
Laser application for precision measurements 

By H.J. Tizianil) 

1. Introduction 

The laser was introduced 1960 and the holographic inter
ferometry 1965. At first. holography and holographic inter· 
ferometry were thougth to be the answer to most of the 
problems in optical metrology especially for deformation 
and vibration analysis. The lack of success was primarily 
attributed to the quantitative analysis of holographic data. 
Even today. more than 20 years later. there is not yet a 
general simple method available, that can be used reliably 
for the quantitative analysis of holographic fringe patterns 
to obtain information on deformation and strain as well as 
on displacements and vibrations of arbitrary 3 O-objects. 
However. a number of techniques and systems based on 
techniques uSed in interferometry have been developed for 
specific applications. It seems that a combination of differ
ent methods can lead to powerful solutions to problems in 
industry. Furthermore speckle photography and especially 
speckle interferometry are becoming useful tools in metro
logy. Shape and defect analysis are becoming important in 
modern manufacturing; new sensors together with robotics 
and robotic vision will be developed. 

Interferometry and holographic interferometry are beco· 
ming useful tools for precision measurements in research 
and industrial applications. Computer analysis is Increa· 
singly important in interferometry. The use of solid state 
detectorarrays, image memory boards together with micro· 
proceuon and computers for the extraction of the informa· 
tion from the interferograms and high resolution graphic 
boards find important applications in optical metrology. 
Much more information can be extracted from the inter. 
ferograms leading to higher sensitivities and accuracies. 

Automated quantitative evaluation of interferograms reo 
gures aceurate interference phase measurements, indepen' 
dent of fringe position and intensity variations superposed 
onl0 the interferograms. 'n many interferometric arrangem· 
ents, phase shift ing or heterodyne techniques have been 
introduced for automatic fringe analysis. 

In the phase shifting technique or quasi·heterOdyne tech· 
nique the relative phase is changed continuously or stepwise, 
using at least three phase shifts of 90 or 120 degrees. Thf. 
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. Interferometry and two reference beam 
holography together with video electronic proceSSing lead 
to a senitivity of 11100 of a fringe at any point of the fringe 
pattern in the TV image. In heterodyne methods the relati· 
ve phate increases linearly in time and the reference phase 
is measured electronically at the beat frequency of the reo 
constructedwavefields. Heterodyne holographic interfero· 
metry offers high spatial resolution and interpolation up to 
1/1000 of a fr inge. It requires. however, sophisticated elec· 
tronic equ ipment and mechanical scanning of the fringe 
pattern [9]. 
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For engineering applications real time techniques in inter. 
ferometry, holographic interferometry as well as for SPeckle 
applications are desired. Thermoplastic material is used fre
quently for the hologram storage in engineering applications. 
Photorefract jve crystals are found to be useful for real time 
holography and speckle applications. 

2. Interferomlltric testing 

Solid state detector arrays. and microprocessors are mesllV 
responsible for the progress in interferometric testing being 
made during the last few years. Digital interferometry pro
vides means for obtaining very precise measurements at 
rapid rates. 

For the fringe analysis many different methods aTe applied. 
They can be classified into static and dynamic methods. In 
static methods a tilt is 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 pro
cessing techniques. Furthermore. phase detection technique 
in the spatial domain using Fourier transformation (1 .14 Jor 
Fourier analysis in connection with video technique can be 
used. 

For dynamic algorithm the relative phase between the reo 
ference beam and the test beam in an interferometer is 
varied at constant, controlled rate or in steps of 90 or 120 
degrees for instance [2]. 

Dynamic techniques are : 

- phase shifting in three or four steps or continuouslv 
- heterodvne technique 
- phase locked technique 

The intensity of the interference pattern can be written as 

!lx,y) '" 'o(x.y) i 1+blx,y)cos [¢Ix.y) +6]~ . III 

where 10 is the average intensity at each detector point, 
b is the modulation of the fringe pattern. 
¢(x,y) • ¥ Wlx,y) is the phase distribution of the 

wavefront W{x,y) across the interference pattern to be 
measured 

.nd 
.d the deliberately introduced phase shift. 

The interference pattern can be recorded by a solid state 
detector array. For the phase shifting technique at least 
three pattems with the appropriate phase shifts need to be 
recorded. The intensity measurement with phase changes of 
90 degrees in tum can be written 85 

Idx,y) · 'olx,y) 11+.,x,y)oo. [¢Ix,y)]! 
11 (x,y) '"'0 (X,y)!'+b(X,y)COS [¢{x,y)+fr/2H 
13 (x,y) " 10 (x,y) l+b{x,y)cos [¢{x,y)+Jr] ~ 

leading to the phase d istribution across the fringe pattern, 
namely 



~Ix.y) • 
212 (x,y)-II hc,y)-I)lx,yl 

tan -1 
13 (x.vl- I, Ix. vi (2) 

In addition to the stepped phase shifts with at least three 
stel» the phase shift can vary linearly in time and linearly 
ramped during the detector integration time. Usually the 
tolal integration is the same for each data frame. The detec
tor array will integrate the fringe intensity data over some 
change in relative phase denoted as A. One data set of re
corded intensity values is given by [15] 

1 6j.4 /2 
Ii · - J lolx,vlj'+bhc:, V)COS [4l(x,y)+6(tI] I d6 hi 

A lij-AI2 

where ~ is the wavefront being measured a nd 6 j the nerage 
value of the relative phase shift of the !-th exposure. The 
integration over iii linear phase shift change Il leads to the 
recorded intensity 

I ,in.6/2 I 
I; (x,v) .. iolx,y) Hb (x..y) cosl ~ (x.v) + c5j] 

rr 6. / 2 

which leads to the so called Integrated bucket method. The 
difference between integrating and st epping the phase is a 
reduction in the modulation of the inteference fringes after 
detection. For stepped phase shifts. (6=0) and not integra· 
ted, there is no intemity modulation. For the four.tJucket 
technique, four sets of fringe intensities are recorded with 

·ft f~ ~" / / b phase sht so VI '" -4-' - 17 4 , 1t' 4 , and 4 ' leading to 
the phase 

411x,y) ,.. tan-1 14 (X,y) -12 (x, y) 

II lx, yl-I)lx,y) 
(3) 

To reduce the influence of phase shift errors the 5 step 
method with 5 phase shift s of 17/ 2 is useful. 

Digital interferometry is very useful for ge'tting the inter
ferometric data into a computer for the analysis. Computer 
analysis of interferometric data can be carried out in dif· 
ferent ways leading to precise measurements for testing 
wavefronts of optical surfaces and components. An experi· ... -.. ----

A one-dimensional fringe analysis is shown in Figure 2b., 
the corresponding one-dimensional .. microroughness" ana· 
lysis obtained from the same interference pattern is shown 
in Figure 2c. The sensitivity obtained is N'100. For the 
automatic fringe analysis a ceo line scan camera with 2048 
elements or ceo arrays with 256 x 256 elements together 
with an IBM PC Or IBM·AT were used. Alternatively, for 
some applicatio05 with two-d imensio nal analysis we use 
a Hammamatsu C 1000 camera. From the fringe pattern 
stored in a small computer the desired information such 
as the aberration coefficients or the influence of adiust· 
ment errors can be found . Zernike polynomials are found 
to be appropriate for the study of the wavefront because 
of their orthogonal properties (3]. Furt~rmore, the optical 
tramfer function or the point spread function can be 
obtained. 
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For microprofile measurements, stylus instruments are 
among the most highly developed means of profiting of 
precision surfaces. Electron microscopy can be used to 
produce contour maps and surface profiles of precision 
surfaces bV using two perspective angles. 

Interferometric techniques are well suited for microprofile 
measurements. Two as well as multiple beam interference 
arrangements with automated fr inge analysis can lead to a 

Fig. 21: Interference pallern Obtained from I diamond 
tumed Ipherical .... rl.ct tested w ith A ·633 MI . 
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Fig.2b: One-dimension. 1 fr inge I nllvsil of Fig. 2, uling 2048 data 
points . 

Fig. 2c: MietostrU(1ure analvsil of Figure 2a. 
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resolution of the order of 1 A as shown by Wyant and co· 
worker (41. Recently heterodyne interference arrangements 
were pre$ented capable of 0,1 A vertical resolution and a 
few micrometer lateral resolution (6) . 
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3. Application of heterodyne interferometry 

In interferometry. phase differences of optical fields a 
transformed into detectable intensity variations. For twrt 

beam interference, the two light fields are assumed to be 0-

A, "'a.cos!wt+4I., 
Az • azcoslwt+ 'h' 

leading to the intensity 

II - IAI +Az P =lal lz + 1az J2 +2a.azcos(4Iz-t/ld 1'1 
The sensitivity depends mostly on the analysis of the phase 
difference ~--41 •. To improve the sensitivity pha$e shihillJ 
techniques are used. 

In classical interferometry, phase differences of optical fields 
are transformed into detectable intensity variations. In two 
beam heterodyne interferometry the two light fields are 
assumed to be 

AI >==alcoslw.t+41d 
aM 

Az :::: az cos ~ w. t+bwt+4Iz +41 It) 

wh~re ~w is ~roportional to the frequency shift (tz-f.1 
~hlch can be mtrod.u~ by a Bragg cell or a moving gra. 
tmg or Zeeman splitting. In heterodyne detection by • 
square·l8'W detector the detector output is 

151 
where the time varying phase 41lt) can be detected. The 

measurement of the velocity v :::: dz 
dt 

cal axis Figure 4.' follows from, It) .. 

(parallel to the opti· 

~'II' 2vlt} . t 

For a harmonically oscillating object 'hi == 4'11' peas (n t ) 
producing a frequency modulated output 5ignal at the 
detector with a carrier frequency of ·bw/2'11' and a frequency 
a.nd amplitude of modulation nand p respectivelv I9] . The 
Signal can be evaluated by welt known frequency analvsis 



techniques. Figure 3. shows schematically a two beam 
heterodyne interferometer for cecise distance measuring 
where.1f I il proportional to 2 . 

dt 

It is basically the concept of the well known HP.inter. 
ferometer. Figure 4. shows schematically an arrangement 
for a point by point analysis of a surface by heterodyne 
interferometry. The microprofile of Figure 5bwas obtained 
by scanning a surface with the heterodyne interference 
arrangement shown in Figure 5a(Reference 7) . The re
solution obtained is of the order of an A. 
Figure 6, shows an example of the frequency analysis 
leading to the velocity at a single point (perpendicular to 
the surface) of the side walt of a rotating car·tyre obtained 
with heterodyne interferometry . The arrangement used is 
shown schematically in Figure 4. For comparison an in. 
dependent measurement obtained by a microphone is indio 
cated by dotted lines in Figure 6. Close agreement is 
obta ined between the noise detected with a microphone 
and the noise generated by vibration only. 

Heterodyne interferometry will lead to very useful future 
applications In precision measurements. For the vibration 
analysis at given points heterodyne interferometry gives 
not only the amplitude of vibration parallel to the line of 
sight but also the frequency. Furthermore, it helps for the 
fringe analysis in holographic interferometry where the 
fringes are related to the vibration at given points obtained 
by a heterodyne technique. 

By contrast, the laser Doppler velociroeter is used to mea
sure ,flow velocities of gases and liquids, using the light 
scattered from small partic les suspended in the flowing 
medium. The speed of optically rough surfaces can be 
determined by similar methods. 

4. Engineering Application of Holographic Interferometry 

Holography is a technique by which a wavefront of an ob
ject with an optically rough surface is recorded together 
with a reference wave. The reconstruction in the absence of 
the object gives the same physical effect as the obversation 
of the original object. Holographic interferometry enables 
the analysis of static and dynamic displacement of opti· 
cally rough surfaces to be measured interferometrically. 
First reports of the method appeared during the mid 1960$ 
and were soon followed by numerous papers describing new 
applications. 

The major applications of holographic interferometry are 
in measuring mechanical displacement, vibration, strain and 
deformation. Depending on the application, different tech· 
niques were developed. Double exposure, multiple and 
time average exposure technique were introduced, as well as 
beam modulation and stroboscopic exposures (10-141 . In 
addition, fringe localizations together with fringe pattern 
analyses in three dimensional space have been investigated. 
By 1970, published material was available predicting the 
object motion from the fringe pattern. Methods were 
established to extract vectorial object displacement from 
the fringes, their parallax and their localization required in 
their applications. The search for simpler techniques of 
describing fringes in holographic interferometry initiated 
various studies on fringe analysis. The theories develo~d 
so far simplify the analysis and make it easier for the engin
eer to understand and apply it , Sometines, however, they 
are too difficult to be of practical value for engineering 
problems, they can be useful for special applications. 

In recent years, matrix and tensor calculs have been intT?· 
duced for fringe analysis, leading to a number of stram 
analySis techniques. Phase detection has been significantly 
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Fig . 5b: Microprofile of a hand polilhed metal lurface with arith
metic mean fo ughr"I-e"Q of Ra"O,025j.1m. 

improved to one part in 1000 by heterodyne interferome· 
try (91. Now at last, holographic interferometry is begin· 
ning to show its true potential in structural metrology. 

5. Holognilphic non-destruct;ve testing 

The application of holographic techniques to routine in
spection of products or components by manufacturers is 
rather limited . Wide industrial acceptance for non-destruc
tive testing (NDTI was found by testing new and retreated 
tires. Most commercial aircraft tire manufacturers use the 
holographic techniques today. There is reason for optimism 
regarding holographic NTO. 

Factors which have led to slow industrial acceptance of the 
technique include : 

t ime-consuming wet proceSSing of holograms on silver 
hal ide emulsions together with the requirement of high 
operator skill 
t ime-consuming processing of the fringe patterns 
relatively fixed sensitivity of holographic interferometry 
requirement of reliab1e rugged computer controlled 
luers easy to field service for CW and dual pulsed holo
graphy. 
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There is reason for optimism regarding holographic NOT 
because many of the above difficulties are and will be taken 
care of in the near future. New fringe analysis procedures 
have been introduced and will be further improved. The 
availability of convenient and rel iable photoconductor· 
thermoplastic cameras allowing exposure, development and 
viewing of holograms on films or on a reusable plate in a 
matter of a few seconds has great potent ial impact on the 
industrial viability of holographic NOT. Other quasi real 
time storage materials such as photo refractive electrooptj· 
cal crystals will be developed. 
Research will continue on the application of digital and 
electronic technology for automated readout and analysis 
of fringe patterns. Computational methods will be further 
improved . 

Different techniQUes can be combined with holography to 
lead to powerful system for NOT. Speckle photography and 
digial speckle pattern interferometry improve the non· 
destructive testing. Digital speckle pattern interferometry 
(OSPI) is a variation of electronic speckle interferometry 
developed by combining holography and speckle interfero
metry. In DSPI the $peck Ie patterns are processed digitally. 
instead of using analog electronics. 

6 . Ho lographic interferometry o f rotating o b;ecu 

The analysis of defonnation, strain and vibration of rota· 
ting objects reQuires unwanted rigid body rotation to be 
eliminated while preserving the information about the 
elastic object deformation. 

Three methods have been used to carry out holographic 
interferometry and speckle techniQues on rotating objects. 
These are stroboscopic; rotating plate; and image derotated 
holographic interferometry. 

The stroboscopic method consists in making a hologram of 
the object while stationary . For the second exposure with 
strobed light, the rotating object is illuminated, the illumi
nation being at the same angular orientation to the Object 
as for the first exposure. 

Rotating-plate holographic in terferometry uses the hologra
phic plate fixed to the rotating axis of the subject. but this 
is not always possible. In addition. the rotat ing hologram it
self will be subject to vibration or rigid body motion. hence 
complicating fr inge analYSis is reQuired. 

Image derotation is the most promising approach for the 
study of rotating obiects with holographic or speckle tech
n iQUes (15, 16) . In this method, the image of the rotating 
object is passed through, or reflected by a prism or mirror 
rotating at half the rotational speed of the object, thus 
cancelling out the rotational mot ion. A Q-switch double
pulsed ruby laser is then used to produce a double-exposure 
hologram of the rotating object. 

An experimental set·up used for image.(!erotated holo· 
graphic inlolrferometry is shown in F igure 7. Light from the 
double pube ruby laser is divided by a beam splitter and 
illuminates the object via a second beam splitter. The re
flect ion of the object passes through the derotator prism to 
interfere with the reference beam on the holographic plate 
and formsan image-plane hologram . For the alignment it is 
important that the axis of the derotator is collinear with 
the rotation axis of the object, otherwise optical-path 
length differences will produce bias fringes between the fWO 

laser pulses. The exact 2 : 1 ratio between the object and 
prism speed is achieved by mount ing an encoder disk on 
the drive shaft of the object and relaying its signals to an 
electronic unit controlling the speed of the servo motor. 



In addition, a laser Doppler vibrometer can be used for the 
vibration analysis at the given point. It can be used as a 
point of reference for the fringe analysis. 

In a research project we have studied the noise of rotlting 
car tyres (16) Figure 7. shows the experimental arrangem· 
ent with derotator and double pulse laser. Figure 8 . shows 
the fringe pattern obtained by pulse separations of 1()() Ils 
at n '" 320 min- 1 and a pulse width of 40 ns and Figure 9 . 
the corresponding contour lines of fringes of equal amplitu· 
de of vibration. 

For noise analYsis, a frequency analysis of vibration is reo 
Quired. A heterodyne technique can be used for the .naly
si's of the amplitude and for the frequency of vibration at 
one or several points. In addition this facilitates fringe 
analysis in holographic interferometry. The two methods 
can therefore be used in parallel, the heterodyne technique 
for the analysis of the vibrations at a given point and the 
holographic for the analysis of the spatial amplitude distri· 
bution of the vibration with reference to the movements at 
a single point . 

7 . Phase shifting in holographic interferometry 

The availability of solid state detector arrays and micro· 
processors lead to powerful fringe analysis methods in holo· 
graphy . Phase shifting techniques in interferometry can be' 
used. For phase shifting a plane parallel plate can be tilted, 
alternatively a referen« mirror can be mounted on a piezo· 
electric transducer. 

In real· time holographic interferometry a phase shift 'It is 
introduced into the reconstructed reference wave leading to 
a resulting instantaneous irradiance of the hologram . The 
phase shifting will be described briefly in the double expo· 
sure technique where two reference waves are used . 

Ho~raph ic inte rferometry using two r1l ference beam. 

al Phase shifting technique in double exposure holography 

The use of two reference beams when recording the holo· 
grams leads to a simple implementation of the phase· 
shifting technique for the fringe analysis. The holograms are 
reconstructed with the two reference waves where one is 
phaseshifted relat ive to the other by means of I piezo 
transducer or by tilting a plane parallel·plate as in two·beam 
interferometry . Phase shifts of 90 or 120 degrees can be 
introduced . 

For the double exposure technique the first hologram is reo 
corded with the first reference wave shown in Figure 10. 
The second exposure of the deformed object caused by 
loads, pressure, temperature variation follows with the 
Slightly tilted second reference wave. The reconstruction 
of the double exposed hologram (with the two reference 
waves phase shifted by steps of rr /2 fOf" instance) leads to 
four wavefronts not counting the four comple)( conjugate 
wavefronu. Two are spatially separated due to the t ilt of 
the reference waves, the two other form the interference 
fringes, namely 

16) 

where Uo is the reconstructed object wavefront and \!If( 
with K - 1:Z ,3 , are the phase steps, I¢-¢I the phase dif · 
ference of the deformed wavefront to be measured. The 
data are read into the image processor by means of a TV 
technique Idiode arraysl. The analysis of the interference 
pattern is similar to the technique d iscussed for two beam 
interferometry . The computer aided evaluation of the data 
allows a precise analysis of the deformation of the obje:cu 
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under load. The data can be presented as a 3·D-plot or as 
contour lines IS shown in Figure 11a. and lib . respecti· 
vely or as a colour graphic 110-14). 

The concept of computer holographic analysis with the 
appropriate optoelectronic preprocessing assures high 
accuracy in the evaluation of holographic measurement 
data. Therefore, the determmation of deformation and 
stress of components can easier be obta ined from the halo· 
graphic deformation data. 
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b) Heterodyne holographic interferometry 

The principle was discussed in heterodyne interferometry 
(9J. The frequency difference of a few hundred KHz can be 
introduced by a rotating grating when using the d irect and 
diffracted waves or bV two acousto-opt ical modulators 
arranged in cascade to give opposite frequency shifts. 
During recording both modulators are driven with 40 MHz. 
In the reconstruct ion one is driven with 40,1 MHz leading 
to a frequency shift of 100 KHz. Scanning the image of 
the objects with ~ fringe pattern using a stationary referen
ce and a scann ing detector leads to the phase differente 
Io-~) . 

To obtain the phase d ifference in orthogonal directions 
three detectors are used . The phase differences can be 
measured with two zero cross in~ phase meters, which inter
polate the phase angle to 0 ,1 . Heterodyne holographic 
interferometry requires sophisticated electronic equipment 
and mechanical scanning of the image by photo-detectors. 
It is well su ited when high senSitivity is required . By con
trast the two reference beam phase shifting technique with 
TV-detection is simpler and requires a videoelectronic data 
aqu isit ion system. 

8. Holograph ic interferometry in real t ime 

The storage media used for holographic interferometry are 
mainly photographic materials based on silver halide. Alter
natives are photoresist, dichromated gelat ine. photochromic 
or thermoplastic materials, or photorefractive electrooptical 
crystals. Thermoplastic storage material is frequently used 
in holographic interferometry. 

Holographic interferometry is more attractive to the en· 
gineer when it can be applied in real time. Photorefractive 
materials such as lithium niobate (LiNbOJ ), potassium 
niobate (KNbOJ ) , barium titanate (BaTiO l l. strontium 
barium niobate (SBN) and bismuth silicon oxide (8i .125i020] 
are attractive new candidates for real-t ime opt ical data pro
cessing. Reversible holographic storage was first demonstra
ted in LiNb01. More recently , 8aTiOl , and 8i125i02O 
(950) and BiI2Ge020 (BGO) were applied for the storage 
of holograms and speckle pallerns (17- 271 . Photorefrac· 
live crystals can be used for real time metrology using 
holography in a two or four wave mixing arrangement as 
shown in Figure to. We use very often SSC crystals in our 
laboratory because the SSO is known to be a fast and sen· 
sitive material, with a relatively small e lectro-optic coeffi
cient. By contrast, BaTiO 1 has larger electro-optic coeffi 
cients and is highly eHicient, but it responds rather slowly . 

One model to describe the charge transport in the photo
refractive material is the band transport model assuming 
that electrons (or holes) are optically excited from filled 
donor (or acceptor) sites to the conduction (or valence) 
band where they migrate to dark regions in the crystal by 
drift or diffusion before recombining into an empty trap. 
The transported charges result in an ionic space charge 
grating which is, in general, out of phase with the incident 
irradiance as shown schematically in Figure 11. The space 
charge grating is balanced by a periodic space charge elec-
tric field modulating the refractive index through the 
electro-oplic effect as indicated in Figure 11. The sensi
tivity of the BSO is comparable with that of the Kodak 
649F emulsion (0.3 mJ/cm1 ) and the information (holo
gram] can be stored more than 24 hours. Flooding with 
uniform illumination leads to erasure of the stored infor
mation by space charge relaxation. Consequent ly, reading 
out with the recording wavelength is destructive. 

F,'i1 13: P'lnClple 01 the Information $Iorage in pOOlo,.,raeti.... For holographic interferometry in Quasi real-time one 
melellB!. hologram of the object to be studied is stored before the 
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defonnation has taken place as shown in two wave mixing 
(Figure 12a.' or four wave mix ing arrangement (Figure 
, 2b. l . Immediately after the deformation has taken place a 
second hologram is stored and reconstructed together with 
the first one. Interference fringes tct:ur as result of the 
wavefront modification between the two exposures. Time 
average exposure recording can be applied fo r harmoni· 
cally oscillating Objects. Figure 15a. shows an example 
of an oscillating membrane recorded in the time average. 
The Oscillating frequency was 5,1 kHz and the exposure 
time less than one second. By contrast the fr inge pattern 
of the same harmonically oscillating membrane obtained 
with electronic speckle interferometry is shown in Figure 
15b. For the analysis of the fr inge pattern, TV ·techniques 
and phase sh ih techniques as described in sectio n 2 can be 
applied in quasi real·time. 

An important appl ication of photorefractive crystals is in 
the phase conjugation technique where environmental 
disturbances can be compensated by the reconstruct ion 
in an arrangement similar to that shown in Figure 12b. 

For contour line holography in quasi real·time a BSO 
crystal can be used as storage material (12). There are 
different ways to form contour fringes that are contours 
of constant depth . The object can be illuminated with twO 
wavelength simultaneously; illumination w ith one wavel· 
ength but from two directions ; or witl'lone wavelength but 
with a medium of different index surrounding the object. 
Figure 16. shows the result of quasi real·time 2 wavelength 
contour line holography using B50. The separation of two 
contour lines corresponds to 14 pm depth d ifference . 

, 

Fog. ,s.: O .... i .... I t.m. 'fl,. PIItt.rn obt •• n«lln Ih. IIm ..... ~, 

For shape and size comparison, for instances, the optical voIIIh BOO. ot . harmonlQlly Otc.U.,.ng mernbr .... . 
correlation is an alternative to the digital image processing, 
Furthermore . optical techniQues are useful for preproces· 
sing and parallel processing . Optical correlation techn iques 
were not very successful in the past . One of thema inreason 
for the limited application of optical correlation is the 
occurence of the speckles. a phenomenon which appears 
whenever an optically rough surface is illuminated with 
laser light. 

Photo refractive materials can be useful for quasi real,time 
optical correlation. To avoid most of the speckle noise. the 
object to be compared or measured can be illuminated 
with incoherent light. 

A light wave based on the variation of the refractive in
dex propon ional to the intensity var iation over the crystal 
area, for instance, can be used to convert the incoherent F'II. 15b: Fri. PIIu.,n of lhe harmonlc-lIy OKlliallng m.mbrlne 
image into a coherent one from where coherent optical obt.,n.ci In Ih. tim, .VII'age Wllh $peockle Inl. " .rom. Cr y 
correlation can proceed. Some of the spatial light modula · 
tor, SLM, use liQuid crystals as the eiectrooptic material 
and 81'25i02O (950 ) as the photoconductive material; 
they are rather expensive and their response time is limited 
[21 ). Other concepts are the microchannel spatial light mo· 
dulator or the deformable surface spatial light modulator 
with a limited spatial resolution of 10 lines/mm. 

Bulk monocrystalline B50 haS useful photoconductive and 
electrooptical properties. Depend ing on the local illum ina
tion, the crystal will become birefringent i 17). An example 
of quasi realtime correlation will be described briefly . 

For shape comparison in Quasi real time an arrangement si· 
milar to that of Figure 17. can be used for position invari· 
ant correlation , The Fourier spectrum of the object 0 and 
the reference A illuminated coherently if necessary after 
incoherentlcoherent transformation with h, are super· 
posed . The quasi real time reconstruction can be obtained 
bv illuminating the BSO with h' as shown schematically 

Fig. '6 : 2 weVII lengch conlO ... , lin. I'IolOgraphy .n q ... asl ,u l 11m, 
""'fIg • 850 crystal at IIO~ ml ce"al, 5eJ)IIra liOn 01 con
tou, lines '4 .... m 
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in Figure 17. In the back focal -plane of the second lens 
the cross oorrelation function of Rand 0 is a measure of 
the similarity between the object 0 and the reference A. 
An example is shown in Figure 18. where two finger prints 
are compared. Two peaks of the cross correlat ion can be 
seen. 

9. Application of speckle techniques in metrology 

When an optically rough surfin;e is illuminated by a !a58', 
a speckle phenomenon occurs. it is a curious granular 
appearance. A similar effect occurs in coherent radar and 
ultrasonic imaging. By an optical rough surface we mean 
height variation of the order of, or greater than the wavel· 
ength of the illumination light. When such a surface is 
illuminated by a laser beam, the intensity of the scattered 
light is found to vary randomly w ith posit ion. 

When a laser· illuminated opt ica lly rough object undergoes 
displacement and/or deformation, the speckle in the image 
field of the object move in add ition a change in structure 
may appear . 

Speckle Photography 

Speckle techniques are a useful tool tor detennin ing dis, 
placements, vibrations, deformations and contours of a 
wide range of optically rough surfaces. For speckle photo' 
graphy, an optically rough surface is illuminated with co
herent light and photographed either in the image plane. in the 
Fourier plane or the defocussed plane, depending on the~l i
cation. The recorded image will have a 'speckled appearance . 
Exposing the image in photographic film before and after a 
small object movement (double exposure), pairs o f practi· 
cally identical speckles are recorded. Illuminating the 
developed double-exposed speckle pattern with a laser 
beam, Young's fringes are obtained in the Fraunhofer 
diffract ion plane, with a separat ion inversely proportional 
to the object displacement. Young's interference fringes 
OCCur only if the displaced speckles remain correlated. A 
point-by-point analysis of the inplane motion of the displa 
cement vector field can be carried out even in the presence 
of small out-of-plane movements . In Figure 19. Young's 
fringes of speckle panerns recorded before and after 
bending a lever are shown. The fringe separation is inver
selV proportional to the bending. 

Speckle photography is by now well understood and can 
be a useful tool in optical metrology. The limitations are 
those due to strong deformat io ns (strain), rotation and tilt . 
For eX/llTlple , deformation and til' in the pre)ence of 
translations lead to a limitation of speckle photography due 
to loss of speckle correlation. 

By measurements of the spaCing and the direction of the 
Young's fringe patterns for points on a sQuare-mesh lattice, 
the two-<lmensional strain field can be evaluated. Visual 
methods for the fringe analysis are time consuming and 
limited to small sample regions and are heavily dependent 
on the skill of the operator. For these reasons electroopt i· 
cal read-out systems with automatic fringe analysis have 
been studied recently. For good contrast fringes, speckle 
displacements were obtained to 0,1 pm standard deviation 
[24[, 

Bruhn und Felske 125) developed a fast two d imens ional 
Fourier transfOnTI analysis of Young's fringes using TV 
techniques together with image analysis methods in order 
to construct an automat ic fr inge analysis system. 

Electronic speckle pattern interferometric system 

For recording interference pattern of diffuse reflect ing 
objects, different names are found in the literature, 113· 
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Fig, 20; Spe<:kle interferometry for ct.lorm;nion measurement by 
double ."pOw" spe<:kle substractIon technique. 

melv electronic speckle pattern interferometry (ESPI), 
TV speckle interferometry. TV holography (22J. The 
principle of ESP I is similar to a holographic method. It 
usually combinl!'S a specular reference beam as in conven
tional holography with a superimposed speckled object 
beam on a vidicon for instance. Cyclically varying fringes 
occur. corresponding to a path· length change between refer· 
enee and object beam by ), (A being the wavelength of the la-
ser). The video signal is proC1!ssed, high pass filtered, rectified 
and displayed on the TV monitor. This electronic proces· 
sing can be considered to correspond to the reconstruc· 
tion in conventional holography. The image has a speckled 
appearance, the speckle size is inversely proportional to the 
aperture of the image forming lens. 

On the monitor, fringe pattern ·occur depending on the 
substraction or addition of double-f!xposed speckle patterns 
or timeaverage fringes are produced of a harmonically 
oscillating object. Movements parallel to the line of sight 
are usually measured. The lateral shifts must be kept 
smaller than the mean speckle size . For in·plane strain 
measurements the objects can be illuminated obliquely 
with two plane waves. Figure ISb. shows a typical time· 
averaged fringe pattern of an oscillating membrane photo· 
graphed from the monitor. 

A fringe shifting technique can be useful for the automatic 
fringe analysis of electronic speckle pattern interferometry. 
The phase in the reference beam can be shifted when reo 
cording the speckle pattern by the "double exposure tech· 
nique". Figure 20 shows an example of the speckle sub· 
straction technique where a deformation was introduced 
between the speckle pattern recordings. In addition, three 
phase shifts of 11 /2 were introduced for the fringe analysis. 

In Figure 21 . the result of the fringe analysis is shown. The 
fringes are contour lines of equal deformations. 

Fig. 2 1 : Fringe analysis 01 Fig. 20 uJing phase 'hlft technique. 



The storage media used for speckle photography are mainly 
photographic materials based on silver halide. Alternatives 
are thermoplastic materials, or photorefractive electroopti
cal crystals. For Quasi real-time speckle photography we use 
BSO as storage malerial. 

Furthermore, speckle interferometry can be used to investi
gate 'ine structure of astronomical objects. Speckle techni· 
Ques can also be applied for velocity and three-d mensional 
measurements 126,271. 

Interferometry as well as holographic interferometry and 
speckle applications are becoming useful tools for industrial 
applications. The methods can usefully be applied to a con· 
siderable variety of engineering measurement problems. 
Fringe read-out and Quantitative analysis of interferometric 
and holographic data will lead to an mprovement of the 
methods for engineering applications and to the acceptance 
of laser applications in industry. 
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