 0.5
if ERRORLEVEL 1 goto end

subtract -$ Coeeo.0OPD Aoceeo.0OPD Coeeo.OPD
if ERRORLEVEL 1 goto end

modify -$ Coeec.OPD Coeeo.OPD -x %4

if ERRORLEVEL 1 goto end

rem KERAKKAKKAKNKAARAAK KA KKK AR K AR KA R kAR X kA k X Eq. (16) Kk kkk KXk kKX

modify -$ M1.0PD TEMP.OPD -r 90 %4 %5
if ERRORLEVEL 1 goto end

modify -$ TEMP.OPD TEMP.OPD -r 90 %4 %5
if ERRORLEVEL 1 goto end

subtract -$ M1.0PD TEMP.OPD SUM1.0PD -a
if ERRORLEVEL 1 gotc end

rescale -$ SUM1.0PD SUM1.0PD =-s 0.5

if ERRORLEVEL 1 goto end

modify -$ M5.0PD TEMP.CPD -r 90 %4 %5
if ERRORLEVEL 1 goto end

modify -$ TEMP.OPD TEMP.OPD -r 90 %4 %5
if ERRORLEVEL 1 goto end

subtract -$ M5.0PD TEMP.OPD SUM2.0PD -a
if ERRORLEVEL 1 goto end .
rescale -$ SUM2.0PD SUMZ2.0PD -s 0.5

if ERRORLEVEL 1 goto end



5,502,566
29 30

modify ~$ M6.0PD TEMP.OPD - 90 %4 %5 PENDIX 1
if ERRORLEVEL 1 goto end -
modify -$ TEMP.OPD TEMP.OPD -r 90 %4 %5

if ERRORLEVEL 1 goto end

subtract -$ M6.0PD TEMP.OPD SUM3.0PD -a

if ERRORLEVEL 1 gotoc end

rescale -$ SUM3.0PD SUM3.OPD -s 0.5

if ERRORLEVEL 1 goto end

copy TEMP.OPD AEE.QPD

copy TEMP.OPD BEE.OPD

copy TEMP.OPD CEE.OPD

rem ***************************************** FIND EE’ Eq- (17)
subtract -$ SUM1.0PD SUMZ.0PD TEMP1l.QPD -a

subtract -$ TEMP1.0OPD SUM3.0PD TEMP1.OPD

modify -$ TEMP1.OPD TEMPZ.0PD -X %4

subtract ~$§ TEMP1.0PD TEMPZ.0PD TEMP1.0PD -a

rescale -$ TEMP1.0OPD AEE.OPD -s 0.25

if ERRORLEVEL 1 goto end

modify -$ SUM1.0PD TEMP1.OPD -X %4

subtract -$ SUM1.0PD TEMP1.0PD TEMP1.0PD -a
rescale -$ AEE.OPD TEMP2.0PD =-s 2

subtract -$§ TEMP1.0PD TEMPZ.OPD TEMP1.0PD
rescale -$ TEMP1.0PD BEE.OPD ~-s 0.5

modify -$ SUMZ.0PD TEMP1.0PD -x %4

subtract -$ SUMZ2.0PD TEMP1.0PD TEMP1.0PD -a
rescale ~$ AEE.OPD TEMP2.0PD -s 2

subtract -$ TEMP1l.OPD TEMPZ2.0OPD TEMP1.0PD
rescale -$ TEMP1.OPD CEE.OPD -s 0.5

if ERRORLEVEL 1 goto end

rem ***************************************** Eq- (20) Xk kkkkkkxk

subtract -$ AEE.OPD Aoeeo.OPD AZ.OPD -a
if ERRORLEVEL 1 goto end
subtract -$ BEE.OPD Boeeo.OPD BZ.OPD =-a
if ERRORLEVEL 1 gotc end
subtract -$ CEE.OPD Coeeo.0OPD CZ.0PD -a
if ERRORLEVEL 1 goto end

modify -$ BZ.OPD TEMP1.0PD -x %4
subtract -$ M1.0PD TEMP1.0PD TEMP.OPD
subtract -$ TEMP.OPD AZ.OPD SUM1.0OPD
if ERRORLEVEL 1 goto end

modify -$ BZ.OPD TEMP1.0OPD -x %4
modify -$ AZ.OPD TEMPZ.OPD -r 90 %4 %5
subtract -$ M3.0PD TEMP1.0PD TEMP.OPD
subtract ~$ TEMP.OPD TEMP2.0PD SUMZ2.OFD
if ERRORLEVEL 1 goto end

modify -$ CZ.OPD TEMP1.OPD -x %4
subtract -$ M6.0PD TEMP1.0OPD TEMP.CPD
subtract -$ TEMP.OPD BZ.OPD SUM3.0OPD
if ERRORLEVEL 1 goto end

rem *** SUMl=ml’ SUM2=m3’ SUM3=m6”
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copy TEMP.OPD ACCZW,CPD
copy TEMP.OPD BOCZW.OPD APPENDIX 1
copy TEMP.OPD COQ2ZW.OPD _—

rem KAKKRKK AR K kIR ARXX AR RRK I AR L RA KR AR KA KR KE FPTND AOOZW’ Eq_

subtract -$ SUM1.0PD SUMZ2.0PD TEMP.OPD
rescale -$ TEMP.OPD AOQ2W.CPD -s 0.5

if ERRORLEVEL 1 goto end

rem ******* rgtate (ml’} -90 degrees ****
modify -$ SUM1.0PD TEMP.OPD -r -90 %4 %5
if ERRORLEVEL 1 goto end

subtract -$§ TEMP.OPD SUMZ.0PD TEMP.OPD
rescale -$ TEMP.OPD BOOZ2W.OPD -s 0.5

if ERRORLEVEL 1 goto end

rem ****%%%%x rgotate {m6’) -90 degrees **xx
modify -$ SUM3.OPD TEMP.OPD -r -90 %4 %5
if ERRORLEVEL 1 goto end

subtract -$ TEMP.OPD SUM3.0PD TEMP.OPD
rescale -§ TEMP.OPD COOZW.OPD -s 0.5

if ERRORLEVEL 1 goto end

subtract -$ COOZ2W.OPD BOO2Z2W.OPD COOZW.COPD -a
if ERRORLEVEL 1 goto end

(22)

rem khkhkhkhkkhkhk kb hkdkhk okt hhhkkkkhkkhkhkkkk Eq_ (23) AkkkkKkhkAkX %k

subtract -$ AZ.0OPD ACQ2W.OPD AZ.OPD -a
if ERRORLEVEL 1 gotc end
subtract -$ BZ.0PD BOOZW.OPD BZ.0OPD -a
if ERRORLEVEL 1 goto end
subtract ~$ CZ.0PD CO02W.OPD CZ.OPD -a
if ERRORLEVEL 1 gotoc end

modify -$ BZ.OPD TEMP1.OPD -x %4
subtract -$ M1.0PD TEMP1.0PD TEMP.COPD
subtract -§ TEMP.CPD AZ.OPD SUM1.0PD
if ERRORLEVEL 1 goto end

modify -§ BZ.0PD TEMP1.0PD -xX %4
modify -$ AZ.OPD TEMPZ2.0PD -r 45 %4 %5
subtract -$ M4.0PD TEMP1.OPD TEMP.CPD
subtract -$ TEMP.OPD TEMP2.0PD SUM2.0PD
if ERRORLEVEL 1 goto end

modify -$§ CZ.OPD TEMP1.0OPD -x %4
subtract -$§ M6.0PD TEMP1.0OPD TEMP.OPD
subtract -$ TEMP.OPD BZ.QOPD SUM3.OPD
i1f ERRORLEVEL 1 goto end

rem *** SUMl=ml" SUMZ=m4" SUM3=mé&"
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copy TEMP.OPD AQO4W.OPD

copy TEMP.OPD BOO4W.OPD

copy TEMP.OPD COQ4W.OPD

rem A KKK KK AAKKIA KRR A AR AR A I AA R AR XA AR KNI KK KK FIND Aoo4w, Eq' (25)
subtract -$ SUM1.0PD SUMZ.0PD TEMP.OPD
rescale -$ TEMP.OPD AOQ4W.OPD -s 0.5

if ERRORLEVEL 1 goto end

rem ***%*x** rotate (ml") =45 degrees ****
modify -$ SUM1.0OPD TEMP.OPD -r -45 %4 %5
if ERRORLEVEL 1 goto end

subtract -$ TEMP.OPD SUM2.0PD TEMP.OPD

_ rescale -$ TEMP.OPD BOO4W.OPD -s 0.5

if ERRORLEVEL 1 goto end

rem *****x** rotate (mé") -45 degrees ****
modify -$ SUM3.OPD TEMP.OPD -r -45 %4 %5
if ERRORLEVEL 1 geoto end

subtract -$ TEMP.OPD SUM3.0PD TEMP.CPD
rescale ~$ TEMP.OPD COOQ4W.OPD -s 0.5

if ERRORLEVEL 1 gotec end

subtract -$ COO4W.OPD BOO4W.OPD COO4W.OPD -a
if ERRORLEVEL 1 goto end

del TEMP?.0OPD

del SUM?.0OPD ‘

FEM FEAAXAXKKKAKKKKKAKKKKKXXKKKXK KKK XX XKAXKK* Ageeo+Aee+A002W+A00LW
subtract -$ AZ.OPD AQO4W.OPD AZ6.0OPD -a

subtract ~-$§ BZ.0PD BOO4W.OPD BZ6.0PD -a

subtract -$ CZ.OPD COO4W.OPD CZ6.0PD -a

copy ?Z6.0PD ?Z6N.OPD
del 7?zZ?.opd

send
echo on
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What is claimed is:

1. A method of measuring absolute topographies of the
entire surfaces of a plurality of flats using an interferometer
system including an interferometer adapted to support two
flats, a detection system, and a computer adapted to compute
the OPD (optical path difference) between surfaces of the
two flats, the interferometer including a detector array, each
element of which corresponds to a pixel of an image of the
flat within a field of view of the interferometer, the method
comprising the steps of:

(a) supporting a first flat having a first surface and a
second flat having a second surface in the interferom-
eter with the second surface facing the first surface;

(b) operating the interferometer system to measure and
store the OPDs between the first surface and the second
surface for each pixel;

(c) rotating the first flat by a predetermined angle relative
to its initial orientation in step (a) and then repeating
step (b);

(d) repeating step (c) a number of times for an equal
number of other angles, respectively:
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A= Aee + Ane + Azo + Aoo,Zodde + Aoo,4odd91

B = Bu + Bn + Bm + Boo,ZoddB + Boo.4adde'

C= Cee + Cnc + Ceo + Coo,zadde + Coo.4odd6:
wherein A, B and C represent the profiles of the first, second,
and third surfaces, respectively, and wherein the various
even—even, even—odd, odd-even, and odd—odd compo-
nents are

A, + A= (M1 — M2,

B, + B, =M, - [M}]*")2 — (4,, + A,,)~
Coe + Cop = [Ms — [M515)2 — (A, + AT
Ape = (my + ms —mg + [my + ms — mgl")/4,
Boe = (my + [my]* - 24,012,

C,. = (ms + [ms]* — 24,12,

Ago,20da8 = (my' — m3)i2,

B5,20dd8 = ([mz']9°: - m3)i2,

Cos,20dd0 = (M T = )2 + By 2040,
Avo,gouan = (my" — mg")2,

Boo40dd0 = ([m1"]45° —my")2,

Coodoaan = (Ms"1*>" = mg")2 + Boy soui0:

where

my = (M, + [M,]'5)2,

ms = (M + [M5]'57°)/2,

mg = (Mg + [Ms]"5)12,

m)'=M; — (A, + Ape + ALe) = [B,e + B, + B,

m3' =My~ [Ape + Age + Aol”” — (B, + B, + B,T",

m'6=Ms— (B, + B., + B,,) — [C,, + C, + C..T,

m" =My~ (A + Ay + Age + Avo20a0) = Bow + Bep + Beo + By 20uael™s

My =My = [Age + Aro + Ace + Apo,20000]" — [Boe + Boo + Boe + By 204001
mg" =Mg— (Ape + Ao + Age + Av,20aa0) — [Coc + Coo + Coo + Cop20ua01"

(e) substituting a third flat having a third surface for the
second flat, and operating the interferometer system to
measure and store the OPDs between the first and third
surfaces for each pixel,;

(f) replacing the first flat by the second flat oriented with
the second surface facing the third surface and operat-
ing the interferometer system to measure and store the
OPDs between the second and third surfaces for each
pixel; and

(g) operating the computer to solve first, second, and third
equations for the absolute topographies of the entire
first, second, and third surfaces of the first, second, and
third flats, respectively, the first, second and third
equations expressing the topographies of the corre-
sponding first, second, and third surfaces of the first,
second, and third flats, respectively, as a sum of even—
even, odd-even, even—odd, and odd—odd parts in
order to use the stored OPDs to compute the absolute
topography of the entire first, second, and third sur-
faces,

wherein the even—even parts have left-right symmetry
and top-bottom symmetry, the odd-even parts have
left-right anti-symmetry and top-bottom symmetry,
the even—odd parts have left—right symmetry and top-
~bottom anti-symmetry, and the odd—odd parts have
left-right anti-symmetry and top-bottom anti-symme-

2. The method of claim 1 wherein steps (c) and (d) include
rotating the first flat 180°, 90°, and 45°, respectively, relative
to its original position.

3. The method of claim 2 wherein the OPD measurements
of steps (b) through (f) are designated M,, M,~Mj, respec-
tively, and the first, second, and third equations are
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4. The method of claim 2 wherein the OPD measurements
of steps (b) through (f) are designated M,, M,—M,, respec-
tively, and the first, second, and third equations are

A=A, +8,+48.,+ A 20000 t Avosodder
B =B+ B, + By + B,y 20018 + Boo,soades
C=C..+ Coe + Cop t+ Cop20aa0 + Coog0aue-

wherein A, B and C represent the profiles of the first, second,
and third surfaces, respectively, and wherein the odd—even

components A, B,,, and C,, and the even-odd components
A, B,,, and C,, are obtained from the equations

eo? eo’

Ape + Agp = (M; - M2)12,

By, + Bey = (M, — [M)]5)2 - (A, + AT

Coe + Cop = (M5 — [M5]*)2 ~ (4, + AT,
and the even—even components A, B,,, and C,, are given
by

Age = (my + ms — mg + [m; + ms — mg)/4,
Bze = (ml + [mI]x - 2A.)/2,
Cee = (ms + [ms]* — 24,12,

where
m; =M, + [M1]m°°)/2,

ms = (Ms + [Ms)"*)/2,
mg = (Mg + [Mg)*)12,

and the odd—odd components A
obtained from

007 Boo’ and Can are

Aoo,20a0 = (my' — m3)2,
Bno,Zodde = (ms' - mZ')/Z,
Caa,zadde = ([m7l]—90 - mg)l2,

where

L
my'=A,,20 = Boy oo

- 90°
ms' = [Ago20]" ~ Boo,2es
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-continued

m6: = Bao.zﬂ - €ao,29a

my' = [Byo20]"" — Coo,200
and

Ao doaae = (my" = m3")2,

B y,40ad0 = (ms" — mg")/l

Cootoaqs = (Img" T — mg")2,
where

ml“ = Aaa,48 - €00,48’
m" = [Ags40]” — Booq0s
mg" =B,p40 — Cov 70,
mg" = [Bao,49]45 ~ Loo,40:

5. The method of claim 3 wherein the predetermined
angle of step (c) is 180° counterclockwise from the initial
orientation of the first flat, and the number of times in step
(d) is two, and the other angles are 90° and 45°, respectively.

6. The method of claim 1 wherein the number of times in
step (d) is zero and wherein the OPD measurements of steps
(b) through (f) are designated N,, N,, N,, and N3, respec-
tively, and the first, second, and third equations are

A= Aee + Aoe + Aea + Aao,zadde + Aon.4midﬂ?
B = Bee + Bae + Bea + Boo.ZOddS + Bvo,-(odde»
C = C.o + Coe + Cep + Coo,20aa0 + Coog0dae-

wherein A, B and C represent the profiles of the first, second,
and third surfaces, respectively, and wherein the even—even
components A,,, B,,, and C,,, and the even-odd compo-
nents A__, B, and C,,, are obtained from the equations

eo? eo’ eo?®

A+ A= {IN)J" + N; — N5}2,
B, +B,,=(\N; - N; + N2,
C.e+ Cop = {-N, + Ny + [N:;I'}12,

and wherein the odd-even components are given by the
equations

Age =Ny — N2 + {[[N]J* + Np = N;]'* 14 —
{[N,J* + N, — N;}4,
Age = (N; ~ N2 + {[N; + N, — N;]*8 V4 —
[N, + N, — N4,
Coe = (N; = N2 + {[N; + N~ [N;J)"%° V4 —
{N; + N, — [N;]"}/4,
where

Ns=[N,— NI]ASE + N4,
Ns = [Ns— N,I° + N5,

and wherein the odd—odd components A,,, B,,, and C,,
are obtained from the equations

Avo, 2008 = (N = N2+ {{IN,]" + N; - N; PP} —
{INIT + Ny = NHa + {[A,1°7 — A, .12,
Bopzoazs = Ny — N2 + {[N, + N, - N} —
(N1 + N, ~ N4 + {[B,°” — B, }2,
Coo20aa0 = Ny = NY/2 + {IN, + N, — [N }4 —
Ny + Ny = N1 V4 + {[C, I - G, )2,
Agotodin = Ny = N2+ {[IN)J* + Ny - Ns1*"Hd -
{INIT® + Ny — NoH4 + {[4,0%° = A, 2 +

{[Aoa,ZDddG]dsu - AW,Zodde}/za
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-continued
Boog0aa6 = Ny = N2+ {[N; + N, - NI*3"Y4

(N + Ny~ N4 + {[B,]*" — B, }2 +
{[Boo,20aa]*>” = Boo,20aa0}/2,
Cootoddn = Ny = N2+ {[N; + Ny = N5J**"}4 —
(N; + N, — N3)4 + {[B,.]*" — B, }2 +

{[Co0,204001"°" = Co, 200012

7. A system for measuring absolute topographies of the
entire surfaces of a plurality of flats using an interferometer
system including an interferometer adapted to support two
flats, a detection system, and a computer adapted to compute
the OPD (optical path difference) between surfaces of the
two flats, the interferometer including a detector array, each
element of which corresponds to a pixel of an image of the
flat within a field of view of the interferometer, the system
comprising in combination:

(a) means for supporting a first flat having a first surface
and a second flat having a second surface in the
interferometer with the second surface facing the first
surface;

(b) means for operating the interferometer system to
measure and store the OPDs between the first surface
and the second surface for each pixel;

(c) means for rotating the first flat by a predetermined
angle relative to its initial orientation;

(d) means for operating the interferometer system to
measure and store, for each pixel, the OPDs between
the first surface and a surface of a third flat, the third flat
being substituted for the second flat;

(e) means for operating the interferometer system to
measure and store, for each pixel, the OPDs between
the surface of the third fiat and the second surface of the
second flat, the second flat being substituted for the first
flat; and

(f) means for operating the computer to solve first, sec-
ond, and third equations for the absolute topographies
of the entire first, second,.and third surfaces of the first,
second, and third flats, respectively, the first, second
and third equations expressing the topographies of the
corresponding first, second, and third surfaces of the
first, second, and third flats, respectively, as a sum of
even—even, odd—even, even—odd, and odd—odd parts
in order to use the stored OPDs to compute the absolute
topographies of the entire first, second, and third sur-
faces,

wherein the even—even parts have left-right symmetry
and top-bottom symmetry, the odd-even parts have
left-right anti-symmetry and top-bottom symmetry,
the even-odd parts have left-right symmetry and top-
—bottom anti-symmetry, and the odd—odd parts have
left-right anti-symmetry and top-bottom anti-symme-

8. A method of measuring absolute topographies of the
entire surfaces of a plurality of flats using an interferometer
system including an interferometer adapted to support two
flats, a detection system, and a computer adapted to compute
the OPD (optical path difference) between surfaces of the
two flats, the interferometer including a detector array, each
element of which corresponds to a pixel of an image of the
flat within a field of view of the interferometer, the method
comprising the steps of:

(a) supporting a first flat having a first surface and a

second flat having a second surface in the interferom-
eter with the second surface facing the first surface;
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(b) operating the interferometer system to measure and
store the OPDs between the first surface and the second
surface for each pixel;

(c) substituting a third flat having a third surface for the
second flat, and operating the interferometer system to
measure and store the OPDs between the first and third
surfaces for each pixel,;

(d) replacing the first fiat by the second flat oriented with
the second surface facing the third surface and operat-
ing the interferometer system to measure and store the
OPDs between the second and third surfaces for each
pixel; and

(e) operating the computer to solve first, second, and third
equations for the absolute topographies of the entire
first, second, and third surfaces of the first, second, and
third flats, respectively, the first, second and third
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equations expressing the topographies of the corre-
sponding first, second, and third surfaces of the first,
second, and third flats, respectively, as a sum of even—
even, odd-even, even-odd, and odd—odd parts in
order to use the stored OPDs to compute the absolute
topographies of the entire first, second, and third sur-
faces,

wherein the even—even parts have left-right symmetry
and top-bottom symmetry, the odd-even parts have
left-right anti-symmetry and top-bottom symmetry,
the even—odd parts have left-right symmetry and top-
~bottom anti-symmetry, and the odd—odd parts have
left-right anti-symmetry and top—bottom anti-symme-

try.



