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INTERFEROMETRY

by H.J. Tiziani

t. Introduction

Basic interferometry and holeographic interferometry are
becoming useful tools for precision measurements. The use
of electronic solid state detpctor arrays, microprocessors,
and computers for extracting information from the interferco-
grams improves its applications. Computer analysis is becom-
ing increasinaly important. Much more information can be ex-

tracted from the interferograms leading te higher sensitivi-
ties and accuracies.

The technigues become very useful for industrial applica-
tions, for contactless surface and deformation measurements
as well as for strain, displacement, and vibration analysis
and flow measurements. Heterodyne interferometry 1is one of
‘the interferometric measuring techniques which make use of
a reference beam shift or modulation to get high precision.

The fringe analyzing procedures including fringe peak detec-
tion and fringe order determination are tediocus and time con-
Suming. Automatic fringe analysis and precision phase measuring
techniques are very important in applying interferometric tech-
nigques. Automatic gquantitative evaluation of interferograms re-
quire accurate interference phase measurements, independent of
fringe position and intensity variations superposed onto the in-
terferograms. In many interferometric arrangements, phase shifting

or heterodyne techniques have bean introduced for automatic fringe
analysis,

In the phase shifting technique or quasi-hetercdyne technique
the relative phase is changed continuously or Stepwise, using at
least three phase shifts of 90 or 120 degrees for instance. The
phase of the interference patterns can then be computed from the
different measured intensity values. The phase shifting technique
is very appropriate for digital processing and TV techniques. In-
terferometry and two reference beam holography together with video
electronic processing lead to a sensitivity of 1/100 of a fringe
at any point of the fringe pattern in the TV image. In heterodyne

methods the relative phase increases linearly in time and
the reference phase is measured electronically at the beat
frequency of the reconstructed wavefields. Heterodyne in-
terferometry and holographic interferometry offer high
spatial resolution and interpolation up to 1/1000 of a
fringe. It requires, however, sophisticated electronic
equipment and mechanical scanning of the fringe pattern /10/.

An automatic fringe analysis leads to the wavefront. Poly-
nomials are very useful for error as well as for system ana-
lysis.

With the overhead(F, - F & the principle of Interferometry
will be discussed. The Fizeau and Twyman Green arrangements
are the set ups mainly used. There are of course many other

configurations to be applied.

2. Automatic fringe analysis and phase measuring interferometry

The introduction of the laser in 1960 and the progress made
the last yearswin automaticvfringe analysis are mostly respon-
sible for the wide-spread application of interfercmetry in in-
dustry today. Some methods and applications will be discussed
briefly for two beam interferometry. Fringe analvsis will be
similar in holography, speckle application and moiré technicques.
The superposition of the two wavefields a, cos [wt - ¢, (¥)] and
a, cos [wt - ¢,(X)| lead to the intensity :

Lix) = I [1 +Mcose (X)] 1)
where ¢(x) = ¢, (X) - ¢,(%) 1, = |a, | + |a,|? ana
1 2 o 1 2
m = modulation of interference fringes, ¢1x) = n(x} k-%
with E as the wavevector of the light,

| x|

i" and n as refractive index and x the space coordinate.
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Position, displacement, vibration amplitudes and refractive
index variations can be found. From the detector signal of
an interference arrangement the phase ¢ can be determined.
There are in different ways the following problems to be in-
vestigated

- three unknown: Io' m, ¢ -

- ¢ is determined to a factor of 2w only

- sign ¢.

In addition, the accuracy can be drastically increased by an
appropriate interpolation technique. Digital interferometry
provides means for obtaining very precise measurements at rapid
rates. For the fringe analysis many different methods are applied.

They can be classified into static and dynamig methods1_a. '

3. Fringe analysis with static techniques

For the fringe analysis with static methods a tilt is often
introduced to avoid closed fringes. The fringe centers can be
found manually and by using a digitizing tablet as well as by
using video- and image processing techniques.

To estimate fringe peaks, the fringe density binarization
technique fs commonly used in many fringe analysis gystems be-
cause of simple algorithms. The grey level method where local
variation of fringe density is considered,is sensitive to noise,

but can detect peaks by processing only local areas smaller

than those in the binary case. In order to extract fringe peaks
in the grey level method, it is very important to diminish the
influence of noise, including speckla noise. A simple and effec-
tive way is unweighted averaging.

The carrier fringe analysis in the spatial domain using Fourier
techniques can be very useful. The Fourier-transformation tech-

nique was first proposed by Takeda1 and extended by Kreisz.
Equation 1 can be rewritten as

I(x,y) = Alx,y) + B(x,y}cos B(x,y) - i“ sind J 2}

where the bias phase is introduced by a tilt J into an inter-
ferometric fringe pattern. Equation 2 can be written as

If{x,y) = Alx,y) + C{x,ylexp [1 %ﬂ—x sinJﬂ + c*[c,y)exp[-i-%lx sin&]

V L3
where C(x,y) = %—B(x,y)exp[i¢(x,yl]. C (x,y) is complex conjugate.

In the Fourier domain analysis, the conjugate carrier fringe pat-
tern is Fourier transformed to obtain

;(fx’fy) = R £ ) CIERS NS NI (I M=

where T, i, C, 6* are the Fourier tranaforms of I, A, C, C‘. If
the tilt introduced is appropriate, the terms A, G, & are se-
parated in the Fourier domain. The term 5(fx—fo,fy) has the in-
formation of the phase ﬁlx,yy shifting it mathematically to the
origin of the Fourier domain we obtain the term E’(fx,fy) which
in turn Fourier transformed back leads to Cix,y). It can easily
be seen that the imaginary part of its logarithm leads to the
phase Q(x,y) as folleows

InCtx,y) = 1n 22X o ydix,y) 3)

Fig. 1 shows the procedure of the phase detection in the spatial
domain using Fourier transformation. Care needs to be taken when
filtering E(fx.fy) for cleaning up the fringe éattern for not
taking away useful information.

In fig. 2 a typical fringe analysis with the Fourier Transfor-
mation method is demonstrated to compare the surface topegraphy.

Fig. la shows the fringe pattern of a two beam interference ar-
rangement (Fizeau) and fig. 2b and fig. 2¢ the representation
of wavefront (surface topography compared with a spherical sur-
face in pseudo 3-D representation and contour lines respecti-
vely. The contour lines correspond to height variation of 0,544 pm.
Furthermore from equation 4, $(x,y} can be calculated at each
point
(P (x,y) = arctan -;EEEifliﬂ 4)
e [Clx/Y)]
The signs of the numerat of and the denominator have to be taken
into account separately to cbtain values ranging from -w to w.



The ambiguities of 2 7 can be overcome by complementary in-
formations. The sign ambiguity may be overcome by the detec- -
tion of slope changes, the sign reversal points can be detected
by using two reconstructions with an arbitrary phase shift
between.

The Fourier-transform method usually does not require
phase shifts. By a pointwise analysis the determination of
phase variations even in sub-wavelength range is obtained from
one interferogram. The method can be Yery valuable in holo-
graphic interferometry.

Fig. 2 shows a typical example of a fringe analysis with the
described Fourier-transform technique. The same surface again
investigated interferometrically with a Fizeau-arrangemant was
analysed with the phase shift technique (Fig. 5).

4. Fringe analysis with dynamic techniques

For dynamic algorithms the relative phase between the re-
ference beam and the test beam in an interferometer i3 varied
at constant, controlled rate or in steps of 90 or 120 degrees
for 1nstance.3 -9

Dynamic techniques are:

- phase shifting in three or four or more steps or continucusly
- heterodyne technique
- phase~locked technique

4.1 Phase shifting technigques

The intensity of the interference pattern can be written as

Tnee,y) = Ity {1+ mix,yicos [Prx,y o sk} 5)
px,y) = i" - W(x,y) i3 the phase distribution of the wave-

front Wix.y) across the interference pattern to be measured and
4 is the deliberately introduced phase ghift. k = 1,2,3 .... N
depending on the number of phase shifts introduced.

The interference pattern can be recorded by a solid state de-

tector array. For the shifting technique at leas® three pat-
terns with the appropriate phase shifts need to be recorded.

g =

Applying for the phase shifts (- i" r- —%—, w%_—, %ﬂ-), the

phase of the wavefront computed from the four incerferograms is:

-1 Iglxey) - I,(x,y)

¢(X'Y) = tan I1 ‘x’y) = I3fx-Y)

6)

For accurate phase analysis, the phase shifts introduced by a
Piezo element for instance need to be measured or the piezo

be calibrated. An error of /10 in the wavefront occcurs by an
error in the phase shift of 20 per cent. Care needs to be taken
when phase shifts in strongly diverging or converging beams are
necessary. Schwider proposed a 4 step phase shift procedure with
an averaging algorithm, namely

-7 I3l yr-L; (x,y)

I {x,y)-I_{(x,y)
1 -1 "4 3
$ix,y) = E[tan an i

It leads to a reduction of errors introduced by an inaccurate
phase shifting.

Furthermore the phase stepping could be anythinq between O and «
degrees. By the integrating bucket- technique6 .the intensity of
the fringe pattern is integrated in buckets while the phase is
being shifted. o

For high accuracy measurements of flat and spherical surfaces,
it is useful to work with very few fringes. A phase calculation-
algorithm with five measurements of intensity is desirable. The
corresponding phase steps are -24, -4, 0, 2A. For A - 900 we
obtain

Z(I 14)

IJ--IS'--I.|

tanf = 8)

The preliminary calibration of the PZT to ensure that the phase

step is approximately equal to 900 can be carried out with four
out of five values of intensity,> namely

.

L

R

ry =



Ig-L, 9 ’
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cosh = 3
2

Because the five interferogram method is not so much affected
by phase stepping errors it is particularly interesting in a
Fizeau arrangement where for different aperture heights, dif-

ferent phase shifts occur when shifting the test surface or
the reference.

Examples of fringe analysis of a surface in a Fizeau arrangement -
are shown in fig. 2a and 5.The fringe analysis of the interfero-
gram in fig. 5 obtained with a Fizeau arrangement is based on phase
shifting with five phase steps. Flg. Sa shows the fringe pattern
and 5b the pseudo 3-D plot and fig. 5c¢ the contour lines respec-
tively. A very good agreement between the static and dynamic tech-
nique with fringe shifting was obtained. By the Fourier-method
closed fringes should be avcided. Fig. 6 shows schematically a
typical hardware we use for our fringe analysis,

Digital interferometry is very useful for getting the interfero-
metric data into a computer for the analysis. An experimental
arrangement is shown in fig. 3. For the automatic analysis of

closed fringes a phase shift technique is appropriate. Phase

shifts can be introduced for instance by tilting a plane-parallel
plate, moving a mirror by means of piezo elements or by means of
polarization techniques. In fig. 4 a dlamond turned Germanlum
spherical surface is analysed showing shape grroxs. In fig. 4a fringe
patterns with different tilts introduced arg;shcwn_and in fig. 4b one-
dimensional fringe analysis of fig. 4a with tilt:compensation. The gua-
si micro-roughness analysis cbtained by the fringe analysis of the same
interferogram is shown in fig. 4c. The sensitivity obtalned is A/100.

For microprofile measurements, stylus instruments are among the

most highly developed means of profiling precision surfaces. )
Interferometry with fringe analysis can be used for micro-structure
analysis., An adapted interference arrangement with high numerical aper=
ture NA=0,% is shown in fig. 7b. A piezo element is used to shift

the phase by displacing the beam splitter in steps. A diode array

of 500 x 580 elements was used for the study of the CD-disk with

a pitch of 0,6 um shown in fig. 8.

Very often it is useful to describe the wavefront by polyno-
mials. Zernike polynomials are useful because of their ortho-
gonal properties. For special applications Zernike-Tatian-
polynomials {for system with central obstruction) or Tschebyscheff
polynomlials are useful.

4.2 Heterodyne techniques

In interferometry, phase differences of optical fields are
transformed into detectable intensity variations. In heterodyne-
Interferometry the time dependent phase variation is analysed in .

the frequency space. The two light fialds are assumed to be
A= a1cos[wt + 9, ()]
and A,= azcos[pt + Aot + ¢2(x.y) + Pix,y,t)] 10)
where Aw is proportional to the frequency shift fz-f1 and
¢(t) is the time varying phase shift leading to a frequency shift

by interference of the two wave-fields namely

I(x,y)=10l1+m(x,y)cos[Awt+¢(x,y,t)+¢2(x,y)-¢1(x,y)]f 1)

from where the time varyilng phase variation ¢ x,y,t) can be de-
tected.

The Doppler shift frequency is
where z is the displacement projected parallel to the line of
sight, namely . t2
z = S &f at .
t

1

It is basically the concept of the well known HP interferometer.
For a harmonically oscillating object, é{x,y.,t) = LLE cas (t)
producing a frequency modulated output signal at the detector
with carrier frequency of %%— and amplitude and frequency of
oscillation of p and R respectively. The signal can be evaluated

; : 10
by well known frequency analysis techniques.

Fig. 9 shows schematically a two beam heterodyne interferometer
arrangement we use for microprofile measurement. The two ortho-
gonal pelarized beams of frequency f1 and f2 are obtained by the
magnetic field in the resonator (Zeemansplitting). The difference
frequency of 2 MHz is detected by Det. 1. The height variation Az



is recorded by detector 2{Det. 2}. A polarizing beam splitter
separates the waves with the frequencies f1 and fz' The fre-
quency £ is modified by the height variation. After passing
twice the quarter wave plates RI' R, the beams are recombined
and finally compared with the instrumental frequency shift.
High numerical aperture lenses are needed for large slopes of
the rough surfaces. For slope compensation a double pass arrange-
ment is used as indicated in fig. 9 by DP.

Fig. 10 shows a typical result obtained. Resolutions of 1 um la-
teral and 0,5 nm in depth were obtained by scanning a mirror like
surface. Depth resclutions of 0,1 nm and batter were reported by
a reduced lateral resolution.') Heterodyne techniques are for
time being the most promising methods for contactless high re-
solution microprofile analysis.11'13 Other techniques will be de-

veloped to be robust for industrial applications with an extended
range.

The relation of the measured heights, determined with different
techniques, to the commonly used characterization of surfaces in
industry needs to be investigated further. The definition used
will be given below. New standards may be needed.

A similar arrangement to the one shown schematically in fig. 1
was used for the vibration and noise analysis of rotating car-
tyres. The frequency shift of 40 MHz was introduced by the Bragg
cell. The frequency analysis perpendicular to the surface at a
single point of the side wall is shown in fig. 12. For compariscn
the result fyom an independent measurement obtained with a micro-
phone is indicated by the dotted lines in fig. 12. Close agree-
ment was found between the noise detected with a microphone and
the analysis of mechanical vibrations when air-pumping was
small.14 By comparison, a result of double pulse holography of
the rotating car-tyre is shown in fig. 20,

Heterodyne interferometry will lead to very useful future appli-
cations in precision measurements. For the vibration analysis at
given points, heterodyne interferometry gives not only the am-
plitude component of vibration parallel to the line of sight

but also the frequency. Purthermore, it cap be very useful for
the fringe analysis in holographic interferometry. It can be
used to relate the holographic interference fringes to a known
amplitude of vibration at a selected point cobtained by a heterg-

-9

dyne technique. Furthermore, the heterodyne technique can be
extended to speckle interferometry for vibration analysis.

By contrast, the laser Doppler velocimeter is used to measure
flow of gases and liguids, using the light scattered from small
particles suspended in the flowing medium. The speed of optically
rough surfaces can be determined by similar methods.

Heterodyne interferometry was extensively treated by D.’indlj.ker1
among others and applied to heterodyne profilometry recently by
Huang1t and others.‘z"3

Heterodyne interferometry is used for distance measurement as well as
for microstructure analysis based on scanning the object point by
point. The technique can also be applied for fringe analysis in
holographic interferomatry.

Shearing and two wavelength techniques are very valuable for
tesing steep surface such as aspheras. Using two A-technique a
variable measurement sensitivity is attainable, with a resulting
wavelength larger than the individual. Two-wavelength interfero-
metry can be used for ranging and contouring at reduced sensi-
tivity. Recently, two wavelength heterodyne interferometry has
been reported to be applied for smooth and to some extend for
rough surface. By the availability of multiple wavelength laser
and of tunable diode-lasers as light sources, multiple wavelength
interferometry with small wavelength differences is becoming very
interesting for practical applications. Using two wavelength A1
and Az' the effective difference wavelength 13 A = Ailzf(k1-lzl
without being obliged to have interferometric stability at the
optical wavelength 11 and Az itself and to separate this wave-
length optically. This is of great importance for future range
finding and industrial distance measuring.

Interferometry for Roughness-Measurements

In the interferometric method described so far applications
for surface roughness measurements were indicated. Up today sur-
face roughness is measured by stylus instruments where the dis-
placement of a mechanical control element is measured. The sur-
face contacting element has a radius of a few micrometers and
a surface pressure not always negligible. Therefore, contactless
measuring techniques are desirable,

[T
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For roughness-measurements the height variation can be repre-~
sented by mean roughness R, or by the rout-mean-square rough-
ness Rq or the variance

1N 1 (&
Ra N 2= |Zi| Ra =1 oz(x)dx

z
R =+l 2% (x)ax 13)
q "y B,

For the characterization of extremely smooth surface total in-
tegrated and angle-resolved scattering, styles profilometry and
heterodyne profilometry have been usad. Scattering methods lead
to statistical information about the surface and are none-contact.
By contrast surface damage is risked with contacting stylus pro-
filometers. Heterodyne profilometers can give height resolution
in the order of 0,1 nm with a lateral resolution limited by dif-
fraction to 1 um. Care needs to be taken when the results ob-
tained with different techniques need to be compared. Further
investigations are needed because the results do not vet agree,

4.3 Phase locked technique

A phase rocked technique will be discussed in connection with
one of our applications for subsurface material analysis. For
nondestructive material analyses, photoacoustic and photother-
mal methods can be applied.15 In photothermal interferometry the
thermal expansion of the specimen is measured rather than the
thermal wave j.tse].f.]5 Fig.13 shows an experimental arrangement
where a modulated ar’ laser heats the object under test leading
to a heat wave that propagates through the material and deforms
the surface a few nanometers. An interference arrangement de-
tects the deformation using a phase locked technique, where the
piezo shifts the phase appropriately. The intensity at the detec-
tor of a two beam interference arrangement can be written ac=
cording to fig. 13

I, = IO[1+mcos¢] 14)

where
I + I
I = _max min
o
I - I
m = _max min
I + 1
max min
with I the maximal intensity, Imin the minimum tntensity and

the phggg ¢ = %3— W, where W is the optical path difference. The
optical path difference introduced by thermal expansion is a few
hancmeters only. Care needs to be taken to adjust the interferometer
in order to work in the linear region with maximum positive gradient
near P in fig. 13. This is important for maximum sensitivity, minimum
adjustment time and ambiguity of a lock~in amplifier. Further-

more, the cosine changes into a sine.

Since W = Wo + wr + Hp with the thermal expansion Wo., the specimen’s
surface roughness wr and the piezo crystal displacement Wp.

By a computer control of tha plezo crystal, namely
_ 3
Wp = -7 As Wr
the surface roughness ig compensated and the interferometer
works in the linear region.

For a small thermal expansion

2
IS=I°[_1+m-A:—WT]

Phase locked technigues are capable of detecting phase differences
in two beam arrangements of A/100 and may be used for measuring
surface topography and subsurface defects. The interferometer
incorporates, as part of aserve system, a p.azoelectrically
driven mirror that is capable of applying a known optical phase
offset and a periodic optical modulation. The ac signal is pro-
cessed to generate an error signal for the servo system. A signal
proportional to the phase difference between two beams occurs,

A two beam interferometer using a HeNe Laser is shown in fig. 14
for the analysis of subsurface defects by measuring the small
surface deformation caused by a chopped, focsed laser beam with
the wavelength A (argon laser AZ = 488 nm). The interferometer
arrangement is not very sensitive to vibration oceuring by scan-~
ning the object. The computer controlled piezo-element compensates

the surface roughness and adjusts the interferometer to work in



the linear region with maximum positive gradient., It leads
to the maximum sensitivity and minimum adjustment time of
the lock-in amplifier. A result is shown in fig. 15 where

a 3 mm thick Al-plate with holes of 0,8 mm diameter was
analysed. The phase measuring indicates clearly the disturb-
ance in the material. The chopper-frequency varied from

20 to 140 Hz. A modified configuration was used to study opaque
materials in reflection.

Increasing the chopping frequency from a few hundert Hz to a

few MHz leads to a very sensitive subsurface defect analysis
by a reduced depth range of course.

5. Application of computer generated holograms

Computer generated holograms are applicable for generating
threedimensional images from calculated holograms. They can
be useful for optical filtering as well as for testing aspheric
surfaces. Holographic optical elements (HOE) are already used
as beam splitters and diffraction elements as well as deflection
‘and focussing elements in laser Scanners. HOE are recorded by

using plane and spherical waves 45 well as by means of computer
generated holograms,

The HOE recorded by superposition of an object- and a re-
ference wave. The object wave can be reconstructed by illumina-
tion the hologram after Processing with a raconstruction wave
similar to.the reference.

In generating the computer generated hologram (CGH) an exact
analogy to the optically recorded hologram can be mada. The
distribution in the hologram plane is calculated, the reference
wave added, the sum squared, and the result plotted. Sometimes
this output needs to be photoreduced to provide a transparency
for wave reconstruction. CGH's can be applied for testing aspheric
surfaces with high precision.

Aspherical optical surfaces are today and will be even the next
yYears more frequently introduced inta optical systems to improve
the performance and to reduce the number of optical elements
especially in image formation in tha infrared. Recently aspheric
single lenses were introduced to replace optical systems con-
sisting of 3 to 4 elements in CD players.

Aspheric surfaces can be testad by a point analysis to-
gether with 3-dimensional measuring device to generate the
surface profile. Interferometric methods such as null test
methods or shearing techniques as well as the application of
holographic techniques and computer generated holograms are

very useful for high precision measurements.

CGH's can be used to compensate or compare ccemplicated
wavefronts for different applications. The CGH in a Twyman-
Green experimental arrangement as shown in fig. 16 can be used
to compensate the aspheric wavefront reflected by the lens
under test, for instance. Illuminating the CGH with the per-
fect aspheric wafefront computed from the optical data leads,
after diffraction, to a perfect plane wave to be compared with
the perfect reference plane wave from the refaerence beam re-
flected from mirror MS. The interference fringes to be analysed
are a measure of the discrepancy of the test lens from the data
of the aspheric component or surface. Alternatively, an aspheric
wave front can be reconstructed from the CGH to be compared
with the actual wavefront.

The principle of CGH is not new. Wyant among other described
the technique in chapter 13 in optical shop testing {(Reference 3).
It's application for the accurate, absolute test of 3teep as-
pheric surfaces as well as the generating of CGH needed to be
improved.

For plotting CGH's a calgomp plotter can be used, in addition
differant techniques have been deviced or are in the process of
being developed such as the use of electron beam scanners. We
apply a computer driven Optronics drum scanner. A two beam in-
terference arrangement for an off-axis hologram for testing
aspheric surfaces is shown in fig. 16. The incidient wave is
separated by the beam splitter into the reference beam reflected
back from the mirror MS slightly obliquely and passing through
the holeogram undisturbed and the test beam. For the fringe ana-
lysis one of the previously described techniques can be used.
Because c¢losed fringes need to be analysed we prefer the phase
shifting technique with phase steps of /2., The simple lenses
L1. LZ' L3 in fig. 16 are auxiliary lenses to adapt the aper-
ture of the lens under test TS. They should also image the
test surface onto the CGH, a necessary condition for strong
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aspheric wavefronts. Furthermore they can also be used to
compensate partly the aspheric wavefront. L4 i3 a high guality
lens to be used for testing aspherical as well as spherical
lense. In addition L, and Li are used for focussing on the sur-
face unter test as well as for testing spherical surfaces with
the same instrument. Furthermore, the accurate position of the
vertex for spherical and aspherical surfaces is obtained with
L; in place generating a perfect spherical wave.

Although the auxiliary lenses need not to be perfect a holo-
gram is computed at first for a known spherical or aspherical
surface; the fringe analysis leads to an almost compensation of
the errors involved which in turn are compensated when computing
the CGH for the test surface.

Adjustment in an industrial test procedure can be time con-
suming and difficult because 7 degrees of freedom need to be
balanced such as tilt and decentring in two directions of the
test surface as well as decentring and rotation of the holo-
gram; some of the adjustment errors have similar effects on the
interference pattern,

Using the previously described automatic fringe analyais it
was found appropriate to approximate the measurad wavefront W{r,8)
by a set of polynomials. Zernike polynomials were frequently used
because of their orthogonal properties. They lead to an elimina-
tion of the influence of the actual adjustment errors by matching
the ray tracing program and the measured wavefront.17 Fig. 1B shows
a typical example where an aspheric surface was tasted with a CGH
with adjustment errors introduced. Fig. 18a shows the fringe
patterns with two additional centring errors of 0,02 and 0,2
introduced and fig.18b represents the wavefront analysed with
four different wavefronts with centring errors from 0,02 to
0,2 mm. The compensated wavefront with the eentring errors is
shown in fig., 18c¢ indicating the shape error only.

6. Component and system analysis from interference patterns

Twyman-Green and Fizeau interference arrangements are fre-
quently used for testing spherical and asphertical surfaces.
By testing aspherical surfaces using computer generated holo-
grams (CGH) for absolute measurement or by relative measurement

using heolographic techniques, the asphericity as well as the
adjustment errors of the test surface need t. be determined.
Adjustment errors can be evaluated from the interferogram and
compensated., By testing aspherical surfaces the coefficients
of asphericity and adjustment errors of test surface and holo-
grams can be determined from the interferograms. In a combined
measuring procedure including ray tracing and fringe analysis
a procedure for gystem analysis was developed «neluding the
following steps:

- automated fringe analysis

- development of the measured wavefront of the fringe
pattern into polynoms

~ considering polynom coefficients as goal for the opti-
mization

- variation of the system parameter to obtain best agree-
ment hetween measurements and calculations.

For tha procedure at first the wavefront will be determined
applying optical ray tracing techniques leadlng to a fringe
system. Usually a departure of the measured wavefront of the
actual system from the computed occurs because the system para-
meters are slightly different,

The aim is thereforenot so much the optimization of the ori-
ginal system but to modify the system parameters in such a way
that the measured wavefront can be obtained in order to find the
parameter errors in the system.

Damped least square techniques are useful. The syatem para-
meters radius of curvature, refractive index centring errors
among others ar» varied to obtain the measured wavefront. Zernikae
polynomials are very useful for system analysis. To compute the
actual system starting with Zernike coefficients obtained from
the fringe pattern we can write:

- . 16)
Fi = Gi (in Fax}

" where F, are the Zernike coefficients obtained from the fringa

pattern,

G is a weighting factor.



and

F and F_. are targets and actual values respectively
zi ai

writing expression {16) and Taillor expansion
m

- caes 17
Fi = Foi *Z Biy (xg = xyq) @
J=1

By variation of the parameter to approach the target xj the
deviation from the departure of the different system parameters
from the theoretical values can be found:

8F o
B = 2 is the sengitivity of the system by variation
ij ij

of parameters found from ray tracing.

X, ~ X_, can be found by inverting of expression 17.
Q)

i
Usually the number of equations is larger than tha number of
parameters. Therefore, the merit function should lead to a mi-

nimum.

Some of our applications of component and asystem analysis were

- the analysis of adjustment errors when testing spherical

7
and aspherical surfaces1

- determination of the asphericity coefficients and vertex
curvature of contact lenses

- fine‘adjustments of air spacings in optical systems

- measuring of refractive index of the element of optical
systems.

Adjustment errors occuring by the test procedure modify Fhe
fringe pattern. It should be noticed that by testing aspheric
surfaces with CGH, seven degrees of freedom need to be con-
sidered. From the analysis of the fringe pattern the contri-
bution of adjustment errors like centring errors can be cal-
culated and subtracted from the wavefront. By subtracting ad-
justment errors, included typically in some coefficients of
the polynomials the surface errcrs should not be affected.

A typical result of adjustment error subtraction from an in-

terferogram is shown in fig. 18.

Contactlenses will be selected and specified by the vertex

curvature and the aspheric Parameter, the excentricity

of the back surface. The determination of such parameters
from the fringe pattern is obtained with the procedure
described in equation.17 The measured wavefront will be
described by Zernike Polynomials up to the order 10. From
the coefficients the vertex curvatures and aspheric coeffi-
cients are found by iteration leading to the best fit of
the measured fringe pattern.

Furthermore from the fringe pattern not agreeing with
the expected wavefront the errors such as centring errors
Or separations of lens components can be evaluated and
compensated,

7. Engineering Application of Holographic Interferometry

Holography is a technique by which a wavefront cf an
object with an optically rough surface is recorded together
with a referance wave. The reconstruction in the absence
of the object leads to the same physical effect as the ob-
servation of the original object. Holographic interferometry
enables the analysis of static and dynamic displacement of
optically rough surfaces to be measured interferometrically.
First reports of the method appeared 1965 and were socon
followed by numercus papera describing new applicatious.18'19

The major applications of holegraphic interferometry are
in muaauriné machanical displacement, vibration, stress and
deformation, Depending on the application, different tech-
hiques were developed, Dduble exposure, multiple and time
average exposure techniques were introduced, as well as beam
modulation and stroboscopic ekposures.11'18 In additien,
fringe localizations together with fringe pattern analyses
in three dimensional space have been investigated. By 1970,
published material was available predicting tha object
motion from the fringe pattern. Methods were established to
extract vectorial objact displacement from the fringes, their
parallax and their localization required in their applications.
The search for simpler technigues fringe analysis in holg-
graphic interferometry initiated various studies.22 The
theories developed so far simplify the analysis and make it
easier for the engineer to understand and apply it. Sometimes,
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