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{57 ABSTRACT

An improved apparatus and method are described for
accurately “reconstructing” steep surface profiles, such
as for aspheric surfaces, using improved two-
wavelength phase-shifting interferometry, wherein sin-
gle-wavelength precision is obtained over surfaces hav-
ing departures of hundreds of visible wavelengths from
a reference surface. The disclosed technique avoids
cumulative summing of detector errors over a large
detector array by computing the “equivalent” phase for
each detector independently of the intensities of other
detectors. Inaccurate phase data points having an equiv-
alent fringe contrast less than a predetermined threshold
are eliminated from data from which contour maps of
the aspheric surface are displayed or plotted.

26 Claims, 4 Drawing Sheets
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TWO-WAVELENGTH PHASE-SHIFTING
INTERFEROMETER AND METHOD

BACKGROUND OF THE INVENTION

The invention relates to improvements in two-
wavelength phase-shifting interferometry, and more
particularly, to improvements which make possible the
obtaining of single-wavelength precision in interfero-
metric measurements with the dynamic range of two-
wavelength interferometric measurements, and applica-
tion thereof to testing aspheric surfaces.

Two-wavelength holography and phase-shifting in-
terferometry are known techniques for nondestruc-
tively testing optical surfaces. Numerous phase-shifting
interferometry techniques and apparatus are known,
wherein the phase of a wavefront is determined using a

single wavelength with very high measurement preci-

sion. One such system is described in copending appli-
cation Ser. No. 6/781,261, filed Sept. 27, 1985, now U.S.
Pat. No. 4,639,139, issued Jan. 27, 1987 by inventors
Wyant & Prettyjohns, entitled “Optical Profiler Using
Improved Phase-shifting Interferometry”, and incorpo-
rated herein by reference. The single-wavelength
phase-shifting interferometry techniques, wherein com-
puters are utilized to record data, compute and subtract
surface errors, and compute surface height variations in
the measured surface from correct phase data, are fast,
require no intermediate recording step, as is required in
two-wavelength holography, and avoid the inconve-
nience of using photographic chemicals.

Two-wavelength phase-shifting interferometry is a
recent technique that extends the measurement range of
single-wavelength phase-shifting interferometry, allow-
ing the measurement of the profiles of deeper surfaces
than has been previously possible with single-
wavelength phase-shifting interferometry. The two-
wavelength phase-shifting interferometry techniques
were derived by applying phase measurement tech-
niques, in place of intermediate recording steps wherein
interference patterns were recorded on photographic
film, developed, and then illuminated from the same
surface with a different wavelength source, producing
interference patterns referred to as MOIRE patterns,
the phases of which were computed by a computer.
This technique represents the closest prior art to the
present invention, and is described in detail in “Two-
Wavelength Phase-Shifting Interferometry”, by Y.
Cheng and co-inventor Wyant, “Applied Optics”, Vol-
ume 23, No. 24, page 4539, Dec. 15, 1984,

The overall state-of-the-art in interferometric optical
testing is well presented in the article “Recent Ad-
vances in Interferometric Optical Testing”, Laser
Focus/Electro-Optics, November 1985, page 118 to 132,
by co-inventors Wyant and Creath, incorporated herein
by reference.

As pointed out in the above-mentioned Cheng and
Wyant paper that introduces the concept of two-
wavelength phase-shifting interferometry, ordinary
single-wavelength phase-shifting interferometry pro-
vides very high precision in the range from A/100
A/1000, peak-to-valley. In phase-shifting interferome-
try, the phase distribution across the interferogram is
measured “modulo 277, In other words, the measured
phase distribution will contain 27 discontinuities, which
can only be eliminated as long as the slope of the wave-
front being measured is small enough that the phase
changes by less than 7 between adjacent detectors or
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pixels of the detector array. If the latter condition is
met, the phase discontinuities can be removed by add-
ing or subtracting 27 to the measured phase until the
resulting phase difference between adjacent pixels is
always less than 7.

Unfortunately, it is frequently desirable to be able to
test surfaces that are so steep that the measured phase
change between adjacent pixels will be greater than ,
and the 27 ambiguities cannot be eliminated by simple
addition or subtraction.

In the Cheng and Wyant paper, a technique for solv-
ing the 27 ambiguity problem is introduced, wherein
two sets of phase data, with 277 ambiguities present, are
stored in a computer, which then calculates the phase
difference between pixels for a longer “equivalent”
wavelength Ae;. The paper describes an algorithm for
computing the phase, wherein an elaborate mathemati-
cal summation is performed wherein the difference in
phase computed at each of the two-wavelengths is com-
puted for each pixel element, multiplied by a certain
number, and the differences between the computed
differences for successively adjacent pixels are summed.
The problem with that technique is that errors in the
computed differences for various pixels also are
summed. As a practical matter, the technique described
in the Cheng and Wyant paper is much less accurate
than is desired, and requires far more computation time
than is desirable, even though the technique represents
an advance over the two-wavelength holographic tech-
niques of the prior art, because the recording of an
interferogram on film is not required, and the alignment
problems associated with two-wavelength holography
are avoided. In the technique of the Cheng and Wyant
paper, the pixel errors increase with approximately the
square root of the number of detector points in the
detector array, and certain arithmetic round-off errors
and electronic noise associated with the detector ele-
ments are cumulatively summed over the entire detec-
tor array. As a result, in applications wherein two-
wavelength phase-shifting interferometry might be ad-
vantageous without the above-mentioned problems,
such as in testing certain aspheric surfaces, it often will
be necessary to instead rely on prior techniques for
measuring of contouring aspheric surfaces.

Up to now, phase-shifting interferometric techniques
that utilize longer equivalent wavelengths have resulted
in a substantial loss of accuracy and, as a practical mat-
ter, have not been applicable to measurement of many
aspheric surfaces.

Those skilled in the art recognize that economical,
accurate measuring of aspheric optical components has
been an important objective in the optics art. Those
skilled in the art know that most optical surfaces pres-
ently are spherical surfaces. However, if it were possi-
ble to make economical aspheric surfaces, better optical
performance often could be obtained. Optical systems
designed with aspheric optical components may be
lighter in weight, have fewer elements, and therefore
have the potential for being less expensive. Designing
aspheric optical components is not a major problem, as
computer software for so doing has been available for
quite some time. Up to now, however, fabrication of
aspheric optical components has been very expensive,
because there has been no inexpensive, practical means
of testing them.

One prior technique for testing aspheric surfaces has
been to utilize “null lenses” wherein an aspheric optical
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component is fabricated that exactly cancels the as-
phericity in the optical element being tested. Unfortu-
nately, the aspheric null lens has to be manufactured
first, using testing techniques that are very expensive.
For every new optical aspheric component that is to be
constructed, a separate expensive null lens must be man-
ufactured, usually for that purpose only. '

Typically, the null lens is manufactured and tested by
techniques that require many spherical components
precisely assembled in a manner known to those skilled
in the art. Providing such an assembly of spherical
lenses to test aspheric elements is known to be a difficult
undertaking.

For many years, co-inventor Wyant has worked on
producing computer-generated holograms that each
can be used for testing a certain aspheric element of an
optical system. This technique has worked, but it has
been expensive and difficult because a new hologram is
needed for every asphere to be tested. In order to make
a single hologram, an expensive, high precision plotting
device is required, and many hours are required to plot
a single hologram. The prior art for testing aspheric
optical components frequently involves set up costs of
tens of thousands of dollars for each new aspheric opti-
cal element to be tested.

There is a substantial unmet need for a technique of
improving the accuracy of two-wavelength phase-shift-
ing interferometry to increase accuracy and reduce
speed of computation.

There also is a great unmet need for an inexpensive,
improved technique of testing steep aspheric surfaces
without the use of null lens and holograms.

There is also a great unmet need for an improved
technique of testing steep aspheric surfaces with a single
test system, and for reducing the time required to test
each aspheric surface.

A problem that has existed in prior phase-shifting
interferometers at the present state-of-the-art has been
that of operating on data stored in a computer to correct
data errors produced by various sources, such as stray
reflections and scattered light. Prior techniques have
included the technique of determining the intensity
difference between data frames computed at a single
pixel or detector as the phase is shifted, and if the com-
puted difference was too small, eliminating the com-
puted phase. This approach often resulted in discarding
good data as well as bad because the phases may-have
been computed from intensity measurements at points
that are near a peak or valley of a fringe where the
intensity does not change much between consecutive
measurements.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the invention to pro-
vide an improved two-wavelength phase-shifting inter-
ferometry apparatus and method that avoids the inaccu-
racy and long computation times of the closest prior art.

It is another object of the invention to provide an
improved apparatus and technique for measuring con-
tours of aspheric surfaces that are steeply sloped rela-
tive to a spherical surface.

It is another object of the invention to provide a
single system that can accurately test a large number of
different aspheric surfaces without major modification
for differing aspheric surfaces to be tested.

It is another object of the invention to provide an
apparatus and technique for avoiding the effect of aver-
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aging of fringes across individual detectors of a detector
array having large surface areas.

It is another object of the invention to exclude invalid
data points in mathematical reconstruction of a mea-
sured surface such as a steeply aspheric surface while
avoiding discarding of good data points.

It is another object of the invention to provide an
apparatus and technique for extending the measurement
range of an interferometer while maintaining the preci-
sion and accuracy characteristic of single-wavelength
phase-shifting interferometry.

Briefly described, and in accordance with one em-
bodiment thereof, the invention provides an improved
phase-shifting interferometer and method of operating
wherein a light beam having a first wavelength illumi-
nates a reference mirror via a reference arm of the inter-
ferometer, and simultaneously illuminates a test surface
via a test arm of the interferometer to produce an inter-
ference pattern on an array of photodetectors, measur-
ing the intensities of the interference wavefront on a
detector of the array at a plurality of different phases of
the interference pattern that are produced by shifting
the reference mirror, computing a phase of the interfer-
ence for the pattern at that detector for that wave-
length, repeating the same procedure for a second
wavelength beam, and computing an equivalent phase
for that detector by computing the difference between
the phases computed for the first and second wave-
lengths, respectively. An equivalent optical path differ-
ence for the detector is computed by multiplying the
equivalent phase by an equivalent wavelength corre-
sponding to an imaginary interference pattern between
the first and second wavelength beams, and repeating
the entire procedure for each detector of the array. In
one described embodiment of the invention, 27 ambigu-
ities are corrected for either the equivalent phases or the
equivalent optical path difference by adding or sub-
tracting integral multiples of 27 to the equivalent pha-
ses as necessary to make the phase difference between
adjacent detectors less than 77, or by adding or subtract-
ing multiples of the equivalent wavelength to the equiv-
alent optical path difference as needed to make the
difference in the equivalent optical path difference be-
tween adjacent detectors less than one-half of the equiv-
alent wavelength. In one embodiment of the invention,
the equivalent optical path difference for all of the de-
tectors is used to plot or display a two-dimensional or
three-dimensional display of the test surface, which may

- be a steeply aspheric surface.

In another embodiment of the invention, the equiva-
lent optical path difference data is utilized to determine
the amount of correction needed to resolve 27 ambigui-
ties in the phase difference data or optical path differ-
ence data corresponding to the first wavelength which,
after correction for such 27 ambiguities, is then utilized
to plot or display a two-dimensional or three-dimen-
sional display of the test surface. The foregoing tech-
nique provides much greater accuracy and, in effect,
provides two-wavelength phase-shifting interferometry
for the large range that can be achieved for the equiva-
lent wavelength, and the accuracy that can be achieved
for single-wavelength phase-shifting interferometry at
the first wavelength, without cumulative summing er-
rors associated with prior two-wavelength phase-shift-
ing interferometry, which summing errors are due to
electronic noise, detector noise, and/or round-off er-
rors.
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In one embodiment of the invention, a mask plate is
aligned over the detector array, with an array of small
apertures therein, aligned with each of the detectors to
effectively reduce the area of each detector such that its
diameter is much less than the equivalent fringe spacing.
A light intensifier may be positioned between the mask
plate and the photodetector array to compensate for
loss of ambient energy due to the mask, and a fiberoptic
bundle is disposed between the intensifier and the pho-
todetector array to prevent further loss of light energy
and ensure that the interference pattern is imaged onto
the face of the photodetector array.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a two-wavelength
phase-shifting interferometer of the present invention.

FIG. 2 shows a pair of graphs useful in describing the
operation of the two-wavelength phase-shifting inter-
ferometer of FIG. 1.

FIGS. 3A and 3B show two graphs of three-dimen-
sional countour plots of an aspheric surface, one mea-
sured by prior art single-wavelength phase-shifting in-
terferometry and another measured by the apparatus of
FIG. 1 in accordance with the present invention.

FIGS. 4A and 4B constitute a flow chart of a pro-
gram executed by the computer of the two-wavelength
phase-shifting interferometer of FIG. 1 to carry out the
method of the present invention.

FIG. 5A is a diagram of a point mask used in conjunc-
tion with the photodetector array of FIG. 1 to reduce
the effective size of each of the photodetectors of the
array.

FIG. 5B is a schematic diagram illustrating the use of
the point mask and an intensifier in conjunction with the
photodetector array in the interferometer of FIG. 1.

DESCRIPTION OF THE INVENTION

Referring now to the drawings, two-wavelength in-
terferometer 1 of FIG. 1 includes two lasers having
different wavelengths A, and A, respectively. Laser 2
can be an argon laser producing a beam 4 of light hav-
ing a wavelength A, impinging upon a mirror 5. Laser 2
can be switched on and off by means of a signal on bus
41 in response to control circuitry in block 29. Simi-
larly, laser 3, which can be a helium-neon laser produc-
ing a beam 6 having a wavelength A, also is switched
on and off in response to a difference signal or bus 41.
Beam 6 passes through attenuator 7 to produce beam 9
when laser 3 is switched on. Beam 8 is reflected from
mirror 5 and also from the surface of mirror 7 to pro-
duce beam 9 when laser 2 is on. Beam 9 is reflected from
mirror 10 to produce beam 11, which enters a micro-
scope objective 12. Microscope objective 12 focuses
beam 11 onto a pinhole 12A and into a collimating lens
14, as indicated by reference numeral 13. The beam 15
emerging from collimating lens 14 impinges upon a
beam splitter 16.

The beam 15 is split to produce beams 17 and 22.
Beam 22 passes through a lens 23 that matches “the best
fit sphere” of an aspheric test surface 25 so that the rays
24 impinge approximately perpendicularly onto
aspheric test surface 25, and therefore are reflected back
through lens 23 and beam splitter 16, contributing to
interference beam 26 that passes through imaging lens
27, focusing interference beam 28, onto for example, a
256 by 256 detector array included in block 29. (In our
experiments, however, a 100 by 100 detector array was
used.) Reference numeral 41A designates a nonparallel
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window that reduces effects of interference between
surfaces of the window and the detector array.

The portion of the interferometer including beam 22,
lens 23, and aspheric test surface 25 is referred to as the
test arm.

The other arm of the interferometer, referred to as
the reference arm, includes beam 17 emerging from the
lower surface of beam splitter 16 and reference mirror
18.

‘Beam 17 impinges upon reference mirror 18, which
can be linearly moved in accordance with incorporated-
by-reference patent application Ser. No. 781,261 (now
U.S. Pat. No. 4,639,139) mentioned above. Beam 20 is
reflected from reference mirror 18 onto the surface of a
wedge 21 having approximately the same reflectivity as
aspheric test surface 25. Beam 20 is reflected back to
reference mirror 18, and then back to the lower surface
of beam splitter 16, which then reflects the reference
beam so that it interferes with the reflected test surface
beam 22. Imaging lens 27 receives the interference beam
26 and focuses the test surface 25 onto the 256 by 256
detector array in block 29, as indicated by 28.

Bus 42 connects piezoelectric transducer 19 to con-
trol circuitry in block 29, synchronizing linear move-
ment of reference mirror 18 with the scanning of the 256
by 256 photodiode detector array 29A in block 29 in
accordance with the teachings of above-mentioned
co-pending application Ser. No. 781,261. The intensity
measured by each photodiode detector in the 256 by 256
array is converted to an analog signal as also described
in application Ser. No. 781,261, which analog signal is
operated upon by suitable programs stored in computer
40 to compute the optical path difference (OPD) be-
tween the surface of reference mirror 18 and aspheric
test surface 25.

An equivalent wavelength A, is computed for the
present values of A, and A being used in accordance
with the equation:

Ag Ap ¢y
)\eq = [Aa — bl
Four currents are measured for each photodiode at
each of the two-wavelengths A, and A, and for each
wavelength A or Ap, the phase of the wavefront de-
tected is computed from the following equation:

)
¢ = arctan [ @ D) ]Z

where A, B, C, and D represent the measured currents
from the present photodetector at equally spaced time
increments as the piezoelectric transducer 19 is linearly
shifted. This equation is derived in “Installation Et
Utilisation Du Comparateur Photoelectrique Et Inter-
ferential Du Bureau International Des Poides Et Me-
sures”, Carre’, 1966, Metrologia, Vol. 2, pages 13-23. If
this equation is used, the same ramping rate can be used
for the piezoelectric transducer 19, regardless of the
wavelengths of lasers 2 and 3. It should be noted that
there are various other techniques for measuring the
photodetector array output and shifting the piezoelec-
tric transducer, with different equations for computing
the phase at each photodetector. For example, see
“Contouring  Aspheric  Surfaces Using Two-

N4 - D)+ B - O3B — O —
B0 -WUTD)
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Wavelength Phase-Shifting Interferometry”, by Kathe-
rine Creath, Yeou-Yen Cheng, and James C. Wyant,
Optica Acta, 1985, Vol. 32, No. 12, p. 1455-1464, incor-
porated herein by reference. Also see the above-men-
tioned co-pending patent application Ser. No. 781,261.
If the intensity measurements and phase are obtained
using the equations other than the Carre equations, the
piezoelectric transducer linear ramping voltage slope
may have to be adjusted for each wavelength to ensure
that the phase is shifted by a precise amount. The com-
putations will be less complex, but the accuracy will be
slightly reduced.

It has been previously shown, in Wyant, 1971, Ap-
plied Optics, Vol. 10, page 2113 that an interferogram
obtained with two wavelengths has an intensity distri-
bution given by the equation:

)]
Ap

The argument of the cosine term is the equivalent
phase ¢¢r(X,Y) and can be written as:

3
XY =1+ cos [217 OPD(X,Y) (-)};- -

2 OPDey(X, Y) @

4’eq(X' Y) = xeq

= X Y) - dp(X.T)

wherein ¢, and ¢, are the phases measured for A, and
Ap, respectively.

Thus, the difference between ¢, and ¢, measured at
the two wavelengths A; and Ap yields the phase ¢
associated with the equivalent wavelength of the “inter-
ference” pattern that would be generated between A,
and A; if two-wavelength holography techniques were
utilized. .

It was not recognized by co-inventor Wyant, in spite
of considerable reflection by him on the matter, that
¢eq could, as a practical matter, be obtained by equation
(4), because both ¢, and ¢pare computed “modulo 27
and, in accordance with the nature of the arctangent
function, have discontinuities every 360 degrees. It was
thought that the discontinuities would be indeterminate
for ¢g and ¢p since the intensity measurements were
taken at different wavelengths Aq and Ap, respectively.
One would ordinarily not consider it a practical thing to
add or subtract terms with indeterminate or undefined
discontinuities in order to obtain a term such as ¢, that
needs to be extremely precise. ,

Once the value of ¢4 is obtained in accordance with
equation (4), with ¢, and ¢ being obtained in accor-
dance with equation (2), the next step (if desired) is to
compute the equivalent optical path difference in accor-
dance with the equation:

(&)

oPDx ) = 24ED.

Aeg

for each detector element.

To operate the two-wavelength phase-shifting inter-
ferometer of FIG. 1, lasers 2 and 3 are aligned so that
the beams 9 and 11, are colinear up to collimating lens
14. Using an uncoated aspheric test surface 25, and
using the above-mentioned RETICON 100 by 100 pho-
todiode array, the number of interference fringes ap-
pearing on the detector array 29A was controlled by
positioning the detector array 29A and the imaging lens
27. The wavelength A, was either 0.4880 microns or
0.5145 microns. Ap was 0.6328 microns. At each detec-
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tor, argon laser 2 is turned on, thereby illuminating the
array 29A, and the piezoelectric transducer 19 is shifted
by linearly advancing it to allow three or four intensity
measurements (depending on the method of phase com-
putation used) from that photodiode to be measured and
digitized by an analog-to-digital converter and then
read by computer 40. The argon laser 2 then is switched
off, helium-neon laser 3 is switched on, the piezoelectric
transducer returned to its initial point, and the above
procedure is repeated for the same photodiode.

Using an appropriate display or plotting routine that
can be executed by computer 40, a three-dimensional
contour map of the aspheric surface 25 can be displayed
on a screen of computer 40 or plotted on a plotter. FIG.
3A shows the displayed result obtained using the above-
described method, the individual curves representing
the equivalent optical path difference OPD.y(X,Y),
with tilt being subtracted by the software in a conven-
tional manner. It can be seen that the contour map of
FIG. 3A has no discontinuities.

FIG. 3B shows a contour map of the same aspheric
test surface 25 generated using single-wavelength
phase-shifting interferometry for the A, laser wave-
length only. It can be readily seen that there are many
discontinuities and inaccuracies in the contour map of
FIG. 3B. :

It should be noted that ¢, as computed by equation
(4) must be adjusted by eliminating the above-men-
tioned 27 ambiguities by adding or subtracting integer
multiples of 27 until the difference in ¢.q between suc-
cessive photodiodes is less than 7. Alternately, 27 am-
biguities can be adjusted in OPD,, by adding or sub-
tracting integer multiples of Aeq until the difference in
OPD,, is less than one-half of A,

It also should be noted that the above technique is
only valid if the condition that A, is sufficiently large
that there is no more one-half of an “equivalent” fringe
(i.e., heg wavelengths) between adjacent photodetectors
in array 29A. (“Equivalent” fringes are fringes that
would be produced by an interference pattern produced
by Aq and Ap using two-wavelength holography, as de-
scribed above.)

It should be appreciated that the accuracy of OP-
Deg(X,Y) is less than the accuracy of OPD, or OPDy
because inaccuracies due to photodetector noise and
electronic noise are scaled up by the ratio of OPD, to
the single-wavelength optical path difference. If greater
accuracy is needed, the technique of the invention can
be expanded by using the equivalent OPD,, data to
determine precisely where to correct the 27 amibigui-
ties in the single-wavelength OPD data. How this is
accomplished can be understood with reference to FIG.
2,

In FIG. 2, curves 30, 31, and 32 designate the optical
path difference computed for the single-wavelength
“interferogram” 27 discontinuities by measuring
aspheric test surface 25. Reference numeral 31A desig-
nates the first 277 ambiguity, the amplitude of which is
indeterminate. Reference numeral 30A designates the
values of OPD, computed until the next indeterminate
27 ambiguity occurs, as indicated by reference numeral
31A. Curve 32 designates the values of OPD, continu-
ing until the next indeterminate 27 ambiguity 32A.

It should be appreciated that the actual optical path
difference for the aspheric surface 25 might change a
great deal, i.e., much more than A, between adjacent
pixels or photodetector elements, if the surface being
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measured is “steep”, i.e., varies greatly from a spheric
surface. Therefore, there is no way of knowing how
many multiples of A, need to be added to (or subtracted
from) curve 31 to move its left most point up to match
point 47, and thereby eliminate the 27 ambiguity 30A.
However, the information in curve 33, although much
less accurate than that in curves 30, 31, and 32 (because
of the above mentioned scaling), can be utilized to de-
termine how many multiples of A, need to be added to
curve 31 to eliminate the 27 discontinuity 30A.

Note that the “roughness” of curve 33 represents the
relative inaccuracy of OPDg, compared to OPDg. Due
to the fact that Ae, is much longer than A, there are no
27 discontinuities in curve 33. Therefore, point 47A of
curve 33B can be compared with point 47 of curve 30.
Note that point 47 corresponds to the first photodetec-
tor diode or pixel before the 27 discontinuity 30A oc-
curs in FIG. 2, and point 47A corresponds to the first
detector after the 27 ambiguity 30A. An integral num-
ber of A, wavelengths determined by equation (6) below
are added to or subtracted from OPDy for curve 31 to
cause point 47A to closely match point 47, within one
half of Ag.

It should be noted that the above explanation with
reference to FIG. 2 of resolving 27 ambiguities can be
performed on ¢¢q and ¢, which differ from the optical
path differences only by the scaling factor 27/Aeq or
2w/ %.a.

The following equation expresses this computation of
the number N of A, wavelengths added or subtracted to
“resolve” the above-described 27 ambiguity 30A.:

©

[OPD, £ NAg] — OPDgg < —5‘3—
where N is an integer.

Stated differently, what expression (6) means is that
an integral number of A,’s are added to and/or sub-
tracted from a OPD, until the difference between that
quantity and the equivalent optical path difference
OPDy, is less than haif of A, (Note that this technique
yields proper results if there is no chromatic aberration
present in the optics of the interferometer. If such errors
are present, then a more complex technique is required).

Thus, the present invention can result in nearly the
same accuracy in measuring a surface as is obtained
using short (visible), single-wavelength phase-shifting
interferometry, while also obtaining the much larger
range of optical path differences that can be obtained
with two-wavelength holography.

Comparing this technique with the two-wavelength
phase-shifting interferometry techniques described in
the above-mentioned Cheng and Wyant article, much
greater accuracy is achieved, and much shorter compu-

. tation times are achieved. This is because of the simplic-
ity of the computation of equation (4) above, wherein
the equivalent phase ¢g; is computed by simply sub-
tracting the computed quantity ¢ from ¢, and comput-
ing OPDg, from equation (5) for each photodiode.

If a particular photodiode produces an erroneous
signal, due to externally induced noise or an intrinsic
junction defect, that error will affect only one value of
OPDg,. All other values of OPDg,; obtained will be
independent of that error. In contrast, in the Cheng and
Wyant reference, the differences in the OPDs between
each adjacent pair of photodiodes is obtained by sub-
traction, and these differences are summed, as indicated
in equations (9) in the Cheng and Wyant reference,
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wherein any error occurring as a result of nise or other
inaccuracy, including computational round-off errors,
occurring in any first pixel or photodiode will be added
to the optical phase difference computed for every
subsequently scanned photodetector.

Thus, while the technique described in the Cheng and
Wyant article represents a significant advance in the art,
the present above-described invention results in a signif-
icant improvement that finally makes two-wavelength
phase-shifting interferometry a highly practical means
of reducing the costs of testing aspheric optical compo-
nents, making the total manufacturing costs thereof
much less than has been the case up to now.

A computer algorithm, subsequently described with
reference to the flow chart of FIG. 4A, was written to
make the computations of equations (2), (4), and (7).
During the phase calculations, saturated data points,
wherein overly large photodiode currents were gener-
ated, and points wherein the modulation of the currents
or intensity from one pixel or photodiode to the next
were too small, were neglected.

Referring now to FIG. 4A, which shows the above-
mentioned flow chart, the algorithm is entered at label
50. In block 51, laser 2 is switched on. The program
then goes to block 52 and causes the control circuitry
29B to cause appropriate ramping of the reference mir-
ror 18 by the piezoelectric transducer 19 and scanning
of the detector array 29A to obtain the four measure-
ment A, B, C, and D. The program stores A, B, C, and
D and then goes to block 53, switches off laser 2, and
switches on laser 3. In block 54, the program initializes
the position of the piezoelectric transducer 19. In block
55, the program again causes ramping of the piezoelec-
tric transducer and scanning of the detector array 29A,
exactly as in block 52, and stores the four resulting
measurements of E, F, G, and H.

Next, the program goes to block 56 and computes the
phases ¢gand ¢p, wherein ¢qis a function A, B, C, and
D and ¢y is a function of E, F, G, and H. These calcula-
tions are made in accordance with equation (2) above;
the details of the computations are shown in the flow
chart of FIG. 4B.

Next, the program goes to block 57 and uses equation
(4) to compute Peg.

The program then goes to block 58, and computes
Aggin accordance with equation 1 and computes OPD,,
in accordance with equation (5). Then the program goes
to block 59 and removes the 27 ambiguities from Aeq
and from Mg in accordance with the above-described
techniques. Finally, the program goes to block 60, dis-
plays the corrected optical path differences, and exits at
label 61.

Referring now to FIG. 4B, the subroutine for com-
puting the phases, as explained above with reference to
block 56, is entered at label 65. First, the program sets a
variable called PIXEL to 1. The program then goes to
decision block 67 and determines if the present value of
PIXEL is equal to 2562 (assuming that a 256 by 256
photodetector array is being used).

If the determination of block 67 is affirmative, the
algorithm is exited at label 68. Otherwise, the program
goes to block 69 and computes the temporary variables
Di, Dy, and D3 as illustrated. The program then goes to
block 70 and computes the temporary variables Dy,
NUM (numerator), and DEN (denominator).
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The algorithm then goes to block 71 and computes
the quantity MOD (modulation), which is equivalent to
equation (7) above.

Next, the program goes to decision block 72 and .

determines if any of A, B, C, or D has a value that
exceeds a predetermined “saturation” level that indi-
cates too much incident light on the corresponding
photodetector, or if the modulation variable MOD is
less than a predetermined minimum threshold. If the
determination of block 72 is affirmative, the program
goes to block 73 and determines that the data from the
present pixel or photodetector is invalid by setting a flag
corresponding to that pixel of the photodetector array,
so that it can be later recognized as a bad point, incre-
ments PIXEL, and returns to decision block 67. If the
determination of block 72 is negative, the program goes
to decision block 74 and determines if DEN is equal to
zero. If the determination of decision block 74 is affir-
mative, the program goes to decision block 75 and de-
termines if the variable D, is greater than zero. If DEN
is 0, then the phase has certain values meaning that the
arctangent has become infinite, so depending on the
sign of the sine term, the phase is given a value of 7/2
or 3m/2, as indicated in blocks 76 and 77.

Referring to block 78, since an arctangent calculation
will only give a phase modulo 7 because of the signs in
the numerator and denominator of the equation, an
ambiguity can occur there. Absolute values of NUM
and DEN are computed to avoid this.

In blocks 79 through 85 it is determined in which
cartesian coordinate quadrant 2, 3, or 4 to place the
phase. Then 7 added to the phase or the phase is sub-
tracted from 27 or #, as indicated. The final part of this
calculation is to check if the numerator is equal to 0 in
block 85. If the numerator is equal to 0, then the phase
is set to either 0 or 7 depending on whether the denomi-
nator is less than or greater than 0. At that point, the
program goes to block 75A and increments PIXEL.

Note that Appendix A, affixed hereto, includes a
printout of an operating program executed by computer
40 and including the calculations corresponding to the
flow charts of FIGS. 4A and 4B.

The three dimensional countour map shown in FIG.
3A was obtained for the two-wavelength technique
described above, while the corresponding contour map
of FIG. 3B was obtained using only the single-
wavelength Ay The technique described above with
reference to equation 6 could be used to correct all of
the obvious errors in FIG. 3B to provide a contour map
resembling, but more accurate than, the contour map of
FIG. 3A.

The fundamental limit to the above-described tech-
nique is the ratio of detector size to the fringe spacing.
If many fringes are incident upon a single detector ele-
ment, the intensity measured will, in effect, be an “aver-
age” over the detector area. Then, when the phase is
shifted by the piezoelectric transducer 19, such points,
or more particularly, the measured intensities or photo-
currents, will not be “modulated” (i.e., change from one
intensity measurement to the next as the phase is shifted
by the motion of the piezoelectric transducer) suffi-
ciently to allow an accurate phase computation to be
made.

To avoid this problem, the size of the detector should
be small compared to the A, and A fringe spacing to
ensure sampling of one fringe at a time as the phase is
shifted by motion of the piezoelectric transducer. We
are experimenting withi holes 2, 5, and 10 microns in
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diameter in order to obtain a suitable trade off between
accuracy of computation and loss of light received by
the individual photodiodes.

The sensitivity of two-wavelength phase-shifting
interferometry is limited by the equivalent wavelength
used. Since single-wavelength phase-shifting interfer-
ometry is generally precise to Az/100 to A,/1000, the
above described technique should measure surface de-
fects of the order of 100 to 1000 angstroms for an equiv-
alent wavelength A equal to 10 microns or 10 to 100
angstroms after correcting ambiguities in the single
wavelength data.

One technique for reducing the ratio between the
effective photodetector area (size of pixel) and the dis-
tance between “equivalent” fringes is to utilize a mask
plate 43, shown in FIG. 5A. Mask plate 43 includes an
array of minute holes 44 that are centered over and
aligned with each of the photodetector array elements
in array 29A. Unfortunately, this technique reduces the
amount of light that reaches the photodetector cells,
reducing the photocurrents produced by each, possibly
resulting in an undesirable reduction in accuracy. To
offset the reduction in photocurrents produced by the
interference pattern focused by the optics onto the de-
tector array 29A, either more laser power is needed, or
else a light intensifier device 46 can be mounted be-

. tween mask plate 43 and the detector array 29A, FIG.
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5B, and a fiberoptic bundle 45 can be aligned with and
positioned between the intensifier 46 in the detector
array 294, as also shown in FIG. 5B, preventing further
loss of light rays. Various suitable image intensifiers are
commercially available, for example from ITT or Lit-
ton. Such intensifiers have a photocathode which re-
sponds to incident light followed by a microchannel
plate which intensifies the signal, whose output acti-
vates a phosphor, producing larger amounts of light.

It should be appreciated that in using phase-shifting
interferometry techniques, if the light signal falling on a
particular photodetector cell is low for any reason, or if
for some reason one of the two interferometer beams is
much brighter than the other, there can be a consider-
able inaccuracy in the computed phase and optical path
difference for that photodiode. As far as we know, no
one has published a really good technique for determin-
ing whether or not the phase computations are accurate
or inaccurate as a result of too low light intensity or
saturation of a particular photodetector cell. In the past,
we have compared the intensity measurements from
adjacent photocells, and eliminated data points corre-
sponding to photocells from which the measured inten-
sity varies less than a preselected amount from that of
the previously scanned photocell. As mentioned previ-
ously, this technique results in accidental discarding of
a considerable amount of good data, reducing the accu-
racy of the overall countour map of the aspheric surface
25.

In accordance with a further aspect of the present
invention, the following equation is utilized to compute
the fringe modulation, or contrast:

)
Y= d1112 =

I VIB—O+UA-DP+1B+0—d+DP

2 2
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This expression is easily derived from the above
“Carre equations (equations 10) of the Creath et al., as-
suming that the phase-shift is close to 77/2. The quantity
v is the constant preceding the cosine terms in the above

mentioned equations for A, B, C, and D of the above

mentioned Carre’ equations. Thus, 7 is the amplitude of
the variation of the quantities A, B, C, and D, and can
be interpreted as the contrast of the interference fringes.
We have found that if the fringe contrast is less than an
experimentally determined threshold value, which de-
pends on the ambient level of electrical noise and the
amount of intrinsic photodetector junction noise, the
accuracy of the phase plots and/or contour plots ob-
tained is increased considerably over that previously
available using prior techniques for eliminating bad data
points.

1t should be noted that chromatic aberration of inter-
ferometers can be minimized by proper design thereof.
First, beam splitter 16 can be a membrane beam splitter
called a pellicle. The microscope objective collimating
lens combination 12 and 14, lens 23, and lens 27 all
should be designed so that they are achromatic at the
wavelengths Aq and Ap. This means that the design is
such that the image of the aspheric test surface is the
same size and location for both A, and As.

While the invention has been described with refer-
ence to several particular embodiments thereof, those
skilled in the art will be able to make various modifica-

_tions to the described embodiments of the invention
without departing from the true spirit and scope
thereof. For example, there may be various techniques
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for computing the A, at each detector without comput-
ing the phase for that detector at each of the two wave-
lengths, and instead computing deq from the intensity
measurements of that detector at each wavelength.

Such techniques nevertheless would distinguish over
the Cheng and Wyant reference by providing computa-
tion of deg at each detector point independently of the
values computed for the other detector points, and
thereby avoid the accumulation of any errors due to
electronic noise, PN junction noise, or round-off errors
at the other detector points.

Although an array of photodetectors is disclosed, it
would be possible to instead use a single detector and
means for providing relative movement between a sin-
gle detector and the interferogram to accomplish the
intensity measurements.

1t should be appreciated that those skilled in the art
can derive a variety of expressions for degas a function
of the intensities measured at each of the two wave-
lengths Az and Ap that do not involve computing ¢z and
&p. Such expressions can be derived from the above-
mentioned Carre’ equations or from various other equa-
tions representing intensities of the interferogram at
different phase shifts that are known to those skilled in
the art. It should be appreciated that equation (7) will be
different for each different mathematical technique for
computing phase. It also should be noted that various
other techniques for obtaining phase shifts can be ac-
complished other than by shifting the reference mirror.
Appendix 2 provides an example of such a derivation.

APPENDIX 1

Pascal procedure to do two-wavelength phase-shifting 1nterferonetr§

{ =

procedure measure_phase;

const
badpix=2147483647;

var
lineout istrng;
mask_a ,mask tbytary_ptr;
mask_e thytary_ptr;
phase_a,phase_b ipointer!;
phase_c ,phase_d tpointert;
phase_e ,phase_f ipointert;
phase_g,phase_h tpointeri;
shift_1,shift_2 ipointert;
sumphs tpointard;
i,j,take sinteger;
garbage :stringl 1061
row,col ,kount tintegers;
dummy ,ch ,window_type :ichars;
factor ireals
buf_q! ,buf_g2 tpointeri@:
imin, imax tinteger;
device ,cnt sinteger;
shftl ,shft2 sintegery
integrate,operation ichari

done_processing_phaseiboolean;

1ncorrect ibooleans;
change_display iboolean;
magnificatian tintegers;
lambdat ,lambda2 ireal;
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xloc,yloc :érray [1..4] of integer;
Jjump ,prev_jump tintegers;
BEGIN

mark{buf_ql);
new(phase_a);
new(phase_b);
new(phase_c);
new(phase_d);
new(phase_e);
new{phase_f);
new{phase_g);
new(phase_h)s
new(shift_1);
new{shift_2)
new( sumphs )
newl{mask_a);
newi{mask_e);
new(mask );

device:= {701:2> 2;

systime{time);

sysdate(date);

label_outputs {procedure to put togethar lahel line}
[— 70

grephica;fnit{“

displey_init{display_address, control_word, error_return':

{sel grey scale} -
{for i:=0 to I5 do
sei_color_table(i,i/15,i/15,i/15);}

{set_color_table(15,1,8,0);}

lambdal:=0.5328;
lambdaZ:=0.4880;

{process rau phase data from Carre eqs.}

operation:='d';

change_display:=false;

done_processing_phasei=false;

repeat {until done_processing_phase}

writeln($12);
writeln("INPUT DESIRED OPERATION');
writeln;
writeln('D : change display');
writeln{’N : set noise value');
writeln('l : integrate®):
writeln{'M : median window');
writeln('F : final phase to disk');
writeln{*6 : data from disk'); B
writeln('0 : one wavelength’);
writeln('Z : get data for correction: 2-1');
writeln('C : correct one wavelength');
writeln({®Q : quit');
incorrect:=false;
gotoxy(0,22);
case operation of
'D*,’d’: begin {change display}
clear_display;
if change_display=true
then change_display:=false
else change_displavi=irue;
if change_display=tirue then
begin
magnification:=2;

- xlocl1l:= 105 ylocl11:= §&;
xlocl21:=270; ylocl21:= §;
xlocl31:= 4@; ylocl31:=180;
xlocl41:=300; ylocl41:=180

end

16
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else

begin
magnification:=3;
xlocl{131:=100; ylocl11:=50;
xlocl21:=100;: ylocl[2]:=50;
x1ocl31:=1008; yloc(3]):=50;
xloc[41:=100; yloc[4):=50

end;

end;

: begin {remove noise’

{check_modulation(phase_in,modulation,phase_out ,mask);}

writeln(’enter noise threshold’);

readln{noise);

check_modulation(phase_b ,phase_c,shift_I ,mask_a);

check_modulation(phase_f ,phase_g,shifi{_2 mask_e);

sub_phases(shift_1,shift_2 ,phase_a ,mask_a,mask_e,
grid_sizeZ,j);

resei_phase(phase_a,phase_d,grid_size2);

writelns

gotoxy(0,21)3

writerm—nupixgls Tehoved-using-Carre-eqs . —— <~ j.8 -

display_phase({phase_a ,phase_h,grid_size2,
xlocl1]),ylocl 1] magnifics'ion,5)
ends — W -
begin {integrate 2-pi ambiguities}
integ_rows{phase_a);
integ_columns{phase_a); .
scale_display_phase(phase_a,phasa_h,max_phase,
grid_size2 ,xlocld],ylocl4],
magnification,4)
end;

! begin {median window on array phase_a}

writeln('median window type?’);
read(keyboard ,uindow_type);
reset_phase(phase_a,phase_h,grid_size2);
median_window(phase_h ,phase_a,window_1lype);
scale_display_phase(phase_a,phase_h,max_phase,
grid_size2 ,nloc{4],ylocl4],
magnification,4)
end;
{write phase to disk}
store_frame_on_disk(phase _a);

begin {read raw data and modulations from diskh}

{raw phases}
read_frame_from_disk(phase_b); “
read_frame_from_disk{(phase_f);
{modulations}
read_frame_from_disk{phase_c);
read_frame_from_disk(phase_g});

end;

: begin {one wavelength}

writeln{’enter noise threshold®);

readin{noise);

check_modulation(phase_b,phase_c,shift_1 ,mask_a);

resel_phase{shifi_1 phase_a,grid_sizeZ)s

reset_phase(phase_a,phase_d,grid_size2);

display_phase(phase_a,phase_h,grid_size2,

nlocl1]),yloc{1] ,magnificatior 4,

end;

. begin {read raw 1| wavelength data and integrated

-2 wavelength dala from dish}

clear_display;
writeln(#12,'read in A) {wo-wave integrated phase’);

writeln(® correcied for chromatic aberration');
writeln(’ followed by ....°');

writeln(’ B) one-wave integrated phase’);

uriteln;

writeln; -

writeln('press enter {0 continue®);
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readln(pause)i

{two wave integrated and correcied phase}

read_frame_from_disk(phase_a);

scale_display_phase(phase_a,phase_h,max_phase,
grid_size2,xloc{t],ylocli],
magnification,d);

{one wave integrated phase}

read_frame_from_disk{phase_b);

scale_display_phase(phase_b ,phase_h,max_phase,
orid_size2 ,xloc{21,ylocl2],
magnification,d);

end;

'C'.'c’: begin {correct Z-pi ambiguities in single wavelength data}
correct_rouws{phase_s ,phase_b);
onetwo(phase_b" ,phase” ,grid_sizel);
profile_surface;

writeln(’want to correct columns too? - (y or n)")
read(keyboard,ch)
if {(ch=y*') or (ch="Y"') then
begin
correci_columns(phase_b);
onetwo(phase_b" ,phase” ,grid_sizel);
profile_surface;
end;

reset_phase(phase_b ,phase_a,grid_size2);

end;
otherwise
incorrect:=true;
end;

gotoxy{®,22);

if not done_processing_phase then

begin 5
if incorrect then writeln (*INCORRECT INPUT --- iry again’)
else writeln ('NEXT OPERATION 7 ')

end;

read(keyboard,operation);

if {operation=’q') or (operation=°Q') then
done_processing_phasei=true

until done_processing_phase;

clear_display;
release(buf_ql );

end; {measure_phase?

(corrcét rous of one-wave integrated data by comparing towtuo-uave
integraied data which has been correcied for chromatiic aberraiion}
procedure correci_rous{phaseZ:pointerlivar phasel:poinier!);

var
i,j,index,diff, jump,integ,old_diff ! integer:
n,col_diff k : integers
first : boolean;

begin

writeln(81Z, 'correcting rows of integrated one-wavelength data')
n:=255;

{rows}
firsti=true;
for ji=2 to grid_size do
begin
index:=(j-1)*grid_size;
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if first then ’

{the first good row}
begin
for i:i=2 to grid_size do
begin
if (phaseZ*[i-~l+indexl<{max_phase) and
(phase2*[i+index)<{max_phase) then
begin
old_diff:i=phase2*{i-t+indexl-phasel“[i-1+index];
diffi=phasa2*{i+index]-phasel*[i+index];
jump:=diff-old_diff;
integi=n*round{ jump/n);
phasel“li+indexli=phasel“{i+ind-
end
else
begin

e nteg;

if (first=true) and (phase’“[1+1ndea]\nav phase) then
first:=false;

phasel*[i+indexli=phase2* [1+1ndex].
end;
end;
end

else
{every other row}

{find first goed point on row}
begin
kiml;
repeat
phasel“[k+index]i=max_phase;
kemk+1y
until (k=grid_size) or
{({phase2“{k-grid_size+indexl<{max_phase) and
(phase2”{k+indexlimax_phase)};

{first point on row?}

old _diffi=phase2*{k-grid_size+indexl-phasel"{k-grid_size+index];
diff: -phasez”[k+1ndex]-phase!‘[k+1ndcr].

Jumpi=diff-old_diff;

xnieg.-n*round(gump/n/;

A

Toseyirnrrounu umpsnag T
phasei*{k+indesli=phesel “lk+indes41nley;

{rest of row} )
for it=h+1 to grid_size do
begin . ’ .
if (phaseX"li-i+indexl<max_phase) end
(phase2"li+inde,r)<mar_phase} then
begin
old_diff:=phasez"[1-1+indeal~phasel*[i~1+index];
dyff:=phase2”(1+indeal-phasel~l1+inde~];
jump:=diff-old_diffs
integi=n*round( jump/n);
phasel“litindex]):=phasel“[i+1inde~]l+inleg;
end
else
phasel“[i+indes):=phasel”[i+indeal;
end;
end;
end;

end; {procedure correct_rouws}

{after correci_rows, this will fix isolaled points which are off by mult

due to noise in fwo-wave data. This is done by looling at the second
derivative of ihe wavefront}

procedure correct_columns{var phasel:ipoinierl);
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var
i,j.index , diff, jump,integ,old_diff ¢ integer;
n,half_n ! integer;
begin
writeln(R1Z "correcting columns of integrated one~wavelength data');
n:i=255; '

half_r:=roundin/2);

{columns}
for i:=2 to grid_size do
begin
integ:=0;
daff:=0;
for ji=2 to grid_size do
begin
indes:={ j-1)sgrid_size;
if (phasel"li-grid_size+indexl<man_phase) and
(phasei~litindex J<max_phase) then
begin : .
diffi=phasel*[itindes)-phasel“[i-grid_sizet+indexl+integ;
jump:=diff-old_diff;

if jump<{~half_n then
integi=integ+n;

if jumprhalf_n ihen
integ:=integ-n;

if i=80 then

wrateln{'i ', i+index:5,

t 1 ' .,phasel“li+inder1:5,

't od ',old_diff:5,

s odl T, diff:S,
Yrodd 1Y, jump:S,
: int ‘,integ:6,
"¢ afi * ,phasel”(1+inderl+integ:5);

o

: ant °,lnteg:b,
* ¢ aft ' ,phasel“li+indexl+integ:5);

phasel"{itindexli=phaset"[i+indexi+inteq;
old_diff:=phasel*{i+index]-nhasei"[i~-grid_size+index];
end;
end;
end; Pg. 7
(biank out first calumn}
for ji=Z to grid_size do
phasel“(3+{ j=1)*grid_sizeli=max_phase;

end; {procedure correct_columns}

{—===

procedure sub_phases{phase_I ,phase_2 ,phase_vut: pointerl;
mask_1 ,mask_2: bytary_ptr;
size: integer;
var num_badpix: integer):

var '

i,j.k i integer;

begin

{subtract 2 sets of phase data}

num_badpix:i=9; :

ji=03 k:i=0;

for i:=l to size do

if (mask_1°{il=0) or (mask_2"[i]=0) then
begin

if mask_1"{11=0 then ji=j+1;
if mask_2°[1i]=0 then ki=k+i;.
num_badpixi=num_badpiat!;
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mask_1*[13:=0;
phase_out*“(i]:=32787

end
else
phase_out®lil:=(phase_2°{i] - phase_1"[il)+255;
writeln(’'no. bad pixels in phase | ',j:5,’ in phase 2 ' ,k:5);

writeln; writelns
end; {procedure sub_phases}
{

procedure chechk_modulatiion(phase_in,modulation: pointierl;
var phase_oul: pointerl; mask: bytary_pir)i’

var
i,int_min - : integer;

begin
int_min:= noise ({(2+¢(noise+noise)}:
for i:=1 to grid_sizel do
begin
if (phase_in"{il=man_phase) or
{modulation*{il{ini_min) then
begin
mash*[i]i=0;
phase_out"lil:=max_phase
end .
else ]
‘begin
{resei mask} mask®[ili=l;
phase_out”[ili=phase_in"[i];
end
end
end; {procedure check_modulation}

procedure integ_columns{var p_aipoinierl}:
{take care of 2 PI ambiguities in colur .5}
{should already have integratied rows}
{starl in middle of column and worhk up and then down}
var
Integ,i,j,k,dir ,phase_oldl,
phase_old,difference,
mid,step,scale,scalel,
index ,index_first : integer;

begin
scale:=255{multl};
{3680 deg corresponds to a phase of scale}
{muli previously defined as units per wave}
scaleZ:=round(1.0vscale/2);
mid:i=round{grid_size/2):
for ji=1 to grid_size do
begin

ki=mid;

index:={k-1)*grid_size;

repeat
phase_oldl:=p_a"*lindex+jl;
ki=k+13s
index:=index+grid_size;

unt1l (phase_oldi<man_phase) or

(k>grid_size) or (k<1)3

until-(phose_oldI<men_phasel—or
(k>grid_size) or (k<1);
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index_first:i=index;
if (k<{=grid_size) and (k»=l) then
begin

for diri=! to 2 do
begin

{dir=1 working up}?

{dir=2 working down}
phase_old:=phase_oldl;
index:=index_first;
cis=k;
integ:=0;
if dir=1 then

step:={ {working way up}
else
stepi=~1; {working way down}

repeat
if p_a*linde«*jl<{max_phase then
begin
difference:=p_a"(index+jl-phase_old; B
phase_oldi=p_a"{index+jl; '

if (difference<-scale2) then
begin
integ:=integ+scale;
end
else
begin
if (difference’scale2) then
begin
integ:=integ-scale;
end;
end;

-- p_a“lindex+jl:=p_a~[index+jl+integ;
end; {if phase"}

if dir=l then
index:=index+grid_size
{working way up}
else
index:=index-grid_size;
{working way down}

i:=j+steps
until (i>grid_size) or (i=0);
end; {for dir}

end; {if}
end; {for j}

end; {integ_columns}

procedure integ_rows{var p_a:pointer!);
{take care of 2 PI ambiguities in rows}

var
Integ,i,j, k,dir ,phase_oldl ,it,
nhase_old,difference, .
mid,step,scale,scaled i integer; ..

begin
scale:=255{muli},
{360 deg corresponds to a phase of scale}
{mult previously defined as units per wave}
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scalel:=round(!,.Q+scale’/2);
mid:=round(grid_size/2);
for it=1 {o grid_size do

begin
ki=mid;
ili=(grid_size)s(i~1);
repeat )
phase_oldls=p_a"[il+k];
ki=k+1;

until {phase_oldi<max_phase) or
(h>grid_size) or (k<1);

if (k<=grid_size) and (ky=1) then
begin

for dir:=] to 2 do
begin
{dir=t working right}
{dir=2 working lefi}
phase_old:=phase_oldl;
Jjei=ks
integ:=0;
if dir=i then
step:=! {working way right?}
else
stepi=~1; {working way left}

repeat
if p_a*lil+jI<{max_phase then
begin
difference:-p‘a"‘I+j]—phase_old;
phase_oldi=p_a"{il+j);

- if (difference<-scale?) then
begin
integ:=integ+scale;
end
else
begin
if (differencedscale?) then
begin
integ:i=inleg-scale;
end;
end;

p_a”[il+j]:=p_a'[il+j]+integ;
end; {if phase*}

ji=j+step;
until (j>grid_size) or (j=0);
end; {for dir}

end; {if}
end; {for i)

end; {integ_rows}

procedure profile_surface; {plot profile of surface heights)
label 1;
var
valley_mul ,button,ierr,j, . h
yl,i,x!,0ld_button,ch,
bx ,blx,by,bly,be,ble,
level ,win_max,win_min,bc,bic : integer;

PV, X,y ,xmin xmax ,ymin,
ymaa,xlength,ylength,
yold,xold,y_profile,

y_opd,y_xy,yy,
contour_step,profile_length,her: real;
old_x,old_y,cplot,menu2 ¢ boolean;
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s,level_text ' : 5iring[20];'

pi ¢ integ_short;

num_levels ,ystep,yint,po ’ ¢ inleger; .
begin

cplot:i=true;
profile_length:=2;
if color_hp then
begin
num_levels:=15;
ystepi==F;
yint:=4G;
end
else
begin
num_levels:=7;
ysteps==10;
yint:=35;
ends

win_mins=~50Q;
win_maxi=win_min+tgrid_size-1;

{ - }
{possible bution values?

bei=ord('c’);

blci=ord('C*);

bx:i=ord("x*);

blx:=ord( X" );

by:=ord('y*);

bly:=ord('Y");

be:=ord('e’);

ble:=ord{'E’);

{- }

rms:=3,0;
peak:==32767;
valley:=32767;
for i:=1 to grid_size do
for j:=! {o grid_size do
begin
if {(phase”[i,j]> peak) and
* (phase”li,jl<{max_phase} {hen peak:=phasc‘[i,j];

if phase”l1,33)< valley then valley:i=phase“li, 1;
ends
peak i=peak/mult;
vaelley:=valiey/muliy

pv:-l.9@0!O(peak-valley)'mulli
vailey_mul:=round(valley#multl);

header(false);

move(-1,65+50,1.2+50);

rms_pvi=' Rms: P-y: 'y
STRURITE(rms_pv,7,CH,rms:1:3);
STRNRITE(rms_pv,34,CH,peak—valley:I:3);
gtext{rms_pv);

o e e e )
{draw 2d contour map}

sel_aspect(512,390);
sel_window(=1,1 ~1 1};
SET_CHAR_SIZE(6.035,0.07);
contour_step:=(peah—valley)/num_levels;
FOR I:=1 TO num_levels do
begin
if i<S then
move (-0.95,-¢.10+1+0.6);
if (i>=5) and (i<=8) then
move (-0.65,~0.10+1+1.0);
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“if (i>=3) and (i<=12) then
move (-0.55,-0.10+1+0.28);
if (i>12) then
move {-0.65,-0.10+140.68);
level:=num_levels~i+1;
set_color(level);
level_texti=’ ' ]
heit=valley+i*pv/(num_leve'=smult);
if heid@ then
po:i=1]
else
po:s=2;
STRURITE(level_text,po,CH,hei:3:3);
gtext(level_text);
end;

sei_aspect(1.0,1.0);
if color_hp then
sei_display_lim(Z.S,52.3,35,3,95,ierr>
else
sci_display_lim(Z,dd,ZE,ES,ierr);

sei_uindou(win_min,uin_max,win_min,win_max);

dd_contour(pv;valley_mul,phase,false);
{ -}

{draw axes for profile and label profile}

xmiri=—1,0;

xmax:i=grid_size+1.0;

if peakd>abs(valley) then
yyi=peak#muli

else
yyi=abs(valley)vmuli;

ymini==1,02%yy;

ymaxi=1,02+yy;

xlength:=xmax=xmin;

ylengthi=ymax-yminj

sei_aspect(SlZ,SSQ);ﬂ

if color_hp then
sei_display_lim(0,217,0,1632,ierr)

else
set_display_1im{@,152.3,0,116.7,ierr);

set_viewport(0.45,0.95,0.15,0.45); (-5}

seti_color(!);

sel_window(xmin, xmax,ymin,ymax);

frame(xmin,xmax ,ymin,ymax );

axes(xmin,xnax,ymin,ymax,xlength/S,ylength/B,.
xmin,ymin,100,60);

{lebel x and y axes?}
sei_color(l);
set_char_size(G.@EE*zlength,0.@9*ylength);
move(xnin—xlength/d@,ymin—@.IZS*ylength);
glext('0");
for i:=] {0 5 do
begin
nove(xmin+(i—@.ZS)*xlength/S,ymin-@.IZS*ylength);
si=' '3
strwrite(s.l,ch,(i*(profrle_length-l)/5):1:1);
gtext(s);
end;
move(xminf@.?S'xlength/S,ymin-@.ZB*ylength);
glext(' Disiance on surface');

for i:=0 to 4 do
begin
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nove(xninv@.ES*xlength,ymin+i0ylength/4—
ylengih/46);
si=’ 'y
if valley+i'pv/(mult’4)<0 then
strwrite(s,l,ch,ve'.-g+i*pvl(mult‘4):2:3)

. else
strurite(s,2,ch,valley+i-pv/(mult~4):2:3);
glexi(s);
end; -
{ D

{write text at top of profile plot}

set_color(l);
set_char_size(0n042*x1ength,0.@9'ylength);
set_char_size(G.EES*xlength,0.09'y1ength);
y_profile:=1,lsymax;

move(1@,y_profile);

otext(’ profile');

y_opdi=|, 35%ymax;
move(10,y_opd);
$:="0P0 =";
gtext(s);

yxy:=1.52+ymax;
move(10,y_xy);
si="y = y = ';

gtext(s);

- e ¥

— e - ——
aAli=i; °

sel_color(1);
locator_init(z,error_ urndy
x:=@; ~-

y:i=0;

xoldi=x;

yoldi=y;

old_x:=irue;

old_y:=false;

butioni=hx;

menuZ:=false;

{uriteln($12);}

gotoxy(3@,24);

write('Hit space bar for MENU? ) ;.
goloxy(B80,24);

repeat

sel_aspect(512,390); -

if color_hp then
sei_display_lim(0,217,0,153,1err)

else
set_display_lim(@,153.3,0,115°7,ierr);

set_viemport(0,45.0.95,0,15,0,45);

set_uindow(nmin,xmax,ymin,ymax)i

{ }
{erase old x and y coordinates and OPD value}
sei_color(d);

move(25,y_xy);

s:_v 1)=

strurite(s,! ,ch,x1:1);

glext(s};

move(B60,y_xy);

5= 'y
sirurite(s, ! ,ch, ...;
gtext{s);
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novc(33jy_opd);
si='
strwrite(s,l]ch,
(phase‘[yl,xl])/mult:4:3);
glext(s);

{ ==}
{erase old graph}
if old_x then
begin
set_color(0);
move(10,y_profile);
glext('X');
move(x!,yy); ‘ -
linelx1 ,-yy);

if phase*ly1,11 & max_phase then
int_move(l,phase"[yl,l]);

=1y {starl from { in case firsti pixel is bad}
repeat -
pli=phase®lyl, i];
if pli<Omax_phase ihen
int_line(i,pt)
else
begin
i la S ) —————. mhara ) anm {3 memi ®imal) M
“begsin-
it=itly
pli=phase*lyl,i}
end; g
if pl <> max_phase then {in case last pixel is bad}
int_move(i,p!)
end;
ism=341;
until i>grid_size;
end;

if old_y then
begin
sel_color(®);
move(1Q,y_profile);
gtext('Y"');
movelyl,yy);
linel(yl ,=-yy);

if phase~[1,x11 <> max_phase then
ini_move(1 ,phase (1 ,x1]);

iz=li{start from 1 in case first pixel is bad}
repeat
pli=phase*{i,x1};
if pi<>max_phase then
int_line(i,pt)
else
begin .
while (pl=max_phase) and (i(grid_size) do
begin
ii=i+1;
pli=phase~[i x1]
end;
if pl <> max_phase then {in case last pixel is bad}
P _move(i,pl) -
end;
it=it+t;
until idgrid_size;
end;-
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{urite new x and y coordinates and OPD value)
xoldi=x; ‘
x1i=round(x+i-win_min); {x position in data array}
yoldi=ys

yit=round{y); »
yli=round({y+l-win_min); {y position in data array}

sel_color(1);
move(25,y_xy);
1wt
strurite(s,! ,ch,xl:1);

giext(s);

move(B0,y_xy)i
g:="* 1;
siruritel(s,t,ch,yl:1);

gtext(s);

move(33 ,y_opd);
s:=" 73
strurite{s,!,ch,
(phase"{y!l ,x11)/mult:i2:3);

gtextterr

{ mm—e—=}
{plot new data}
if (bution=bx) or (bution=blx)
then
begin
old_x:=true;
old_y:=false;
set_color(2);
move(xi yy)s
lihe(xl,-yy);
sei_color(i);
move( 18 ,y_profile);
glext('X');
set_color(3);

if phase~lyl,1]1 & max_phase then
int_move(! phase“ly!,11);

it=l;{start from | in case first pixel is bad}
repeat
pli=phase“{y! ,il;
if p1<>max_phase then
int_line(i,pl)
else )
begin
while (pl=max_phase) and (i<grid_size) do
begin
ie=i+1;
pli=phase*lyl,i]
end;
if pt <> max_phase then {in case last pixel is bad}
int_move(i,pl) .
end: . .
it=j 3.
until i1,grid_size;
end;
“if (button=by) or (bution=bly)
‘then
begin
old_yi=irue;
old_x:=false;
setl_color(2);
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movel(y!l,yy);
linel(yl,-yy);
set_color(1);
move(1@,y_profile);
gtext('Y"');
setl_color(3);

if phase®[1,x1] <> max_phase then
int_move(1 ,phase*l1 ,x11);

it=1; {start from | in case first pixel is bad}
repeat
pli=phase [ ,x11;
if pi<>ma»_phase then
int_line(i,pt)

else N
begin
while (pl=max_phase) and (i<grid_size) do
begin
is=igls
pli=phase L1 ,x1J
end;

if pt <> max_phase then {1n case last pix&l is bad}

int_movevi,pl)
end; '
it=341y
until i>grid_size;
end;

set_aspecti(1.0,1.0);
if color_hp then
set_display_lim(2.8,62.3,26.3,95,ierr) .
else
sei_display_lim(2,44 .26 ,68,ierr);

set_window(win_min,win_max,win_min,win_max);
set_echo_pos(x,y};

{ }
{obtain new data} s

liawait_locator(3 ,buttion,x,y);

if (button=bc) or (button=blc) then
begin
if (cplot) and {(color_hp) then
begin
cplot:=false;
orey_level color_tiable;
end
else
begin
cploti=irue;
wms_color_table;
e d;
e

if (button=ord(' ')) then
begin
if menu2 then

begin
menul:=false;
{graphics_on;}
writeln(#12);
gotoxy(20,24);
write('Hit space bar for MENU');
gotoxy(80,24);

end

42
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else

begin
menu:i={irye;
ilistl11:=0;
plisti1):=0;
output_esc(1050,1
menu2_display;

end;

end;

if (y=yold) and {x=xold)

4,832,489

,0,ilist ,plist code).

and

(button=old_bution) then goto 1;

if (buiion{>bx) and (buttondblx)
and (bution<>by) and (butioni’bly)

= f. A&——/\L—_\ - lt.

“goiv 13

L R R Tl T [P W O Uy

if x<win_min then x:ewin_ming
if xdwin_max then xiswin_mex;
if ylwin_min then yi=win_min;
if y>win_max then y:=win_max;

old_butioni=bution;

{

until (bution=be) or (button=ble);

locator_term;
writeln(#12);

end; {profile_surface}

Te ok, data and stow.

procedure measure_phase;

const
badpix=2147483647;

var
lineout
mask_a ,mask
mask_e
phase_a,phase_b
phase_c ,phase_d
phase_e ,phase_f
phase_g,phase_h
shifti_1,shift_2
sumphs
i,j,take
garbage
row,col kount
dummy ,ch,window_1iype
factor
buf_qf ,buf_q2
imin,imax -
device ,cnt
shfil ,shfi2
integrate,operation

done_processing_phase:

incorrect
change_display
magnification
‘. mbdal,lambda2
xloc,yloc

tsirng;
ibylary_pir;
thytary_pir;
ipoinier!;
ipointert;
tpointert;
ipointerl;
‘pointeri;
ipointer?;
sinteger;
isiringl1061];
tinteger;
ichar;

‘real;
‘pointeriQ;
tinteger;
tinteger;
tinteger;
ichar;
boolean;
tbooleans
tboolean;
sinteger;
‘real;

tarray {1..4) of integer;
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BEGIN
mark{buf_qg!);
new(phase_a);
new{phase_b);
new(phase_c);
new{phase_d);
new(phase_e);
new({phase_f);
new(phase_g);
new(phase_h);
new({shifi_1);
new(shift_2);
new({ sumphs ); -
new(mask_a);
new({mask_e);
new{mask };

device:= {701:2} 2;
imin:={495614956;
imax:={4960}4960;

lambdal:=0.6326;
lambdal:=0.4860;

systime(iime);
sysdate(date};

label_output: {procedure to put together label line)

. ’ Pg. 20
iobuffer(buffer,40000); {buffer t{o take four frames}

{in1t sum to all zero's}

pr:set(sumphs‘,grid_siz=2,4,0);

preset(nask‘,grxd_sich,l,1):

graphics_init;
dxsplay_init(display_address,control_uord,error_return);

{set grey scale}

for i := 9 {o 15 do
set_color_iable(x,i/lS,i/lS,i/lS);

(set_color_table(ls,l,0.0);)

for take := | {o numeas do
begin . v
write(tlZ,chr(lSZ),'Measurement ',take:l,chr(lZS));

Pzi_slope:=cal_slope;
gRrio_initial(i); {ramp up}
transfer_phase_data;
write('.?);

{get four intensity frames (first frame is thrown out)}
franes(buffer.buf_ptr‘,phase_a",phase_b‘,phase_c“,phase_d‘,grid_size?);
write{',');

gpio_initiai(2); {ramp down}
transfer_phase_data;

{exchange 4-bii halves of 8-bit intensity values)
exgnib{phase_a",grid_size2);
exgnib(phase_b* ,grid_size?);
exgnib(phase_c* ,grid_sizeZ);
exgnib{phase_d" ,grid_size2 };

write(',');

writesiringln{device,'"’);
writestringln(device,' I IA IB'+
! IC ID NUM DEN ')
for ii=imin to imax do
begin
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strurite(lineout,!,cnt,i:S,phase_a“{i]:lﬂ,phase_b“fil:l@,
phasc_c‘[i]:iO,phase_d”[iJ:l@,phase_e"[i]-phase_b‘[iJ:l@,
phase_a‘[i]-phase_b”[i]:lD)} )
urxtestringln(device,lineout)
end;

48

{pause for user to deform object == get second set of data}
write('change from red to blue *); :
pzt_slope:=pzt_slope*lambdaZ/lambda1;

read(keyboard,ch);

gpio_initiai(l); {ramp up}
transfer_phase_data;
write(',");

{get four intensity frames (first frame is thrown out )}
frames(buffer.buf_ptr“,phase_e“,phase_f‘,phase~g”,phase_h“,grid sizeZ);
write(®,'); h

o o 1' ¢ i I ﬁ~_.

iransfer_phase_dala; -

{exchange 4-bit halv of B-bit intensity values)
exgnib(phase_e* grid_size2);
exgnib(phase_f“,grid_sizeZ);
:xonxb(phaae_g‘.grxd_sizez>:
exgnib(phase_h" ,grid_size2);

write(*'.");

writestringln(device,'’);

uritestrzngln(device,' I 1E IF "+
' 16 IH NUM DEN ')
for i:=imin {0 imax do ’
begin

strurite(lineoui,l,cnt,i:S,phase_e*[i]:l@,phasc_f’[i]:I@,phasé_g“[i]:10,

phase_h‘[i?:l@,
phase_g”[i]-phase_f”[iJ:10,phase_e”[1]-phase_f‘[i]:10);
writesiringln(device,lineout )
end;

{find phases for both sets of data using Carre's equations)
writein('calculating phases® )y
phase_cal(phase_a,phase_b,phasc_c,phase_d,shift_l,mask);
phase_cal(phase_e,phasc_f,phese_g,phase_h shifi_2 mask);

{

{get ready to process}
reset_phese(shift_l,phase_b,grid_sizeZ);
rcset_phase(shift_Z,phase_f,grid_sizeZ);
readln{pause);

{process raw phase data from Carre egs.}

operationi=°g*;

change_displayi=false;

done_processing_phase:=false;

repeat {uniil done_processing_phase}
writeln(#12); i
writeln(*INPUT DESIRED OFERATION' )
uriteln;
writeln('D : change display’);
writeln('N : set noise value');
writeln('I : integrate');
writeln('S : smooth');
writeln('M : median window');
writeln('R : reset - rauw datla');
writeln{'W : write data to disk');
writeln(’F : final phase to disk');
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writeln('6G : data from disk');

writeln('P : print data & mod’ );

writeln('0 : one wavelength'’);

writeln(°'C : correct one wavelengih’); -

writeln('Q : quit');

incorrectii=false;

gotoxy({®,22);

case operation of .

'D*,'d": begin {change display?}
clear_display;
if change_display=true
then change_display:=false
else change_display:=true: B
if cheange_display=irue then
begin
magnification:=2; -
#locL12:=2 105 yloc i a 5;
¥locfaJz =:310; yloec L = 53
xlocl3ii= 40; ylocl31:=180;
xloc(4):=3200; ylocl41:=180
end )
else ~
begin \
magnification:=3;
xlocl11:=100; ylocl11:=50;
xloc{21:=100; ylocl21:=50;
xlocl31:=100; yloc{21:=50;
alocl4]:=100; ylocl4):=50
end;

end;

'N','n': begin {remove noise}
{check_modulatxon(phase_in,nodulaixon,phase_OUt,mask);}
writeln(’enter nojse threshold'): )
readln(noise); .
check_moduiation(phase_b,phase_c,shxft_l,mask_a):
check_modulatxon(phaseﬁf,phase_g,shift_:,mask_e);
sub_phases(shift_l,shxft_Z,phase_a,mash_a,mask_e,

grid_sizel,j);
resei_phase(phase_a,phase_d,grid_sxzeZ);
writeln;
gotoxy(®,21);
writeln('no. pixels removed using Carre eqs. = ',5i5);
display_phase(phase_a,phase_h,grid_si:eZ,
xloc[l],yloc[i],nagnxfication,S)

* ee ao

end;

'I','i": begin {integrate 2-pi ambiguities)}
integ_rows(phase_a);
1nteg‘columns(phase_a);
scale_display_phase(phase_a,phaae_h,mex_phase,

grid_sizez,xloc[4],yloc[d],
magnification,4)
end;

'S','s’: begin {smooth data}
smooth_data(phase_a);
display_phase(phase_a,phase_h,grid_sizei,

xloc[Z],yloc[Z],magnification,S)
end;

'"M','m': begin {median window on integrated daia}
writeln('median window type?');
read(keyboard,uindou_type);
reset_phase(phase_a,phase_h,grid_sizez);
medien_windou(phase_h,phase_a,uindou_type);
scale_display_phase(phase_a phase_h,max_phase,

grid_sizeZ,xloc[3],yloc[S],
magnification,4)
end;

'R','r': begin {reset}
reset_phase(phase_d,phase_e,grid_sizeZ);

end;

"W','w': begin {wurite raw data and modulation to disk} .

50
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{raw phases}
store_frame_on_disk(phase_b);'
store_frame_on_disk(phase_f);
{modulationsy
store_frame_on_disk(phase_c);
store_Frame_on;disk(phase_g);
end;
UL {uwrite phase to dish)
store_frame_on_disk(phase_a);
begin {read raw data and modulations from disk}
{raw phases}
read_frane_from_disk(phase_b);
read_frame_from_dxsk(phase_f);

{modulations}
read_’ ame_from_disk(phase_c);
read_hzame_from_disk(phaae_g);
end;
'P','p': begin {print phase and modulation}
for i:=5000 to 5100 do
writeln(i:5,* phase_b ',phase_b‘[i]:s.
' phase_c '.phase_c*[il:5,

' rounded ',round(phasc_c‘ii]/uedge):S);_

end
'0",'0": begin {one wavelength}
writeln{'enter noise threshold');
readln(noise);
check_modulation(phase_b,phase~c,shxft_!,mask_a);
reaet_phase(shift_I,phase_a,grxd_sxzeZ);
reset_phase(phase_a,phase_d,gr;d_s;:eZ);
display_phase(phase_a,phase_h,grid_sizez,
xloc[l],yloc(l],magnification,4>
end;

52

'C','c’: begin {correct 2-pi ambiguities jin single wevelengthvdata}

check_modulaiion(phase_b,phase_c,shift_i mask_a);
for i:=1 to grid_size2 do

if phase_a“[i](max_phase-then

begin
phase_a“lil:=round(phase_a~[i]
*lambdaZ/abs(lambdal-lambdaZ))
© end
else phase_a‘[i]:=max_phase;

{correct{2-wave,l~wave)}
scale_display_phase(shift_!,phase_h,max_phase,
grid_sizeZ,xlocfE],yloc(SJ,
megnification,4);
readln(pause);
correci(phase_a,shifi_1);
{cprrect_rows(phase_a,shifi_l):)
scale_display_phase(shift_I,phase_h,max_phase,
grid_sizeZ,xloc(BJ.yloc[3],
magnification,d4);
{readin(pause);
correct_columns{phase_a shift_1);
resei-phase(shift_l,phase_a,grid_sizeZ);
scale_display_phase(phase_a,phase_h max_phase,
gr;d_si:e2,xloc[3],yloc[EJ,
magnification,4)}

end;
otherwise
incorrect:=true;
.end;

gotoxy(©,22);

if not done_processing_phase then

begin
if incorrect then writeln ( 'INCORRECT INPUT ==- try again')
else writeln ('NEXT OPERATION 7 ')
end;

read(keyboard,operation);



4,832,489
53 54

if (operation='q') or (operation='Q’) then
done_processing_phase:=true
until done_processing_phase;

{aud phase_a to sum)
5um_phase(sumphs“,phase_a‘,phase_a“,grid_skzeZ,badpix,man_phase)
. end: — —
kount.=@;

facior:-medge/nuneas;
for ii=grid_size downto I do {flip top to bottom}
for ji=1 4o grid_size do
begin
kount:=kount+1;
if sumphs“lkount ] <> badpix then
phase*[i,j] := round(sumphs“[kount]'factor)

else
“ phase*(i,jl] := max_phase

end;

clear_display;
release(buf_qt);

~end; {measure_phase)}

Phase calculation using Carre eguation
Includes modulation check

procedure phase_cal(a,b: pir: var c: ptr: d: gtr: var phase: oir):

var
i.1.max ,min, sal wave ¢ integer:
dxffl,diffZ,diff3:num,den : integer:
int_a int_b.int_c.int_d i integer:
dxff4,wave_2,wave_4 i integer:
mod_min,modulation i integer:
sc_factor : real:

begin
{data is 10-bits in, 11-bits out}
sat:=1023: -

wave:=2048; -
wave_2:=1024:
wave_4:=512;
5c~factor:-wave_2/3.14155255:

for i:=i o gridy do
for ji=1 to oridx do
begin
int_a:=a"[i,ils
int_bi=b*[i,jl: -
int_ci=c"li,j3;
int_di=d~(i, jl,

diffl:=int_a - int_d: -
diff2:=in{_p - int_c:

diff3:=(int_b + int_c) - (int_a + int_d):

diffd:=diffl + diff2; .

num:=(diffl + diff2)e(3+diff? - diffil):
den:=diff3;
. . .modulation:= round{sort(abs((diff3ed iff3) + (diffdrdiffd))/21/2)s.
{*¢s calculate phase}
if (int_b=sat) or lini_a=sai) or (int_c=sat) or (ini_d=sat)
or (modulation<{mod_min) then

phase*[1,il:=badpi~16 {seil flag for bad pixel}



else

{check
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{good pixel}
begin

{ckeck for division by zero}
1f den=d then

if diff2,0 then
phase‘[1,j]:=wave_4

else

phase”[i,;]:=3’uave_d

else

{auadrant 1}

ohase"[;

,j]:=round(arcten(sqrt(abs(num))/abs(den))

#sc_factor):

den which is proportional to cos(phase},

and diff2 which is proportional to sin{phase)
to determine which of 4 phase gquadranis to place the pixel}

{quadrant 2}
if (den>@) and (diff2¢@) then

phase‘[i,jJ:-wave-I-phase‘[i:j]:

{auadrant{ 3} ’
if (den<@) and (diff2<B) then

phase‘[i,j]:-phase“[i,j]+uave_2x

{guadrant 4}
if (den<®) and (diff2y0) then

phase‘[i=33:-wave_2-!-phase”[i,j]«

Lif {num=Q) or (diff2=0) then
if den<® then

phase‘[x,j]:=uave_¢

else

-

phase”[i,i]:=0:

end;
end: {for j o Qridal}

end: {procedure phase_cal)

(3) W=

io fi'

I, (1
I, (1
I, (1

I, (1
I, (1
I, (1

APPENDIX 2

vecos (6.)) = I, (1 + yeos 6

Ycos (¢ +w2)) = 1, (1 - Ysin ¢_)
a a

Ycos (¢a + 7)) = 1, (l. - Ycos ¢a)

Yeos (¢,+ 3m/2)) = I, (1 + vyein 9,)

YCos (¢b)) = I, (I + vYycos ¢b)
Yeos (¢ + m/2)) = I, (1 ~ ysin %)
Ycos (¢b + 7)) = I, (l1-vycos ¢b)

Ycos (¢b + 31/2)) = I, (1 + Ysin ¢b)

I, (2 + Y(cos¢a + cos ¢b))

2I, + 2I,Y cos l/2(¢a+¢b)cos 1/2 (¢a—¢b)
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. (A I
(4) ‘ X = B~F = IoY(sindJa - sinéb) = -2I,Ycos 1/2(¢a -+¢b) X KZM"??
sinl/2(¢_ ~¢.) ' / :
a b ¢ :
%8’5
(5) Y = C+G = 21, - 2I,vcos l/2(¢a +¢b)cos l/2(¢a—¢b) 5
H
(6) Z = D~} = on(sin¢a— sin¢b) ;
= +2I.ycos 1/2(¢a-+_¢b)sin 1/2(9~ ¢.) ,
|
(7 W-Y = 41 - ¢ |
(7) 2Y00S 1/2(0,+ ¢y )cos 1/2(s, - 4,) Tew 15 . ?'(
8 Kc
% = / . ; - |
(8) . z-X = 4I_,ycos /20088, )sin 1/2(6,- 9, /¥ 1y, s
- KC |
(9) tan(1/26,.) = tan 1/2(9_- %) = =% 18 Ma. 8L
. Tew y
_ (Z-X _ 4 g Marn F
10) ¢eq = 2 arctan (W:Y> = ¢a % 1§ A

-3
£ Y and I, are normalized to be the same for both X and Ab'

v

¢
The partlcular intensity equatlons are well-known equatlons ‘that

require a 90° phase shift between measurements.

I) _',"
[

The equations (J,) above correspond to four intensity

measurements at pach detector at a first wavelength Aa'

v

Equations (2) represent four corresponding 1nten31ty ‘measurements

at Ab for the same phase shifts. Equations (3) through (6) show
lg

a way of combining equations (;) and (2) Equatlons (7) and (8)

' /

represent a way of combining equatlons (J) and (6) from whlch

‘/_ v,
equation (), for the equivalent phase. Equatlon (/,D) shows that
¢

L

¢eq can be computed without computing ¢a and ¢b.
. /C.'.? /L?,_ °

H
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7 and I are normalized to be the same for both A;and
Ap. The particular intensity equations are well-known
equations that require a 90° phase shift between mea-
surements.

The equations (1) above correspond to four intensity
- measurements at each detector at a first wavelength A,.
Equations (2) represent four corresponding intensity
measurements at Ay for the same phase shifts. Equations
(3) through (6) show a way of combining equations (€))
and (2). Equations (7) and (8) represent a way of com-
bining equations (3) and (6) from which equation 9), for
the equivalent phase. Equation (10) shows that ¢eq can
be computed without computing ¢z and ¢y,

We claim:

1. A method of operating a phase-shifting interferom-
eter, the method comprising the steps of:

(a) illuminating a reference mirror via a reference arm

of the interferometer and illuminating a test surface
via a test arm of the interferometer by means of a
light beam having a first wavelength to provide an
interference pattern on an array of detector points;

(b) measuring a plurality of intensities of the interfer-
ence pattern at each of a plurality of phases of the
interference pattern, respectively, by measuring a
plurality of signals produced at one of the detector
points and, for that detector point, computing a
phase of the interference pattern for the first wave-
length; .

() repeating steps (a) and (b) for a second wave-
length;

(d) computing an equivalent phase for that detector
point by computing the difference between the
phases computed for that detector point at the first
and second wavelengths, respectively; and

(e) repeating steps (2) through (d) for each of the
detector points.

2. The method of claim 1 including computing an
equivalent optical path difference for that detector by
multiplying the equivalent phase at that detector point
by an equivalent wavelength for an imaginary two-
beam interference pattern of the first and second wave-
lengths and dividing the resuit by 2 1.

3. The method of claim 2 including resolving 27
ambilguities of the equivalent phases by adding or sub-
tracting integer multiples of 27 therefrom to make the
differences between adjacent equivalent phases be-
tween adjacent detector points less than 7r.

4. The method of claim 3 including using equivalent
phases to resolve the 27 ambiguities of the phases corre-
sponding to the first wavelength by adding or subtract-
ing integer multiples of the first wavelength to or from
the optical path difference corresponding to the first
wavelength to make the difference between the optical
path difference corresponding to the first wavelength
and the equivalent optical path difference less than
one-half of the first wavelength,

5. The method of claim 4 including computing the
optical path differences corresponding to the first wave-
length by multiplying the first wavelength by the phase
corresponding to the first wavelength and dividing the
result by 27,

6. The method of claim 2 including computing the
equivalent wavelength by dividing the product by the
first and second wavelengths by the difference between
the first and second wavelengths.

7. The method of claim 1 wherein the light beam
recited in step (a) is a laser beam,

10

15

20

25

30

35

45

50

55

60

65

60

8. The method of claim 1 wherein the array of detec-
tor points is included in an array of separate detector
elements, :

9. The method of claim 1 wherein step (b) includes
obtaining the plurality of phases of the interference
pattern by shifting the reference mirror.

10. The method of claim 1 wherein the test surface is

an aspheric surface.
- 11. The method of claim 10 wherein there is a large
slope difference between the aspheric surface produc-
ing the interference pattern on the array of detector
points and a spherical reference surface.

12. The method of claim 10 including displaying a
contour map of the aspheric surface on a screen.

13. The method of claim 10 including the step of
displaying a phase map of the aspheric surface on a
display.

14. The method of claim 1 wherein a fringe spacing
corresponding to equivalent wavelength is greater than
two times the center-to-center spacing between the
detector points of the array. i

15. The method of claim 1 wherein an effective area
of each of the detector points is small compared to
fringe spacings at the first and second wavelengths.

16. The method of claim 13 including obtaining a
small effective detector area by aligning a mask with the .
array of detector points, the aligned mask having a
plurality of apertures of predetermined area aligned
with each detector point, respectively.

17. The method of claim 15 including positioning a
light intensifier between the mask and the array of de-
tector points.

18. The method of claim 1 including eliminating data
points corresponding to certain detector points by com-
puting contrast of fringes and comparing it to a preset
threshold, and eliminating the data points if the fringe
contrast is less than the predetermined threshold.

19. A method of operating a phase-shifting interfer-
ometer, the method comprising the steps of:

(a) illuminating a reference Mirror via a reference arm

of the interferometer and illuminating a test surface
via a test arm of the interferometer by means of a
beam having a first wavelength to provide an inter-
ference pattern on an array of detector points;

(b) measuring a plurality of intensities of the interfer-
ence pattern at each of a plurality of phases of the
interference pattern, respectively, by measuring a
plurality of signals produced at one of the detector
points, and, for each detector point, computing a
phase of the interference pattern for the first wave-
length;

(o) repeating steps (a) and (b) for each detector point;

(d) repeating steps (a) through (c) for a second wave-
length; and

() computing an equivalent phase for each detector
point by computing the difference between the
phases computed for that detector at the first and
second wavelengths, respectively.

20. A method of operating a phase-shifting interfer-

ometer, the method comprising the steps of:

(a) illuminating a reference mirror via a reference arm
of the interferometer and illuminating a test surface
via a test arm of the interferometer by means of a
light beam having a first wavelength to provide an
interference pattern on an array of detectors;

(b) measuring a plurality of intensities of the interfer-
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ence pattern at each of a plurality of phases of the
interference pattern, respectively, by measuring a
plurality of signals produced at one of the detec-
tors;

() repeating steps (a) and (b) for a second wave-
length;

(d) repeating steps (a) through (c) for each of the
detectors of the array; and

() computing an equivalent phase for each detector
from the intensities measured by that detector at
the first and second wavelengths.

21. A method of operating a phase-shifting interfer-

ometer, the method comprising the steps of:
(a) illuminating a reference mirror viaa reference arm
. of the interferometer and illuminating a test surface

via a test arm of the interferometer by means of a
light beam having a first wavelength to provide an
interference pattern on an array of detector points;

(b) measuring a plurality of intensities of the interfer-
ence pattern at each of a plurality of phases of the
interference pattern, respectively, by measuring a
plurality of signals produced at one of the detec-
tors;
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(c) repeating steps (a) and (b) for each detector of the ’s

array;

(d) repeating steps (a) through (c) for a second wave-
length; and

(¢) computing an equivalent phase for each detector

from the intensities measured by that detector at 0

the first and second wavelengths.

22. A phase-shifting interferometer comprising in

combination:

(a) first means for illuminating both a reference mir-
ror via a reference arm of the interferometer and a
test surface via a test arm of the interferometer
with a beam having a first wavelength to provide
interference patterns on an array of detectors;

(b) second means for illuminating both the reference
mirror via the reference arm and the test surface
via the test arm by means of a beam having a sec-
ond wavelength to provide interference patterns
on the array of detectors;

(c) means for precise shifting of the phases of the
interference patterns by predetermined amounts;
(d) means for measuring a plurality of intensities of
the interference patterns at each of the phases of
the interference patterns by measuring a plurality
of signals produced by the detectors at the various

phases of the interference patterns; and
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(e) means for computing an equivalent phase for each
detector by computing the difference between the
phases computed for that detector at the first and
second wavelengths, respectively.

23. A phase-shifting interferometer comprising in

combination: :

(a) first means for illuminating both a reference mir-
ror via a reference arm of the interferometer and a
test surface via a test arm of the interferometer
with a beam having a first wavelength to provide
interference patterns on an array of detectors;

(b) second means for illuminating both the reference
mirror via the reference arm and the test surface
via the test arm by means of a beam having a sec-
ond wavelength to provide interference patterns
on the array of detectors;

(c) means for precise shifting of the phases of the
interference patterns by predetermined amounts;

(d) means for measuring a plurality of intensities of
the interference patterns at each of the phases of
the interference patterns at each detector by mea-
suring a plurality of signals produced by each of
the detectors at various phases of the interference
patterns; and

(e) means for computing an equivalent phase for each
detector from the intensities measured by that de-
tector at the first and second wavelengths.

24, The phase shifting interferometer of claim 23
including means for- computing an equivalent optical
path difference for each detector by multiplying the
equivalent phase for that detector by an equivalent
wavelength of an imaginary two-beam interference
pattern of the first and second wavelengths and dividing
the result by 2.

25. The phase-shifting interferometer of claim 23
including means for resolving 27 ambiguities after com-
puting the equivalent phase by adding or subtracting
integer multiplies of 27 to the equivalent phase to make
the differences between adjacent equivalent phases less
than .

26. The phase-shifting interferometer of claim 25
including means for resolving 27 ambiguities of the
phases corresponding to the first wavelength by adding
or subtracting integer multiples of the first wavelength
to or from an optical path difference corresponding to
the first wavelength to make the difference between the
optical path difference corresponding to the first wave-
length and the equivalent optical path difference less

than one half of the first wavelength.
* %k % kX



