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Accurate fringe interpolation in holographic interferometry requires two-reference-beam holographic recording. Using
two reference sources close together, the sensitivity to (angular) misalignement of the hologram is drastically reduced (10°
instead of 0.01°). Overlapping of the cross-reconstructions can be tolerated, unless extreme precision and spatial resolution
are demanded. Experimental results obtained by video processing of such holograms show an accuracy of better than 1/100
of a fringe. The optical setup becomes nearly as compact and simple as in classical holographic interferometry.

1. Introduction

Double exposure holographic interferometry re-
quires for accurate deformation measurement interpo-
lation of the interference fringes. Interpolation inde-
pendent of fringe position and intensity variations in
the reconstructed image is only possible by applying
two-reference-beam holography [1,2], which allows
to vary the relative phase of the interfering wavefields
during reconstruction, Two kinds of methods to eval-
uate the interference phase are known. In heterodyne
methods [1} the relative phase increases linearly in
time and the interference phase is measured electroni-
cally at the beat frequency of the reconstructed wave-
fields. “Quasi-heterodyne” techniques change the rel-
ative phase stepwise, using at least three different val-
ues [3—6]. Compared with classical double exposure
holographic interferometry the necessity to use two-
reference-beam holography introduces unfortunately
some additional difficulties with unwanted reconstruc-
tions and repositioning of the hologram [2].

In holographic interferometry of diffusely scatter-
ing objects the repositioning requirements can be dras-
tically reduced by choosing the two reference beams
very close together, as it was already proposed for
heterodyne holographic interferometry {7,8]. In this
arrangement, however, the undesired cross reconstruc-
tions overlap with the desired reconstructions. As a
consequence, the fringe contrast is reduced and an ad-
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ditional statistical phase error is introduced, respec-
tively.

In this paper we will show that the two arrange-
ments with reference beams well separated and very
close together give results of equally good accuracy
when used for a quasi-heterodyne system with TV im-
age processing. We will present a setup for holographic
interferometry with high quality fringe interpolation,
which is optically nearly as simple as classical double
exposure holography and uses standard video-electron-
ic equipment for information processing.

2. Two-reference-beam holographic interferometry

The optical arrangements for two-reference-beam
holographic interferometry are sketched in fig. 1a for
well separated reference sources and in fig. 1b for ref-
erence sources close together. Except for the two ref-
erences, this setup is the same as for classical holo-
graphic interferometry. In both arrangements, the ob-
ject is illuminated by a point source, and an imaging
system permits to observe the interferogram on a
screen by a TV-camera. Consecutively, the first object
state O, is recorded by reference Ry and the second
object state O, by reference Ry on the same hologram
plate. A mirror on a piezo mounting allows to vary the
path length of one reference beam and hereby to con-
trol the relative phase of the two reference beams
during reconstruction.
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Ylxg) =~ {(k) —kp) X w}xy, (N

where w = (A, AB, Avy) is the rotation vector for
small hologram rotations Aa, Af, Ay around the x, y,
z axes, respectively, and xy are the coordinates in the
hologram plane. Note that a pure translation of the
hologram causes only a constant phase shift and can

be ignored. It is seen from eq. (1) that a rotation of
the hologram introduces a linear phase deviation across
the hologram plane which depends only on the differ-
ence vector Ak =kj —k, of the two references. This
means that the repositioning sensitivity is much smaller
for reference sources close together. The effect of a
linear pliase deviation in the hologram plane results
mainly in a mutual transverse shift between the two
desired reconstructions in the image plane [1], given by

uy = (dy/k)lgrady ¥| = (dy/k)

X [(Aky Ay — Ak, ABY +(Ak, Ao — Ak, Ay)?] 12

@
where dj is the distance from the lens to the image
plane and grady  is the component of grad ¢ in the
hologram plane.

The magnitude of the interference term depends
essentially on the autocorrelation Cy, (uj) of the im-
pulse response function of the imaging system, which
defines also the speckle size in the image. The interfer-
ence fringes are only visible as long as the mutual shift
of the speckle patterns is smaller than the speckle size.
For a circular aperture of diameter D, the fringe con-
trast y(u) = Cy, () is given by the well known Airy
function

v(uy) = 2Jy (mDuy/Ndy)/(nDuy/\dy), 3)

where J (+) is the first order Bessel function, The
fringe contrast decreases with transverse shift 4 in
terms of the diffraction limited optical resolution
(Ax); = Ndy/D.

In fig. 3 theoretical and experimental results for
the fringe contrast versus hologram rotation Avy are
presented. The two reference waves had an angular
separation of Ak, Jk = 0.19, which is necessary to sep-
arate the reconstructions (figs. 1a and 2a) in a typical
holographic setup. A one-to-one image of the recon-
structed object was formed by an objective of f =300
mm (d} = 600 mm) and of D =9 mm (f/32) effective
aperture. The repositioning error for a reduction of
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Fig. 3. Fringe contrast  versus angular misalignement A+ of
the hologram for well separated reference sources (Ak., /k
=0.19). The theoretical curve of eq. (3) is normalized to the
maximum measured contrast v, = 0.8.

the fringe contrast vy to 50% as obtained from egs. (2)
and (3) is found to be only Ay = 0.013°, (see also
fig. 3).

On the other hand, as long as the latera] separation
of the cross-reconstructions RyR] 0y and R{R305 is
just larger than the speckle size (Ax);, the speckle pat-
terns of the desired and undesired images are uncorre-
lated and their superposition does not produce any
macroscopic interference. The required minimum an-
gular separation between the two reference sources is
given by the diffraction limit of the resolution im-
posed by the circular aperture D of the imaging lens.
In other words, the two reference sources must produce
more than one interference fringe across the lens aper-
ture. The sensitivity to misalignement in such a setup
(fig. 1b) is reduced to less than Ay = 10°, compared to
the 0.01° for the well separated cross-reconstructions.

However, the overlapping with the uncorrelated
cross-reconstructions reduces the overall fringe con-
trast by a factor two, as can be seen by comparing
figs. 2a and 2b, and introduces a statistical error to the
interference phase. This error can be adequately re-
duced by spatial averaging using a detection area which
covers many speckles [1], as it is the case in TV pro-
cessing due to the limited camera resolution.

3. Interferogram processing
To determine the phase in the interferogram, a

quasi-heterodyne technique is used [3—6]. The holo-
gram is reconstructed three times, the mutual phase of
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the two reference beams is changed each time between
two reconstructions by a well controlled phase-shift.
The local intensities I (x) in the interferogram of the
reconstructions k = 1,2, 3 are given by the three equa-
tions

Ii(x) =a(x) {1 + m(x) cos(¢(x) + ¢)}, @

where a(x) denotes the local mean intensity, m(x) the
fringe contrast and ¢ (x) the interference phase. The
additional phases ¢;. are adjusted differently for each
reconstruction k. For the interference phase ¢(x) one
gets from eqs. (4)

tan @(x)
U3 —Iy)cospy +(Iy —I3) cosgy +(Iy —1)cos ds
T (3-1y)singy +(Iy —I3)singy + (I~} singy
©)

The other unknown values are given by

0 -1p) ¢
s @M) to)—cos (3 +8y) O

a(x) mx) =

a(x) =1y - a(x) m(x) cos ($(x) + ¢y). M

Data acquisition and processing is carried out with a
video-system and a micro-computer (fig. 4). The inter-
ferogram, projected on a ground glass screen, is observ-
ed with a TV-camera. The silicon target Ultricon cam-
era guarantees a linear response for the detected signal.
A video-analyser extracts an analog signal along a
straight line through the object. This signal is convert-
ed into digital and the micro-computer takes the aver-
age of the three successive scans as input. This process
is repeated for three hologram reconstructions with dif-
ferent relative phases ¢, of the reference beams. These
phases are adjusted carefully with a piezo mounted

mirror (fig. 1) to become ¢; =0°, ¢, = 120°, 5 =240°.

Finally the interference phase ¢(x) along the scanned

i TV-Camera -

Video- Monit
Analyser [ \[Montior

Interferogram |
Display

AID Micro-

Converter * Computer
Printer

Fig. 4. Block diagram of the video-electronic processing.
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line is calculated, displayed and plotted by the com-
puter. '

To estimate the accuracy of the phase measurement
one has to distinguish between systematical and statis-
tical sources of errors. A systematic error is introduced
by wrong phase shifts ¢, . It gives rise to a periodic er-
ror for ¢(x). For three measurements with phase shifts
¢y in steps of 120 °, the maximal error of ¢(x) is of
the same order as the errors for the ¢, . It is important
to point out, that the absolute value of the ¢, must be
guaranteed with the same precision as desired for the
phase ¢(x). It will be discussed later, how to control
the phase shifts ¢ in the cases of reference sources
close together or well separated.

For the statistical error A¢ the expression

(Ag)? = (2/3 m2) (AI/T)? +3 (Agy )2 )

can be derived from eq. (5). It depends on the relative
fluctuations Af/f of the intensities measured by the
TV-camera and on the statistical fluctuations Ag; of
the relative phases between the reference beams due
to thermal perturbations and mechanical instabilities.
To avoid disturbing fluctuations of the ¢;., the phase
between the two reference beams had to be stabilized

by a feed back loop acting on the piezo electric mirror.

In the case of two reference sources close together
(fig. 1b) the relative phase of the two reference beams
can be detected and controlled very effectively by a
twin-photodiode placed in the hologram plane, just
outside the field used for the reconstruction. This is
possible easily and accurately since the two reference
beams produce on the hologram a pattern of parallel
and equidistant interference fringes of typically 2 to 5
mm separation. The twin-photodiode detects the fringe
maximum and an integrating feed back loop to the
piezo electric mirror keeps the fringes stable, The dif-
ferent phases ¢ for the three reconstructions can be
established very accurately by moving the twin-photo-
diode in steps of 1/3 of the fringe separation. With this
stabilization device Ag; of less than 1° for a time con-
stant of 10 ms have been achieved.

This method does not work for well separated ref-
erence sources (fig. 1a), since no macroscopic fringe
pattern is available in the hologram plane. Therefore
one has to use for the stabilization feed back the fringe
pattern due to the object deformation in the recon-
structed image, which is not always practicable and
does not allow easily and accurately to control the
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steps of the phases ¢; by moving the detector.

The average electric noise ratio AI/I of the TV-cam-
era was determined experimentally to be about 2.5%.
Averaging over three independent scans reduces this
value by a factor 1/4/3. So one can expect a phase er-
ror of Ag = 1.7°, calculated with eq. (8) for a fringe
contrast of m = 0.4,

4. Experimental results

The capability of the described method was exper-
imentally verified with a cantilever under bending load
(length = 200 mm, width = 40 mm) as test object.
This object was illuminated with a 600 mW single fre-
quency Ar-laser (A = 514 nm). As shown in fig. 1, the
intensity ratios between object illumination and refer-
ences R; and R, can be adjusted independently by two
variable beam splitters to get first optimum recording
conditions and afterwards maximum power in the re-
constructing reference waves. The double exposure
hologram was recorded on a Millimask plate (50X 50
mm).The interferogram was reconstructed through an
objective with 300 mm focal length and f/5.6 on a
ground glass screen at unit magnification and observed
by asilicon target Ultricon TV-camera.
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Fig. 5. (a) Experimental results for the interference phase ¢
(deformation) of a bent cantilever versus length x. (b) Phase
variations (statistical error) measured for the undeformed
cantilever.
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The experimental result for the bent cantilever,
clamped at the base and loaded at the end, is given in
fig. Sa. The same result was obtained with both optical
arrangements, shown in fig. 1.

The normal displacement of the cantilever surface
can be deduced from the interference phase ¢(x). As
shown in eq. (8), the statistical phase error is due first
to intensity fluctuations and second to reference phase
fluctuations. Besides this statistical errors, additional
errors may occur in the measured interference phase
$(x), mainly caused by optical and mechanical instabil-
ities between the recording of the two object states.
To determine the statistical errors (variance) of the
phase measurement independently of these perturba-
tions between the two exposures, the same object was
recorded simultaneously with the two reference beams
to give a two-reference-beam hologram of an undeform-
ed object. The result of the analyzed reconstruction is
shown in fig, 5b. _

From the measured phase along the undeformed ob-
ject (fig. Sb), the statistical phase error was determined
to be A = 1.6°. This agrees very well with the expect-
ed value. Note that the phase error is slightly larger at
the extremities of the object due to the lower mean in-
tensity J, which yields a reduction of the TV signal-to-
noise ratio.

5. Conclusions

It has been demonstrated how two-reference-beam
holographic interferometry with video-electronic pro-
cessing, offering an accuracy of 1/100 of a fringe at
TV resolution, can be operated nearly as easily as clas-
sical double exposure holography. The misalignement
sensitivity of two-reference-beam holograms is drasti-
cally reduced to about 10° angular positioning (com-
pared to about 0.01° for conventional arrangements)
by using two reference sources very close together
(about 0.01° angular separation). It has been shown
that the overlapping of the cross-reconstructions can
be tolerated for objects with rough surfaces, unless ex-
treme precision and spatial resolution are demanded.
The described system combines effectively the simplic-
ity of standard double exposure holography, video-
electronic processing, and the power of heterodyne .
holographic interferometry.
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High resolution video-processing for holographic interferometry
applied to contouring and measuring deformations

R. Thalmann, R. Dandliker
Institut de Microtechnique de 1'Université
CH-2000 Neuchdtel, Switzerland

Abstract

An opto-electronic system for the evaluation of double-exposure and double-pulse
holographic interferograms is presented. Video-electronic detection with quasi-heterodyne
fringe interpolation (step-wise phase shifting) is employed and yields a resolution of 1/100
of a fringe. Automated qguantitative determination of object shape and object deformation is
possible in the same set-up.

Introduction

The automated evaluation of holographic interferograms for quantitative determination of
displacement and strain of arbitrarily shaped objects is a problem still not resolved
satisfactorily. It requires accurate interference phase measurement, independent of fringe
position and intensity variations in the reconstructed image. In many interferometric
set-ups, heterodyne or quasi-heterodyne ! techniques have become a powerful tool for high
resolution interference fringe interpolation. In holographic interferometrg, these techni-
ques have been applied to real-time 2:? as well as to double-exposure 2'“'> holography. For
double-exposure holography two reference beams are required ®. During reconstruction a
change of the relative phase between the two reference beams allows to shift the fringes in
the interferogram at will.

In heterodyne methods, the relative phase increases linearly in time and the interference
phase is measured electronically at the beat frequency of the reconstructed wavefields.
Heterodyne holographic interferometry offers high spatial resolution and interpolation up to
1/1000 of a fringe. However, it requires sophisticated electronic equipment and mechanical
scanning of the image by photodetectors “. In quasi-heterodyne methods, the relative phase is
changed step-wise, using at least three different values. The interference phase can then be
computed from the different measured intensity values. Quasi-heterodyne techniques are more
adequate for digital processing and TV detection. Two-reference-beam holography with
reference sources close together and video-electronic processing allow to measure the
interference phase with an accuracy of 1/100 of a fringe at any point in the TV image. This
system combines effectively the simplicity of standard double-exposure holography,
video-electronic processing, and the power of heterodyne holographic interferometry.

In this paper, we present first some fundamental considerations concerning quasi-hetero-
dyne fringe evaluation. Then the experimental set-up with two reference sources close
together, interference fringe stabilization and video-electronic processing is described.
The limitations for the accuracy of the phase measurement are discussed in detail. Finally,
experimental results for holographic contouring are reported to illustrate the possibilities
of the described measuring technique.

Interferometry and fringe interpolation

Interferometry is used to transform phase differences of wavefields into detectable
intensity variations, i.e. interference fringes. Assuming that the two wavefields to be
compared are given by

V(%) = a,(%X) coslwt + ¢,(X)], Vo (X) = a,(X) coslut + ¢,(X) + yl, (1)

where y is an additional constant phase. The local intensity I(X) of their superposition
becomes

>

(%) = |V, + V|2 = a(X) {1 + m(%) cos{o(X) + 1}, (2)

where a(%) is the local mean intensity, m(X) the fringe contrast, and ¢(%) = ¢,(X) - ¢, (%)
the phase difference of the two wavefields.

In classical interferometry, interpolation gf the phase ¢(;) between»dark fringes is not
accurately posgible, because mean intensity a(x) and fringe contrast m(x) may change as well
with position x, As mentioned in the introduction, this problem can be solved by heterodyne
interferometry s However, it requires sophisticated electronic equipment and mechanical
scanning of the image by photodetectors. .
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For moderate accuracy and spatial resolution, quasi-heterodyne techniques have been
developped, which allow electronic scanning of the image by photodiode-arrays (CCD) or
TV-cameras and use microprocessor controlled digital phase evaluation ®. For this purpose,
the additional phase Y, in Egs.(1) and (2), is changed step-wise. To determine the
interference phase ¢(x), the interferogram is analyzed at least three times and the mutual
phase ¥ is changed each time by a well controlled phase-shift. The local intensities I (x)
are then given by

I (X) = a(X) {1 + m(X) cos[6(X) + w1}, (3)

which correspond for k = 1, 2, 3 o a system of three equatjons with three unknown
quantities: the mean intensity a(x), the fringe contrast m(x) and the interference phase
¢(x). From Egs.(3) one gets

N (I3-Iz)cosy: + (I;-I3)cos¥z + (I2-I1)cosy;
tan ¢(x) = . (4)
(I3'I2)Sinw1 + (I1—Ia)sinW2 + (I2-I1)sinw3

which allows to calculate the interference phase 6(X) mod . Inserting ¢(;) again into the
Eqgs.(3), the phase can be determined modulo 2m. The complete phase is evaluated using the
continuity of the phase function, assuming that it changes less than 7 between adjacent
points. The other unknown quantities are given by

a(x)em(X) = (I, - I;)/{cos(d(%) + ¥1] - cos[o(X) + U1}, (5)
a(xX) = I, - a(x)*m(x) cos(6(X) + ¥;]. (6)

The interference fringe contrast m(x) determined this way allows to control very efficiently
the interferogram evaluation. Any inaccuracy in reference phase shifting and intensity
measurement or any extraneous fringe patterns in the image plane show up as considerable
fluctuations in the fringe contrast function.

For both heterodyne and gquasi-heterodyne fringe evaluation, independent access to the two
wavefields is necessary in order to control their relative phase. For holographic interfero-
metry, this implies independent recording of each wavefield by using different reference
sources. The frequency offset or the change of the phase ¥ of the reconstructed wavefields
can be introduced by acting on the respective reference beams.

Description of the experimental set-up

The optical set-up for double-exposure holographic interferometry with quasi-heterodyne
interferogram processing is sketched in Fig.1. It uses an arrangement with two reference
sources lying very close together . Except for the two references, this set-up is the same
as for classical holographic interferometry. The object is illuminated by a point source. An
imaging system permits to observe the interferogram on a screen. Consecutively, the first
object state 0, is recorded by reference R; and the second object state O by reference R:
on the same hologram plate. Two-reference-beam holography requires special attention to the
multiplicity of the reconstructed images . Illuminating the hologam with both references R:
and R, yields four primary reconstructions, i.e. the two desired self-reconstructions (R;R%0;
and R,R%0;), Wthh give rise to the interference pattern, and the two undesired cross-recon-
structions (R,R¥0; and R;R30,). The dlrectlon of propagation of the various reconstructed

-~ waves depends on the geometry of the optical
‘:zg:g%g::;7 set-up. Using reference sources close together
results in an overlapping of the undesired
cross-reconstructions in the interferogram.
The overlapping reduces the overall fringe
contrast by a factor two and introduces a
statistical error to the interference phase.
This error can be adequately reduced by
TV-Camera spatial averaging using a detector area which
covers many speckles (cf. following chapter).

[]:::::] The advantages of a set-up with reference

Obrect sources close together are: First, the
bjec / sensitivity for repositioning of the hologram

Equidistant Twin - photodiode plate is very low (about 10° of angular
fringes + misalignement, compared to 0.01° for well
J/ separated reference sources). This makes it

possible to reconstruct the hologram anywhere
. in a similar optical set-up. Even holograms
Figure 1. Optical set-up with reference sour- recorded by a ruby laser can be realigned for
ces close together and fringe stabilization. reconstruction with a He-Ne laser. Second,
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the reference waves produce in the hologram plane a pattern of parallel macroscopic fringes
which can be used to stabilize very efficiently the interference phase and to control
accurately the shift of the mutual phase ¢ of the reference beams. A twin-photodiode, which
is placed just besides the hologram, detects a fringe maximum and an integrating feed back
loop to a piezo mirror in one of the two reference beams keeps the fringes stable (Fig.1).
The stabilizing twin-photodiode is mounted on a stepper-motor driven stage. By translating
the photodiode, the interference fringes will move with it. This allows to adjust the phase
steps wk very accurately.

Data acquisition and processing is carried out with a video-system and a micro-computer.
The interferogram is detected with a TV-camera. It can be observed either directly through
the hologram or by projection on a screen. The silicon target Ultricon camera tube
guarantees a linear response for the detected signal. A videc-analyzer extracts an analog
signal along a straight line through the object (fringe profile), which is converted into
digital and stored in the micro-computer. This process is repeated for three hologram
reconstructions with different relative phases §, of the reference beams. Finally the
interference phase ¢{(x) along the scanned line is calculated, displayed and plotted by the
computer.

For a complete two-dimensional interferogram evaluation, a fast data-acquisition unit
with a large memory, such as a video frame store, connected to a computer is regquired 5,

These features are usually offered by any kind of video image processing systems.

Limitations for the accuracy of the phase measurement

The limitations for the determination of the interference phase in holographic
interferograms evaluated by a quasi-heterodyne fringe evaluation system as described above
have been carefully investigated. The possible sources of errors can be summarized as
follows:

Phase errors:
- fluctuations of the interference phase due to mechanical and thermal perturbations
- inaccuracy of the phase steps
Intensity errors (causing phase errors in the evaluated interferogram):
- additional interference patterns due to, overlapping of the cross-reconstructions
- speckle noise
- electronic noise of the detector (TV-camera)
- non-linearity of the TV-camera

To investigate the errors, one has to distinguish between statistical and systematic
errors. For the rms value of the statistical errors as a function of the intensity- and the
phase-fluctuations, the following equation can be derived

<§02> = (2/3 m?)<81>/T% + (1/2)<892>, (7)

The systematic errors will generally be periodic. Eguation (7) is still valid for the rms
value of the periodic phase error.

Reference phase errors

The absolute value of the relative phases U, between the two reference sources must be
guarantegd during the measurements with the same precision as desired for the interference
phase ¢(x). Any error 8§V in iy, cause systematic errors for ¢(x) of the same magnitude as &y
(cf. Eg.(7)) and with the same periodicity as the interference fringes.

Since the relative phase U\ between the two references underlies important fluctuations
due to mechanical vibrations of the optical set-up and due to thermal perturbations, it had
to be stabilized. The employed stabilization, described above (Fig.1), reduces the fluctu-
ations of the interference phase ¢ with about 55 dB at 1 Hz and a slope of 20 dB/freguency
decade. The residual rms fluctuations of § have been measured to be 8¢ = 0.4° rms for an
integrating time constant of 20 ms (TV-camera), which corresponds to a bandwidth of 0 to 50
Hz. The systematic erroxs for the reference phase shifting can be kept very small due to the
excellent periodicity of the macroscopic interference fringes which are used to control the
phase shift by translating the stabilizing photodiode.

To summarize, the deviations of the mutual reference phases Wk can be expected to be less
than 1°, By fitting more than three intensity profiles with different relative phases, as
proposed e.g. in Ref.7, the reference phase errors could be reduced further. But comparing
the achieved reference phase accuracy with other sources of errors (see the following
sections) shows that this is not sensible.
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Figure 2. Schematic arrangement of the image formation system for hologram reconstruction.

Systematic errors due to the overlapping reconstructions

The overlapping of the cross-reconstructions can produce extraneous interference in the
interferogram. The effect depends on the speckle size in the. image, i.e. on the aperture of
the image forming lens. If the aperture of this lens is too small to resolve completely the
reference sources lying close together, the speckle patterns of the cross-reconstructions
are not fully decorrelated and the reconstruction with one reference only produces already a
fringe pattern in the interferogram. This will cause systematic phase errors with the same
periodicity as the interference fringes in the interferogram. A second source of error is
the fact, that the hologram plane lies not in the pupil plane of the imaging lens. Therefore
the macroscopic fringe pattern of the reference beams on the hologram will be visible in the
image plane. Its apparent periodicity depends on the distance between hologram and pupil
plane, its visibility is determined by the aperture of the lens.

To examine these errors, one has to analyze the formation of the fringe pattern in the
coherent image of the object (Fig.2). From a rigorous calculation of the superposition of
all four primary reconstructions and averaging over the speckle statistics, one gets for the
intensity in the image plane

1(§I) =4 [0 {1 + (1/2)cos(¢(§l) £ 0) + Y(bxp) [cos(¢(§l) + KH-QI) + cos(y - Kﬂoily] o)
+ (1/2)y(28%5) cos(¢(§l) + 2KH.§I - W)},

Comparing with Eg.(3), one sees that the overlapping reconstructions reduce the fringe
contrast m to (1/2) and introduces two additional fringe patterns with the visibilities
Y(AXI) and (1/2)Y(2AxI), respectively. The function y(Ax.) is given by the correlation
betwéen the speckle patterns of the desired reconstructidns and the undesired cross-recon-
structions which are laterally separated by Ax,. This lateral shift can be expressed by the
spacing A of the macroscopic interference fringes in the pupil plane due to the small
separation of the reference sources (Fig.2): Ax, = A./A. For a circular lens aperture, the
correlation function Y(AxI) is given by the Airy—func%ion

2J1(HAXID/XdI)
Y(bxp) = = Airy(mD/h). (3)
(nAxID/AdI)

The periodicity of these extraneous fringe patterns is essentially equal to the periodicity
of the interference phase ¢(x). In addition, a generally much slower periodic variation of
the intensity is produced by the vector K. = (27/A)(d./d ). This is the visibility of the
macroscopic interference fringes on the hoélogram plane, Seen through the imaging lens, if
pupil plane and hologram plane are not identical.

The resulting systematic phase error depends on the visibility of the spurious fringes,
i.e. on the value of the Airy function 2J,(wD/A)/(wD/A), where D/p is the number of fringes
(produced by the interference of the two references in the pupil plane) within the lens
aperture. Since the rms value of periodic errors obeis Eqg.(7), the expected average phase
error can be estimated by introducing 8I/I = Airy(mD/A) into Eq.(7). This rms phase error
has been calculated as a function of the lens aperture (Fig.3). To suppress the systematic
phase errors, there exist two possibilities: either the lens aperture must contain enough
fringes (D/A » 1, e.g. at least 7 fringes for a phase error of less than 2° rms), or the
lens aperture has to be chosen to correspond to a zero of the Airy-function.
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Figure 4. Statistical phase error &¢

Figure 3. Systematic (periodic) phase error A¢ (rms due to speckle decorrelation by
value) due to overlapping reconstructions versus lens transverse displacement (u.D/Ad_)
aperture (calculated for a fringe contrast m = 0.4). and overlapping cross-recohstructions.

Speckle noise

Another source of intensity m€asurement errors is the speckle noise, which gives rise to
a statistical phase error. The interference of non-correlated speckles (or non-correlated
parts of speckles) introduces a random contribution to the phase of the mutual intensity of
the interfering wavefields. The partial decorrelation of the speckle pattern is due to the
transverse component uy of the object displacement. In addition, the overlapping cross-
reconstructions add two completely decorrelated speckle fields to the desired interfering
reconstructions. The theoretical values of the statistical error 6¢ due to loss of fringe
contrast by speckle decorrelation and overlapping reconstructions can be described by

6 - Y(2u)
<5p?> 3z —————— (10)
2(N + 1) Y¥u)
where Y{u) = Airy(mu) and u is the normalized transverse displacement u.D/Xd, in the image.
This phase error depends essentially on the number N of indeg;ndent speCkles or correlation
cells within the detector area A_ and decreases with (1 + N)'2 (cf.Fig.(4)). The minimum
error for up = 0 has a finite va?ue given by
<842> = 5/2(N + 1). ()

For practical purposes N can be estimated from the F-number and the focal length f of the
imaging lens through the relation

N = ADn(f/zFAdI) . (12)

An estimation of the expected phase error due to the speckle noise for the described
system with video-electronic detection is difficult, because the resolutidén of the TV-camera
is not well defined. Assuming 300 resolved lines/TV-field, one obtains a spatial resolution
of about 16 ym for the vidicon tube. For an aperture of the TV-camera lens of F = 2, one
gets from Eg.(12) N = 650 and 6¢ = 3.5°. For F = 5.6, one gets N = 80 and 8¢ = 10°,.
Experimentally, these two values were found to be about 3° and 8°, respectively. These
errors can be adequately reduced by spatial averaging using a detector area which covers
much more speckles, either "soft" (by computing the average over some neighbouring sample
points), or "hard" (by electronically defocussing the TV-camera).

Errors due to the detector system

The detector introduces intensity measurement errors by electronic noise and non-linear
response. In principle, both of these error sources can be eliminated. The noise can be
arbitrarily reduced by averaging over many measurements. The non-linearity errors can be
compensated numerically, if the exact detector response is known. These two sources of error
will be discussed now for the detector used in the present system, namely a silicon target
TV-camera, type RCA "Ultricon".
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The camera noise has been determined experimentally to be 1.2 % rms of the maximum video
signal. Calculating with a fringe contrast of m = 0.4, one cbtains 6I/I = 1.7 %, and by
applying Eq.(7) 64 = 2° for the resulting phase error. Figure 5 shows the experimentally
determined phase on an object without interference fringes. The intensity profiles have been
averaged over three measurements, which reduces the error by a factor V3. One gets therefore
§¢ = 1.2° for the expected phase error in the central part of the interferogram, where the
intensity is maximum. The corresponding experimental value is found to be 1.6° (Fig.5). (For
this measurement, the speckle noise, which is normally of the order of some degrees, had to
be supressed. This was done by elecronically defocussing the camera to reduce the spatial

resolution).

Figure 5. Statistical phase error due to
electronic detector noise.
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Figure 6. Response of the TV-camera.
(Dashed line: linear fit).

The non-linearity of the detector produces systematic, periodic errors for the
interference phase. Again, the error can be estimated with Eg.(7) by taking for 6I the
deviation of the detector response from the best linear function, fitted to the response
over the dynamic range of measured intensity variations. The response of the TV-camera
mentioned above is shown in Fig.6. It produces a maximum error of about 1° rms.

Experimental results

To demonstrate the capability of the described set-up, we show an experimental result of
object shape measurement by holographic contouring. Since for simple object shapes the
theoretically expected interference phase is well defined and can be calculated easily, the
evaluation of contour fringes is more suitable to investigate the performance of a phase
measurement system than the evaluation of interferograms from displaced or stressed objects.
The contour fringes on the object are produced by two slightly different illumination beams
S1 and S; with each reference beam R; and R,, respectively (Fig.7). The mean illumination

( Ar* Laser 7

b
Removable_—"

Tv-Camera

—

Screen

fringes

Figure 7. Optical set-up for holographic
contouring by changing the illumination
direction (S.,S2).
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direction was at an angle of about 26° with
respect to the optical axis. The angular
distance of the two illumination point sources
was 6.8+107% rad, which yields a contour fringe
spacing of 8.4 mm in the transverse direction
and of 16.8 mm in depth. To get the object
contour, the measured interference phase has
been evaluated respecting the change of
illumination direction across the object due
to the spherical waves. With this optical
arrangement, a measurement error for the
interference phase of §¢ = 5° produces an
error for the contour depth of §z = 0.25 mm.
Figure 8 shows an experimental result for
holographic contour determination of a cube
edge. The accuracy for the object shape
determination can be visually estimated to be
better than 0.5 mm (rms).
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1. INTRODUCTION

Abstract. The use of heterodyne and quasi-heterodyne techniques in holo-
graphic interferometry allows a quantitative evaluation of the interference
phase with high accuracy and offers the possibility of automated interferogram
processing. In this paper, the fundamentals of these electronic methods are
reviewed, the possibilities and limitations are discussed, and some applications
in the field of displacement and strain measurement are presented. Heterodyne
holographic interferometry is well suited for scientific applications in which
very high accuracy (1/1000 of a fringe} is needed. Quasi-heterodyne holo-
graphicinterferometry with video processing is adequate for industrial applica-
tions in which high speed and medium accuracy (1/100 of a fringe) are
required.

Subject terms: holographic interferometry; automatic fringe analysis; optical phase mea-
surement; heterodyne; video data acquisition; speckles; displacement and strain
measurement.

Optical Engineering 24(5), 824-831 (September/October 1985).

In heterodyne methods, the relative phase increases linearly in
time, and the interference phase is measured electronically at the beat
frequency of the reconstructed wavefields. Heterodyne holographic
interferometry offers high spatial resolution and interpolation up to
1/1000 of a fringe. However, it requires sophisticated electronic
equipment and mechanical scanning of the image by photodetec-
tors.4? In quasi-heterodyne methods, the relative phase is changed
step-wise, using at least three different values. The interference phase
then can be computed from the different measured intensity values.
Quasi-heterodyne techniques are more adequate for digital process-
ing and TV detection. Two-reference-beam holography with refer-
ence sources close together and video electronic processing allows
one to measure the interference phase with an accuracy of 1/100 of a
fringe at any point in the TV image.

2. INTERFEROMETRY AND FRINGE
INTERPOLATION
Interferometry is used to transform phase differences of wavefields

into detectable intensity variations, i.e., interference fringes.
Assuming that the two wavefields to be compared are given by

Vi(x) = a,(x)cos[wt + ¢ (x)],
N
Vix) = ajfx)cos[wyt + ¢y(x) + ¥] ,

The automated quantitative evaluation of holographic interfero-
grams requires accurate interference phase measurement indepen-
dent of fringe position and intensity variations in the reconstructed
image. In many interferometric arrangements, heterodyne or quasi-
heterodyne techniques have become a powerful tool for high resolu-
tion interference fringe interpolation.! In holographic interferometry,
these techniques have been applied to real-time2.3 as well as to
double-exposure2.4-6 holography. For double-exposure holography
two reference beams are required.”. During reconstruction a change
of the relative phase between the two reference beams allows one to
shift the fringes in the interferogram at will.

Invited Paper HI-105 received March 13, 1985; revised manuscript received April 29,
:ggg. accepted for publication May 31, 1985; received by Managing Editor June 25,

© 1985 Society of Photo-Optical Instrumentation Engineers.
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where ¢ is an additional constant phase, the local intensity I(x) of
their superposition becomes

1x) =|v, + v}

= a(x) {l + m(x)cos[ Awt + ¢(x) + w]} , 2

where a(x) is the local mean intensity, m(x) is the fringe contrast, and
d(x) = ¢2(x) — ¢ (x)is the phase difference of the two wavefields.

In classical inter}erometry, the optical frequencies w, and w, are
identical (Aw = w, — w; = 0) and the interference phase ¢(x) is
transformed into interference fringes independent of time. Interpola-
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tion of the phase ¢(x) between dark fringes is not accurately possible
because the mean intensity a(x) and the fringe contrast m(x) may
change as well with position x.

2.1. Heterodyne

In heterodyne interferometry the two optical frequencies are chosen
to differ by a small amount Aw = w, — w,."* The superposition
intensity is then time dependent, and the interference phase ¢(x) is
transformed into the phase of the beat frequency signal. Since the
beat frequency Aw is chosen low enough (<100 MHz) to be resolved
by the optoelectronic detector employed, the interference phase can
be measured with high accuracy independently of the amplitudes a,
and a, using an electronic phasemeter. This way, both the interpola-
tion problem and the sign ambiguity of classical interferometry are
solved. This method requires special equipment, such as acousto-
optical modulators and phasemeters. The image is scanned mechani-
cally by photodetectors to measure the interference phase ¢(x)
locally. Therefore, the speed is relatively low (~1 s/point), but the
accuracy (6¢ = 0.3°, or 1/1000 of a fringe) and the spatial resolu-
tion (>106 resolvable points) are extremely high.¢

2.2. Quasi-heterodyne

For moderate accuracy and spatial resolution, quasi-heterodyne
techniques!! have been developed, which allow electronic scanning
of the image by photodiode arrays (CCDs) or TV cameras and use
microprocessor-controlled digital phase evaluation.? For this pur-
pose, the linear increase of the relative phase (¢, = Awt) due to the
heterodyne frequency offset A¢ is replaced by a stepwise change of .
To determine the interference phase ¢(x), the interferogram is ana-
lyzed at least three times, and the mutual phase ¢ is changed each
time between two analyses by a well controlled phase shift. The local
intensities 1 (x) are then given by

1(x) = a(x) {1 + m(x)cos[o(x) + 1 } , 3)

which correspond fork = 1,2, 3 toasystem of three equations with
three unknown values: the mean intensity a(x), the fringe contrast
m(x), and the interference phase ¢(x). For the interference phase
&(x) one gets from Eq. (3)

tang(x) =
(I3 — 1)cosy + (1} — I)cosy, + (1, — 1))cosy,
(I, — Isinyg, + (I, — Iysing, + (I, — I,)siny, @
The other unknown values are given by
_ L -1
200MO) = ST + 971 — coslé) F dg] ®
a(x)} = I, — a(x)m(x)cos[¢(x) + ¢,] . (6)

The mean intensity a(x) and the fringe contrast m(x) determined in
this manner allow one to control the quality of the interferogram
evaluation. In particular, they can be used to distinguish between
true interference fringes and other structures in the image, such as
shadows, contours, holes, etc. Considerable fluctuations of the fringe
contrast versus position may also indicate inaccurate reference phase
shifts and intensity measurements or extraneous fringe patterns in
the image.

2.3. Hoiographic interferometry

For both heterodyne and quasi-heterodyne fringe evaluation, inde-
pendent access to the two wavefields is necessary in order to control
their relative phase. For holographic interferometry, this implies

§ At Laser / \ \

Screen

)

Screen (b)

Fig. 1. Arrengements for two-reference-beam holographic interferome-
try. {8) Well separated reference sources; {b) reference sources close
together.

independent recording of each wavefield by using different reference
sources.48 The frequency offset Aw or the change of the mutual
phase ¢ can be introduced by acting on the respective reference
beams.

3. TWO-REFERENCE-BEAM HOLOGRAPHIC
INTERFEROMETRY

The optical arrangements for two-reference-beam holographic inter-
ferometry are sketched in Fig. 1(a) for well separated reference
sources and in Fig. 1(b) for reference sources close together. Except
for the two references, this setup is the same as for classical holo-
graphic interferometry. In both arrangements, the object is illumi-
nated by a point source, and an imaging system permits one to
observe the interferogram on a screen, Consecutively, the first object
state O, is recorded by reference R | and the second object state O, by
reference R, on the same hologram plate.

As described in Ref. 8, two-reference-beam holography requires
special attention to the multiplicity of the reconstructed images and
the influence of misalignment of the hologram with respect to the
reference beams. Illuminating the hologram with both reference
beams R, and R, yields eight reconstructions. Four of them are
conjugate reconstructions. The other ones are the two desired pri-
mary self-reconstructions (R]R';OI and RZR;OZ), which give rise to
the interference pattern, and the two undesired cross-reconstructions
(RZR']‘OI and R]R;OZ). The direction of propagation of the various
reconstructed waves depends on the geometry of the optical setup.
The primary reconstructions are shown for both cases in Fig. 2(a)
and Fig. 2(b).

To avoid disturbing overlapping of the different reconstructions
[Fig. 2(a)), the two reference sources must be chosen on the same side
of the object, with a mutual separation larger than the angular size of
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obtained. The ultimate limits are due to loss of fringe contrast by
speckle decorrelation and overlapping reconstructions, as already
discussed in the preceding section. If high accuracy is required, the
phase error due to overlapping cross-reconstructions from reference
sources close together (Fig. 4) cannot be tolerated. For nonoverlap-
ping cross-reconstructions, only a partial decorrelation of the inter-
fering speckle fields (reduced fringe contrast, Fig. 3) due to a
transverse component u; of the object displacement gives rise to an
additional random phase in the beat signal. The theoretical value of
the statistical phase error 8¢ due to partial speckle decorrelation can
be described by

_ _1=yw
T OAN + 1))

where vy(u) is the fringe contrast [cf. Eq. (7) and Fig. 3] and
u = yD/Ad, is the normalized transverse displacement in the
image. Figure 7 shows the statistical phase error given by Eq. (10) for
different speckle numbers N within the detector area. For completely
correlated speckles (u; = 0) this error becomes zero (no
speckle noise).

The capability of heterodyne holographic interferometry is
demonstrated by the experimental results given in Fig. 8.4 The bend-
ing of a cantilever beam, clamped at the base and loaded at the end,
was measured and compared with theory. The second derivative d2uZ [dx?
of the measured normal displacement u,(x) should follow a straight
line, proportional to the bending moment M(x). The measurements
were taken at intervals of Ax = 3 mm, and the comparison with
theory indicates an accuracy for the interference phase of 8¢ = 0.3°,
corresponding to éu, = 0.2 nm.

8¢ (10

5. QUASI-HETERODYNE INTERFEROGRAM
PROCESSING

5.1. Experimental arrangement

A typical setup for quasi-heterodyne holographic interferometry
with two reference sources close together (c.f. Sec. 3.1) is shown in
Fig. 9. The advantages of using reference sources close together are
that, first, the requirements for correct repositioning of the hologram
are low. This makes it possible to reconstruct the hologram anywhere
in a similar optical setup. Even holograms recorded with a pulsed
ruby laser can be realigned for reconstruction with a He-Ne laser.
Second, the reference waves produce in the hologram plane a pattern
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Fig. 9. Arrengement for quesi-heterodyne holographic interferometry
with two reference sources close together, fringe stebilizetion, and TV
observation.

of parallel macroscopic fringes of typically 1 to 2 mm separation,
which can be used to stabilize the interference phase and to control
the phase steps i very accurately. A twin photodiode placed just
beside the hologram tracks the {ringe maximum, and an integrating
feedback loop to the piezoelectric mirror in one of the two reference
beams keeps the fringes stable (Fig. 9). By translating the twin
photodiode, the interference fringes will move with it. Accurate
phase shifts of 120° are obtained by moving the photodiode,
mounted on a stepper-motor-driven stage, in steps of 1/3 of the
fringe separation.

Data acquisition and processing is carried out with a video system
and a microcomputer. The interferogram is detected with a TV
camera. It can be observed either directly through the hologram or
by intermediate projection on a screen. A silicon target vidicon or
CCD-array camera should be used to guarantee linear response for
the intensity measurement. Three successive hologram reconstruc-
tions with different relative phases ¢ of the reference beams are
digitally stored and then analyzed pointwise by calculating the inter-
ference phase ¢(x), the fringe contrast m(x), and the average inten-
sity a(x) with the help of Egs. (4) to (6). Video image processing
systems with digital frame stores for fast data acquisition are readily
available nowadays.

5.2. Accuracy

The limitations for the determination of the interference phase in
quasi-heterodyne holographic interferometry as described above
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have been thoroughly investigated by the authors.® The possible
sources of errors can be summarized as phase noise due to perturba-
tions (mechanical, thermal), inaccuracy of the phase steps, speckle
noise (mainly due to the overlapping cross-reconstructions), spu-
rious interferences due to the overlapping cross-reconstructions,
electronic noise of the detector (TV camera), and nonlinearity of the
detector (TV camera).

To estimate the accuracy of the phase measurement, one has to
distinguish between statistical and systematic errors. For the rms value
of the statistical errors introduced by intensity and phase noise, 81/ T
and &y, respectively, the expression

(6¢)2 = <§m2)<%_1>2 +Q;'—)2 an

can be derived from Eq. (4). The systematic errors will in general be
periodic. Equation (11) is still valid for the rms value of the periodic
phase errors.

5.2.1. Phase errors

The absolute value of the relative phases yy, between the two refer-
ence sources must be guaranteed with the same precision as desired
for the interference phase ¢(x). Any errors 8y in ¥y, cause systematic
errors for ¢(x) of the same magnitude as 8y [cf. Eq. (11)] and with
the same periodicity as the interference fringes. With the stabilization
scheme described above (Fig. 9), the phase noise was measured to be
less than 6y = 0.4° rms for an integrating time of 20 ms (TV
camera), and the deviations of the mutual phases i, were found to be
less than 1°.

5.2.2. Overlapping cross-reconstructions (cf. Sec. 3.2)

If the aperture of the imaging lens is too small compared with the
angular separation of the two reference sources, the speckle patterns
of the cross-reconstructions are not completely decorrelated [Eq. (7),
Fig. 3]. This produces a spurious fringe pattern in the image, which
will cause systematic phase errors with the same periodicity as the
interference fringes. In addition, if the hologram is notexactly in the
pupil plane of the imaging lens, the macroscopic fringe pattern of the
reference beams on the hologram may be visible in the image. 1ts
apparent periodicity depends on the distance between hologram and
pupil plane; its visibility is determined by the aperture of the lens. To
suppress these systematic phase errors, the lens aperture must be
large enough to contain many fringes (at least seven fringes for a
phase error of less than 2° rms).

The statistical phase error due to speckle noise is shown in Fig. 4
as a function of the number N of speckles integrated by the detector
area. An estimation of the expected phase error for the described
system with video electronic detection is difficult, because the resolu-
tion of the TV camera is not well defined. Assuming 300 resolved
lines/ TV-field, one obtains a spatial resolution of about 30 um for
the vidicon tube. For an aperture of the TV camera Iecns of F = 2,
one gets from Eq. (9) N = 700 speckles within a spatial resolution
cell, and by applying Eq. (8), 6¢ = 3.5°. This value agrees well with
experimental results. The error due to speckle noise can be further
reduced by spatial averaging using a detector area that covers more
speckles, either “hard” (electronically defocusing the TV camera) or
“soft” (numerically averaging over neighboring sample points).

5.2.3. Detector (TV camera)

The detector introduces intensity measurement errors by electronic
noise and nonlinear response. On the contrary, variations of the
sensitivity across the image, or from one pixel to another in CCD
cameras, do not cause any error, since the calculation of the inter-
ference phase is based on three consecutive measurements of inten-
sity at the same position [cf. Eq. (4)].

For a silicon target TV camera, such as the RCA Ultricon, the
electrical signal-to-noise ratio has been determined experimentally
to be about 35 dB. Assuming a fringe contrast of m = 0.4, one
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Fig. 10. Interference phase ¢ measured by quasi-heterodyne hologrephic
interferometry. (e) Displacement of a bent cantilever versus length x. {b)
Phase variations (statisticel error) messured for the undeformed
centilever.5

obtains from Eq. (11) a statistical phase error of §¢ = 2°. Figure 10
shows the experimentally determined phase on an object without
fringes. The intensity profiles have been averaged over three mea-
surements, which reduces the expected error by a factor V'3 to
8¢ = 1.2°. The corresponding experimental value is found to be
[.6° (Fig. 10) in the central part of the image, where the average
intensity is sufficiently high. (For this measurement, the speckle
noise, which is normally of the order of some degrees, was further
reduced by electronically defocusing the camera.)

A nonlinear response of the detector produces systematic errors
of the same periodicity as the interference fringes. Again, the error
can be estimated with Eq. (11) by taking for 8l the deviation of the
detector response from the best linear fit for the dynamic range of the
measured intensities. The response of the TV camera mentioned
above has been verified to be sufficiently linear to produce less
than 1° error.

5.2.4. Conclusions

Quasi-heterodyne evaluation of holographic interferograms offers
anaccuracy of 1/100 of a fringe by using video electronic processing.
The required two-reference-beam holography can be operated as
easily as classical double-exposure holography by using two refer-
ence beams close together (about 0.5 mrad angular separation). The
described system combines effectively the simplicity of standard
double-exposure holography, the power of heterodyne holographic
interferometry, and video electronic processing.

6. APPLICATIONS AND CONCLUSIONS

The described techniques for electronic processing of holographic
interferograms can be applied to real-time, double-exposure, double-
pulse, and stroboscopic holography. Both heterodyne and quasi-
heterodyne methods offer high accuracy fringe interpolation, high
spatial resolution, and the possibility for automated interferogram
processing. They allow quantitative determination of displacement
vector components on the surface of arbitrarily shaped objects.
Using different illumination or observation directions, the high accu-
racy fringe interpolation also offers the possibility of automated
determination of 3-D displacement and strain from a single holo-
gram plate.’4.!5 Moreover, using different illumination beams for
each reference, holographic contouring can be performed in exactly
the same setup.®
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Abstract. The appiication of heterodyne and quasi-heterodyne (stepwise
phase shifting) fringe interpoiation techniques to contouring for 3-D
object shape measurement is discussed. A setup with two sphericai
illumination sources for contour fringe generation is described. The
contour fringe pattern can be observed in reai time or from a hoiographic
reconstruction. The use of a microcomputer for automated data acquisi-
tion and processing aiiows one to determine the object shape for a iarge
number of points and for arbitrarily shaped contour fringe surfaces. Ex-
perimentai results are reported for both heterodyne and quasi-
heterodyne phase measurement, offering a typicai accuracy for object
depth measurement of 0.2% of the iaterai extension of the object.
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1. INTRODUCTION

Holographic contouring! is a well-known method to determine ob-
ject shape based on the modulation of a regular fringe pattern by
the object’s surface. The contour fringe pattern is produced by the
interference of the two reconstructed images of a double-exposure
hologram in which some optical parameters have been modified
between the two exposures. There exist various techniques for con-
tour fringe generation: modifying either the illumination
sources,2-5 the observation points (hologram position),34 the
recording wavelength, 6 or the refractive index around the object.”
The applications of holographic contouring may be divided into
two categories: (a) inspection of very flat surfaces with high resolu-
tion and (b) recording of the surface shape of 3-D objects (with a
depth of the object comparable to its lateral extension).

In this paper, the application of modern electronic interference
fringe interpolation® methods and digital computers for 3-D object
shape measurement by contouring will be discussed. In previous
works, the methods of phase shifting interferometry have been ap-
Invited Paper TD-102 received May 18, 1985; accepted for publication July 16, 1985;
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plied to projected fringe contouring with two collimated sources?
and to two-index holographic contouring.” Heterodyne phase
measurement methods also have been used in moire surface con-
touring!® and two-wavelength holographic contouring.!! Elec-
tronic fringe processing provides not only a high accuracy for in-
terference phase measurement but also represents the ideal inter-
face between the optical interference fringe pattern and the digital
computer; i.e., it offers the possibility for fully automated data ac-
quisition and processing,.

The arrangement described herein uses the simple geometry of
two different spherical illumination beams for contour fringe
generation. The interference phase can be measured in real time as
well as in holographic reconstruction, using either a quasi-
heterodyne system with video-electronic detection812 or a
heterodyne system®!3 with mechanical scanning of the image by
detectors. A computer controls the experiment and calculates the
object contour from the measured phase data. The typical accuracy
for depth measurement was found to be 0.2% of the lateral exten-
sion of the object.

2. CONTOUR FRINGE GENERATION
2.1. Two-illumination-source contouring

The contour fringe pattern on the object is generated by the in-
terference of two different illumination sources.2~3 The fringes can
be observed in real time as well as holographically (by a single ex-
posure with both sources simultaneously or by double exposure
with the two illumination sources consecutively).

The fringe pattern due to the interference of two spherical il-
lumination sources (surfaces of constant interference phase ¢ =
n2r) is a family of hyperboloids of two sheets with foci at the two
sources.2 In the far field of the sources, the fringe surfaces are ap-
proximately plane and parallel to the mean illumination direction
(Fig. 1(a)]. The fringe interval A is given by

27
A= 2T m
| Ak, | :

where Ak denotes the difference between the two illumination
wave vectors. Figure 1(b) shows the contour fringes as they appear
on a cube.
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that the separation Ax of the two sources is much smaller than the
distance d (x) from the sources to the object point P(x), Eq. (3) can
be replaced to a very good approximation by

k

(X

$(X) = ——Axgex + 6, @
dg(x)
where ¢, is a constant, generally unknown phase. In the experi-
ment, ¢, is arbitrarily determined by assuming that ¢(x=0) = 0.
The object is observed by an imaging system. The observation
point A is defined by the center of the lens aperture, which is at a
distance d, from the object plane. The interference phase ¢(x) at the
object point P(x) is measured at the conjugate image point P,(x,)
(cf. Fig. 3). The geometrical relation between x and x, leads to

Z
y Y=Y [1-——1, ©)
o d0

where x = (x,y,z) and Xq = (X4,¥0.0). Inserting Eq. (5) into Eq.

(4), one gets

o(x) = _.._lf_
ds(x)

1-2%
(¢)

Axxy + AYY,) +4zz | . ©)

The wanted object depth, which is the z-coordinate of the point
P(x), is found from Eq. (6) to be

, - d/k)p - (Axgx, + AYsYo)
Azg - [(AxgX, + Aygyo)/d,) )

Q)

The separation Ax; of the illumination sources can be determined
indirectly by measuring the interference phase #(x,) in the object
plane z = 0 (cf. Sec. 2.2). In order to reduce the influence of
systematic errors (cf. Sec. 4), the expression Axgx, + Aygy,) in Eq.
(7) is replaced by dy(x,)o(x,)/k:

ds(x)¢(x) - ds(xo)¢(xo)
kAZs - [ds(xo)¢(xo)/do]

®

Thus, the object depth z in Eq. (8) depends essentially on the dif-
ference between the actual contour phase ¢(x) and the previously
measured reference phase ¢(x,) for the plane z = 0. Note that the
distance dy(x) between P(x) and the illumination sources also
depends on z. Therefore, Eq. (8) must be solved by iteration.

3.2. Determination of the separation-of illumination sources

The distance vector Ax. between the illumination sources is found
from the interference phase ¢(x,) observed on a plane screen in the
object plane. The measured interference phases oy (Xo) and ¢y(yo)
along the x,- and y,-axis, respectively, can be fitted to the
theoretical phase functions with Axg and Ay, as parameters:

) kx,
O (X)) = Axg = x(x,) AXg ,
x\%o [(Xs'xo)2 N yg N z?]'/‘ S (o S
)
ky
$y (o) = 2 Ay = x(y,) Ay;

X2 + (Yg-yo)? + z3%

where x; = (x,,y,,Z;) are the coordinates of the illumination
sources. Along the x ;-axis, the interference phase will be measured
at the sampling points xg‘ . Least squares fitting of the measured
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phase data ¢, (x{) yields

%3 D) 6, X))

Axg = . (10)

PO
n

Similarly, Ay can be determined from the measured phases
¢ (yg’)). However, in practice the two illumination sources will be
chosen most often to lie in the horizontal plane y = 0, i.e., Ay, =
0. The third component of Ax; is found from geometrical con-
siderations (cf. Fig. 3) to be

-(XAX, + YAY,)
Azg = % °Z s (11
S

4. ACCURACY

The accuracy of the object contour determination depends mainly
on the errors in the interference phase measurement. Other sources
of errors, such as image distortion and aspherical illumination
beams, are effectively compensated for by referring to the calibra-
tion phase map obtained from a plane reference object, as de-
scribed in Sec. 3.1 [Eq. (8)]: The calculation of the object contour
is not based on the absolute phase in the contour fringe pattern, but
on the phase difference between the object and the reference plane.
Thus, for the evaluation of Eq. (8), exact knowledge of the
wavefronts of the two illumination sources is not important. Devia-
tions from the theoretically expected phase ¢(x,) due to image
distortion and wavefront aberration in first-order approximation
do not affect the object contour determination.

The errors for the determination of the object coordinate z will
first be discussed for two-illumination-source contouring. For
simplicity, both illumination sources are assumed to be in the plane
y = 0. The statistical error 6z as a function of the phase measure-
ment error 8¢ is found by differentiating Eq. (7) and inserting Eq.
(11) to give
d b d

¢ - s o ’ 12)

oz =
k(tana + Xo/d)AXg k sinads

where « is the angle of the fringe planes with respect to the optical
axis and whére As = (Ax2 + Az2)" is the distance between the il-
lumination sources. As determines the fringe density on the object.
The maximum fringe density will generally be limited by the detec-
tor resolution. Thus, it is not suitable to estimate an absolute error
bz for the object contour measurement, but rather to indicate the
error relative to the number of resolved points in the detected image
and relative to the lateral object size. If N is the number of contour
fringes across the object and L is the lateral extension of the object,
one gets for the relative error é6z/L from Eq. (12)

bz _ o¢ . 13)

L 27 thana

To estimate the minimum error of a given system, N¢ can be re-
placed by the ratio of the number of points resolved by the detector
(pixels) and the minimum number of pixels within one fringe,
necessary to get maximum fringe interpolation accuracy.

As numerical examples, the minimum relative error §z/L for the
object contour determination will be estimated for heterodyne and
for quasi-heterodyne systems.8 With both systems, typically 200
pixels can be resolved across the image. The minimum number of
pixels within one fringe is assumed to be 10, and tana = 0.5. For
the quasi-heterodyne system, a phase measurement accuracy of
1/100 of a fringe is reasonable, which yields 6z/L = 10-3. With a
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heterodyne system, minimum phase errors of 1/1000 of a fringe
have been obtained. This yields a maximum relative accuracy for
contouring of 6z/L = 1074,

Equation (12) shows that in order to get reasonable accuracy, the
illumination angle o should not be chosen too small. On the other
hand, even for o« = 30° the error 6z will be only twice as large as for
the ideal case, where the contour fringes are parallel to the object
plane. The choice of the angle of incidence o will normally be a
compromise between good sensitivity and avoiding shadows on the
object.

For two-wavelength holographic contouring, it is more difficult
to give a formula analogous to Eq. (12), because the fringe pattern
depends on the illumination and the observation geometry. For the
special case of collimated object and reference waves, 6z can be ex-
pressed as6

2
oz = — 2 5 (14)
ANM] + cosa) 27

where « is still the angle of incidence of the illumination beam.
Again, the accuracy will be essentially limited by the number of
contour fringes across the object that can be resolved by the detec-
tor. For very flat objects, two-wavelength holographic contouring
can generate fringes parallel to the object surface without shadow-
ing. Thus, small contour fringe separation can be used for high
resolution of depth without getting high fringe densities in the im-
age. However, for objects extended in depth, the absolute accuracy
for the contour determination will be of the same order of
magnitude for two-wavelength contouring as for two illumination
sources. Therefore, taking into account its experimental advan-
tages (cf. Sec. 2), in most applications two-source contouring will
be preferred.

5. EXPERIMENTAL RESULTS

5.1. Holographic contouring with quasi-heterodyne fringe
interpolation

Quasi-heterodyne interference fringe interpolation is based on step-
wise shifting of the interference phase and video-electronic detec-
tion. The intensity in the interferogram is measured by a TV camera
for at least three different, well-known mutual phases between the
interfering wavefields. The interference phase then can be
calculated accurately at any point in the interferogram, indepen-
dent of mean illumination and local fringe contrast. The ex-
perimental arrangements and the capabilities of phase shifting
techniques are extensively discussed in Refs. 8 and 12.

Figure 4 shows an experimental setup for two-illumination-
source holographic contouring with quasi-heterodyne phase
measurement. The two spherical object illuminations are produced
by two laser beams of a small mutual angle passing through a com-
mon lens of short focal length. Switching from one beam to the
other is realized by a removable mirror.

In double-exposure phase shifting holographic interferometry,
two reference beams are required in order to have independent ac-
cess to the phase between the two reconstructed wavefields. This
means that for two-source holographic contouring, the object is
recorded twice, with different object and reference beams each
time. The simultaneous reconstruction of the hologram with both
references produces a contour fringe pattern on the object, where
the fringes can be shifted by acting on the mutual phase (or the op-
tical path length) between the two reference beams.

The two reference sources are placed very close together.3:!3 This
has the advantage that the sensitivity to hologram misalignment is
small. Furthermore, the references close together produce a pattern
of macroscopic, parallel interference fringes in the hologram plane,
which can be used to control the relative phase of the reference
waves, For this purpose, a twin-photodiode is placed in this fringe
pattern, just beside the hologram plate. It detects a fringe max-
imum, and an integrating feedback loop stabilizes the interference
phase with the help of a piezo-mounted mirror in one reference
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Fig. 4. Experimental setup for two-llluminetion-source holographic contour-
ing using quesl-heterodyne interference fringe Interpoletion with video-
electronic detection.

beam. The phase steps for the quasi-heterodyne fringe interpola-
tion can be produced by simply translating the stabilizing
photodiode.

The virtual image of the hologram is projected onto a trans-
parent screen where it is observed by a TV camera. The TV images
for three phase steps (0°, 120°, and 240 °) are digitized and sent to a
microcomputer to calculate the interference phase and the object
contour.

Figure 5 illustrates the contour measurement along a horizontal
line across the edge of a cube [Fig. 5(a)]. 2 Figure 5(b) shows one of
the three intensity profiles through the fringe pattern. Note that the
fringe contrast is reduced to about 50% due to the overlapping of
the cross-reconstructions in two-reference-beam holography with
reference sources close together.3:13 Figures 5(c) and 5(d) show the
measured interference phase and the corresponding object contour.
The separation of the two illumination sources was 60 um, and the
contour fringe spacing on the object was 8.5 mm. The angle of in-
cidence of the object beam with respect to the optical axis was o« =
27°. Assuming a phase interpolation error of 1/100 of a fringe,8 the
accuracy of the depth measurement can be estimated from Eq. (13)
to be 6z/L = 1/500 or 6z = 0.2 mm rms.

Contour fringes with two illumination beams can also be
generated in real time, i.e., without holographic recording, which
makes the optical setup easier (cf. Secs. 5.2 and 5.3). One advan-
tage of holographic recording is that a hologram provides higher in-
tensity in the reconstructed image, which may be helpful when
using low-power lasers. Another advantage of holographic contour
fringe generation is that it is possible to do contouring in exactly the
same setup as used for holographic deformation analysis, simply by
adding one removable mirror .to provide the second illumination
beam (cf. Fig. 4).

5.2. Real-time contouring with quasi-heterodyne fringe
Interpolation

As mentioned above, contour fringes from two illumination
sources also can be observed in real time, without holographic
recording. Figure 6 shows the setup for real-time contour fringe
generation and quasi-heterodyne phase measurement. The fringe
stabilizing twin-photodiode is placed in the contour fringe pattern
at the border of the illumination beams. The piezo-mounted mirror
acts as a phase shifter in one of the two illumination beams. The
TV-camera directly observes the object with the projected contour
fringes.

Again, the object countour has been measured along a straight line
across the edge of a cube (cf. Sec. 5.1). Figure 7 shows (a) the intensi-
ty profile through the fringe pattern and (b) the object contour
calculated therefrom. The contour fringe spacing on the object was 7
mm; the angle of incidence of the illumination beam with respect to
the optical axis was o = 24°. Assuming a phase interpolation error
of 17100 of a fringe, the accuracy of the contour measurement can be
estimated to be 6z/L = 1/630 or 6z = 0.16 mm.
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Automated evaluation of 3-D displacement and strain by quasi-heterodyne holographic
interferometry
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Abstract

The determination of 3-D displacement and strain by holographic interferometry for
industrial applications is a problem still not resolved satisfactorily. Important
requirements are: 1) simple optical arrangement requiring only one hologram recording,

2) fully automated fringe evaluation and data processing. The proposed arrangement with
quasi-heterodyne (phase shifting) fringe interpolation and video-electronic detection
offers fast and automated phase measurement with high accuracy. The 3-D information about
the deformation is obtained by moving the TV-camera behind the hologram plate to get
different directions of observation. If the object shape is known, the effects of image
distortion due to perspective can be corrected by appropriate interpolation of the measured
interference phases. In this paper, the optical setup and the data acquisition system will
be described. The calculation of vector displacement and strain, including correction of
the distortion by perspective, are discussed in detail. Finally, experimental results with
an estimation of the accuracy for displacement and strain will be reported.

Introduction

Quasi-heterodyne (?hase shifting) interference fringe interpolation with video-
electronic detection ? is a powerful technique for automated and guantitative evaluation
of holographic interferograms. It provides precise interference phase measurement with high
spatial resolution and a large number of data points, with an interpolation accuracy up to
1/100 of a fringe, independently of fringe position and variations of mean intensity and
fringe contrast within the interferogram. The method can be applied to real-time,
double-exposure “%*° ang double-pulse ® holographic interferometry, as well as to
holographic contouring.l'e'7

In many applications of displacement (or vibration) measurements and especially for
strain analysis, the knowledge of the interference phase alone is not sufficient to obtain
quantitative results. For the quantitative evaluation of vector displacement and strain, at
least three phase measurements with independent sensitivity vectors must be accomplished.
In order to provide a simple holographic recording and reconstruction procedure, we propose
a setup using only one holographic plate and one direction of illumination. The 3-D
information is obtained by moving the TV-camera behind the hologram to get different
directions of observation.

In this paper, the experimental arrangement for quasi-heterodyne holographic
interferometry is shortly described. The theoretical and numerical fundamentals for the
evaluation of vector displacement and strain are given. It is discussed in detail, how for
non-planar objects the effects of image distortion due to perspective (different
observation directions) can be corrected by appropriate interpolation of the measured
interference phases. Finally, experimental results illustrate the performance of the
described method.

Experimental arrangement

The experimental arrangement for quasi-heterodyne holographic interferometry with two
reference sources close together and video-electronic detection is schematically shown in
Fig.1. A detailed description can be found in Refs.l1 and 2. For double-exposure holography
with phase shifting fringe interpolation, two reference beams are required. During
reconstruction a change of the relative phase between the two references allows to shift
the fringes in the interferogram at will. In the quasi-heterodyne technique, this relative
phase is changed step-wise, to at least three different values. Then the interference phase
can be computed from the different measured intensity values at any image point with high
accuracy, independently of mean intensity and fringe contrast variations. We propose an
optical arrangement with the two reference sources very close together. This setup has the
following advantage: First, the sensitivity for angular repositioning of the hologram is
very low (only about 10°).% This makes it possible to reconstruct the hologram anywhere in
a similar optical setup. Even holograms recorded by a ruby laser can be realigned for
reconstruction with a He-Ne laser.’ Secondly, the reference waves produce in the hologram
plane a pattern of parallel wacroscopic fringes which can be used to stabilize very
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efficiently the interference phase and to control accurately the shift of the mutual phase
of the reference beams. The position of the fringe maximum is detected by a twin-photodiode
and fed back to a piezo mounted mirror. The interferograim is detected by direct observation
of the virtual image of the hologram with a CCD-camera. In order to get the 3-D information
for the displacement vector, the camera is laterally moved behind the hologram plate. An
alternative method would be the use of several fixed cameras at different places.

|

Object P

Equidistant Twin - photodiode

fringes +/

Figure 1. Schematic arrangement for guasi-heterodyne holographic interferometry with two
reference sources close together, fringe stabilization and video-electronic detection.

Evaluation of 3-D displacement and strain

Determination of the displacement vector

The geometry of the optical setup is sketched in Fig.2. The origin of the
(x,y,z)-coordinate system is chosen on the object surface, with the z-axis pargllel to the
mean observation direction. The object is illuminated from the point source S(x.) and
observed from the cobservation point A(x,) behind the hologram plate. The observation point

. is determined by the center of the pupi% of+the TV-camera lens. The object shape is
described by the coordinates of the points X, or by the function z, = zo(xo,yo).
For each object point X , the interference phase is measured for N different obsegrvation
points A (x.). The interf@rence phases ¢_ (n = 1,..,N) and the displacement vector u at
the object point X, are related by n

6, = k (3, °0) , (1)
where k = 2m/X is the wave number and an denotes the local sensitivity vector

- > > ()

9, = ks - kA . (2)
KS and Kgﬂ are the unity vectors of illumination and observation, respectively, given by

> -> > > > = (W) > (m > > (n) ->

kg = (xg - xs)/lxO - xsl and k, = (x, - xo)/le - xol (3)
Equation (1) can be written in matrix form as

$=%xcu, (4)
with the N-dim. vector ¢ = (¢ ,..,¢n)T and the Nx3 matrix G with Gk = (an)k' Note that
the matrix G is different for each object point. If the interference phase is measured for
more than N = 3 independent observation directions, the system of linear equations (4) is

overdetermined. Its best solution in the sense of least squares is found by symmetrization:?®

Hu-0=0, (5)

with the 3-dim. vector ¢ = GT$ and the symmetrical matrix H = k GTG. Equation (5) can now
be solved by trigonalization of the matrix H.
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Figure 2. Geometry of the optical setup for hologram recording and observation.

Problem of the absolute fringe order

Generally the absolute fringe order is unknown and can not be determined directly from
the interferogram. But there are several methods to overcome this problem, e.g.:
- by knowledge of an object point without displacement (fixation, vibration node);
- by holographic observation of the deformation in real time and fringe counting;
- by solving the system of Egs.(4) with the absolute phase as fourth unknown (at least four
different observations necessary).

None of these methods to determine the absolute phase gives accurate results. For
in-plane displacement and strain analysis, however, the knowledge of the relative phases
between the different observation directions is most important. It is the fringe
stabilization used in the described quasi-heterodyne system (Fig.1) which assures the
correct relative phases between successive observations under different viewing directions.
This is anoter advantage of fringe stabilization compared to other phase shifting methods
for interference phase measurement. However, fringe interpolation provides the interference
phase only modulo 2m. Thus, for large in-plane displacements, the relative fringe order
between the different directions of observation has to be established by counting the
fringes for one selected object point, while the TV-camera is moved from one position of
observation to the next. If several fixed cameras are used, a reference point on the
object, for which the in-plane displacement is small enough so that the phase changes less
than 7 (half of a fringe) between the different observation directions, should be known a
priori.

Determination of surface strain

The surface strain is determined by the derivatives of the in-plane displacement vector
components along the object surface. Because of measuring errors, the numerical calculation
of these derivatives is only meaningful, if one takes the average over a relatively large
number of measured points and thus reduces the spatial resolution. There are two possible
approaches, a global one (a) and a local one (b):

{a) The whole field of sampling points is interpolated with smoothing cubic spline
functions. By the appropriate choice of a weighting parameter, the degree of smoothing can
be arbitrarily influenced. The derivatives can then be calculated from the spline functions
at any desired point. This is certainly the best way to determine the derivatives of the
displacement vector and thus the strain, but it requires a large amount of calculation and
memory space, especially for two-dimensional data fields, because the computation is a
global one. Furthermore, this method is only applicable for plane object surfaces, because
the derivatives are calculated in a fixed coordinate system and can therefore not be
determined along a curved surface.
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(b) The strain can be determined locally at some positions of interest only. The
in-plane derivatives are calculated in the tangential plane to the object surface at the
corresponding point by two-dimensional linear least square fitting of the displacement
vector components through the point and its neighbours. The number of sampling points to be
taken into account for this fit will be chosen as a function of the accuracy of the
displacement measurement and the desired spatial resolution. This procedure is described in
detail in Ref.10 for 5 points, but it can be easily extended to an arbitrary number of
points.

In comparison, the first approach (a) provides a better spatial resolution for
comparable degree of smoothing (averaging of statistical measuring errors) and it
suppresses completely the high frequency noise, whereas the second method (b) has the
advantage to be performed locally and requires therefore much less calculation effort.

Distortion of the image due to change of perspective

The image of a non-planar object is distorted due to perspective by the change of
observation direction. For an automated evaluation of displacement and strain, this effect
has to be corrected, i.e. corresponding points of the different distorted images have to be
associated with a common object point.

Calculation of the image distortion

Figure 3 illustrates the distortion of the image due to a change of perspective: To each
defocussed object point P correspond different points P_ in the conjugate image plane (x/y)
for different observation points % ™ | This image distortion can be entirely characterized
by a vector field+e(§), which desc¥ibes the difference between the distorted and the
reference image: € is the vector from the reference point P, to the distorted point P_ (cf.
Fig.3). As a reference, the image observed through the center of the hologram plate aTong
the optical axis can be used, for instance.

Conjugate Image Plane

X?
. A
P P" - {n)
i —¢ =S5
R
/ > @
0 z A,
do I
-]

Figure 3. Image distortion € due to a change of perspective: for different observations A
the same (defocussed) object point P yields different points Pn in the conjugate image
plane.

For the case of a simple parallel displacement of the TV-camera by the vector Ex)to the
position An, one obtains
z
> le) {n} 6
€ = E;—:—a; EA (6)
In a general case, the camera will be displaced to an arbitrary position in space,
tilted with respect to the z-axis and its focalization may be changed too. The image

distortion can then be defined and calculated in a similar way as given above.

Correction of the image distortion by interference phase interpolation

For correct evaluation of the displacement, the measured phase maps in the different
images corresponding to different observation directions must be referred to a common
reference image.

In a first step, the images are laterally shifted so that the images of the origin O are
superimposed. The effect of image distortion is corrected by appropriate interpolation of
the phase maps, as shown in Fig.4: ¢, and ¢_are the interference phases measured from the
observation points A1 and An, respec%ively.nThe phase functions are sampled at the grid
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Figure 4. The effects of image distortion are corrected by appropriate interpolation of the
interference phases ¢n at the common object points.

points §., which are the pixels of the TV-camera. To determine the interference phases ¢n(Pi)
associated with the same common objecE point Pj, the measured phase values ¢n(xi) are

linearly interpolated at the point X" = X, + e‘”(?i):
¢ _(x Yo )=0_(x,,y ) o (x,,y )-¢_(x )
AL ey - n"1l+1"m n'"1’‘m = n "1’ m+1 n'*1'¥n 7
d>n(xi ) = d’n(xj 1Yy ) = <I)n(xl'ym) *oEx S * ey s ’( )

where s is the separation of the measured points (spatial resolution of the camera),
(Xl’ym) is a grid point with
. . > . ->
1 =13 + 1nt(€x(xi)/s) , m =k + 1nt(ey(xi)/s) ' : (8)
and Ex, Ey are given by
€, =S frac(ex/s) ' ey = s frac(Ey/s) . (9)
int{.) denotes the integer and frac(.) the fractional part of a real number. The

interference phase obtained this way can now be used to evaluate the displacement as
described above.

Experimental results

All reported experiments have been carried out in two dimensions only, i.e. illumination
source, observation points and investigated image points have been restricted to the
x/z-plane (cf. Fig.2). Thus the objects were analyzed along a horizontal line only.
Furthermore, only objects without (or with constant) displacement components in the
y-direction were used. For all experiments, the TV-camera was translated directly behind
the hologram and observations were made at three different positions with the coordinates
x = 4 cm, 0, -4 cm, respectively. The number of analyzed points was for both objects 230,
which corresponds to a spatial resolution of 0.43 mm and 0.61 mm for the investigated areas
of 100 mm (tensile test specimen) and 140 mm (cylinder) diameter, respectively.

The expected accuracy for the determination of the displacement vector components
depends essentially on the statistical error of the interference phase measurement. The
phase error is mainly determined by the speckle noise ! produced by the interference of the
uncorrelated speckle patterns from the overlapping cross-reconstructions. The standard
deviation of the statistical phase error is given by ¢ = v/5/2N, where N is the number of
speckles within the detector resolution (pixels). Due to the high spatial resolution of the
utilized camera (CCD Sony XC-37) and thus the small number of speckles within one pixel,
the intrinsic error of the phase measurement was 8° rms. For the accuracy of the
displacement vector measurement, one has to distinguish between in-plane (u,) and
out-of-plane (u_) components. From Eg.(4), one obtains for the two-dimensional case with
symmetric illumination and observation

$ A 8o
Gu —"‘-—"2\‘—"“—“ - i ’ 6ul = e g (10)

°© T (1 + cosa) 2m /2 sina 27

where 2o is the angle between the marginal observation directions. For the experimental
parameters given above and for a typical object to hologram distance of 70 cm, one obtains
the numerical values 6ui = 140 nm and 6uo = 4 ni.
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Conclusions

The theoretical considerations as well as the experimental results show, that an
evaluation of the 3-D displacement vector components from only one holographic plate is
possible and leads to good results. Quasi-heterodyne fringe interpolation techniques allow
the 3-D evaluation even for small changes of observation directions of a few degrees only.
The importance and the success of the correction of image distortion due to perspective are
clearly demonstrated by computer simulations and experimental results.

This work was supported by the Swiss National Science Foundation.
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Quantitative evaluation of holographic interferograms requires high-resolution interference phase measurement
with heterodyne or quasi-heterodyne methods. The presence of speckles in the interferogram of objects with
diffusely scattering surfaces gives rise to a statistical error for the phase measurement. The statistical properties of
interference detection in speckled images are theoretically investigated, and the resulting phase errors are rigorous-
ly calculated. The mean-square phase error is inversely proportional to the number of detected speckles. In
addition, it depends on the decorrelation of the interfering speckle fields, owing to transverse displacement or
coherent background. The number of speckles and the phase error are experimentally determined and compared

with theory.

1. INTRODUCTION

The interference between laser speckle fields is essentially
used in two coherent optical measurement techniques,
namely, in speckle interferometry and in holographic inter-
ferometry. Applications are deformation analysis of objects
with diffusely scattering rough surfaces, detection of refrac-
tive-index variations of transparent media placed in front of
a diffuse background, and contour fringe generation on
rough surfaces. Both techniques, holographic and speckle
interferometry, are based on the same principle: the detec-
tion of interference between speckle fields in an imaging
system. In holographic interferometry the detector inte-
grates over a relatively large number of speckles, whereas in
speckle interferometric methods the speckles are chosen
large enough to be resolved by the detector. In this paper,
the statistical properties of the detection of interference
between two (or more) speckle fields are investigated and
applied to high-resolution interference phase measurement
techniques in holographic interferometry.

The quantitative evaluation of holographic interfero-
grams for displacement and deformation analysis of me-
chanical objects is quite limited when the classical tech-
niques of locating fringe maxima and minima are used. For

better accuracy and automated interferogram detection and”

processing, interference fringe interpolation methods are
required. Electronic phase-shifting techniques such as het-
erodyne and quasi-heterodyne methods!-3 offer interference
phase measurement with high accuracy and spatial resolu-
tion. The phase measurement is independent of fringe posi-
tion, variations of mean intensity, and fringe contrast in the
reconstructed image. Indouble-exposure holography, a set-
up with two reference beams gives access to the relative
phase between the two reconstructions. During reconstruc-
tion, a change of this relative phase permits the fringes in the
interferogram to be shifted at will and thus permits the
interference phase to be measured by optoelectronic means.

The presence of speckles in the image of objects with
diffusely scattering surfaces gives rise to a statistical error
for the measured interference phase. The interference of
noncorrelated speckles (or noncorrelated parts of speckles)

0740-3232/86/070972-10$02.00

introduces a random contribution into the phase of the mu-
tual intensity of the interfering wave fields. Partial decorre-
lation of the speckle pattern may be caused by the transverse
component of the object displacement. In addition, uncor-
related speckle fields (e.g., resulting from overlapping cross
reconstructions or diffusely scattered light from the holo-
gram) may be superimposed upon the desired interfering
reconstructions. This source of phase error is of particular
importance in quasi-heterodyne holographic interferome-
try, in which two reference sources that are close together
and thus have overlapping reconstructions offer several ad-
vantages for the optical setup.23

In this paper we describe the influence of speckle decorre-
lation on interference phase measurement. In Section 2, the
fundamental statistical properties of the speckle pattern in
an imaging system are discussed. Then the detection of
intensity in a speckle field with a detector of finite size is
investigated. The principle of fringe formation and hetero-
dyning in holographic interferometry is discussed. In Sec-
tion 3, the statistical errors that are due to the speckle noise
in phase measurement with heterodyne detection are rigor-
ously calculated for different situations. In all cases, the
resulting phase error depends essentially on the number of
speckles within the detector area. Finally, the number of
detected speckles and the statistical phase measurement
error are experimentally determined with the help of a het-
erodyne system and compared with theory.

2. SPECKLE STATISTICS FOR COHERENT
IMAGE FORMATION

A. Autocorrelation of Amplitude and Intensity
In holographic interferometry, the interferogram is usually
observed in the image of the holographically recorded virtu-
al object. The statistical properties of the speckle field in
the interferogram will therefore be calculated for an imaging
geometry, as sketched in Fig. 1. The imaging lens is placed
close behind the holographic plate. The virtual image of the
object is reconstructed by one or several reference beams R.
The complex amplitude of the diffused light on the object

© 1986 Optical Society of America
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Fig. 1. Image-forming system for the reconstruction of a holo-
graphic interferogram.

surface is described by O(x¢)p(x¢), where O(xy) is the ampli--

tude of the object illumination and p(xo) is a stationary and
Gaussian-distributed variable describing the surface rough-
ness.? The amplitude in the coherent image of the object
reconstruction is then given by the convolution integrall4

Vix) = j d2x,0(x )0 (x )h(x; — X,), 1)

where h(x;) is the impulse-response function of the imaging
system (for the sake of simplicity, the magnification is as-
-sumed to be unity), which is essentially given by the Fourier
transform of the aperture function of the imaging lens.!%
The detection of the intensity in the coherent image witha
detector of finite size involves the calculation of second-
order statistics, which relates the statistical properties of
different points within the speckle pattern.l58 For this
purpose, the autocorrelation of the amplitude and the inten-

sity in the image are calculated. For the amplitude, one

‘obtains the twofold integral

(V(x) V*(x) = j j d2x,d%’ 0 (x) 0* (%)

X {p(xg)p*(x'9)Yh(x; = xp)h* (X' — X7y),
2)

where (- -) denotes the average over an ensemble of rough
surfaces. The object amplitude is assumed to be slowly
varying compared with the width of h and will therefore be
taken out of the integral in all further calculations. For an
object surface with sufficiently fine grain, the autocorrela-
tion of p can be approximated by a Dirac function

‘ {p(x)p*(x)) = 3(x — x). 3
.So one gets for Eq. (2)
{(Vix)V*(x'p) = Cylx, x'p

= |0(x)? f 2o (x; — xR *(X; = X)
= (I(xz))ch(Ax1), 4)

where C, is the autocorrelation of the impulse-response
function h and Ax; = x’; — x;. |0(x¢)|? has been replaced by
I(xp)) = (V(x) V*(x))), since Cp(0) = 1.

The autocorrelation of the intensity is calculated in a
similar manner by using the fourfold correlation of the sur-
face roughness
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(p(x)p*(x)p(x")p*(x”)) = 6(x — x')6(x” — x”)
+ 6(x - x")6(x’ — x"). (5)

Thus one gets
TxPIx' ) = Tx)(x'D) + (V) V*(x' )2, (6)
and, with Eq. (4),
Cy(x'p, x;) = (I(x))2[1 + |Ch(ax ). )

For a circular, binary pupil function of the imaging lens,
the autocorrelation function Cj, is given by the well-known
Airy function?

Ci(x;) = 2J,(wx)/(7x) = Airy(nx), (8)

where x = x;D/\d), D is the diameter of the lens pupil, and d;
is the image distance.

B. Measuring Intensity with a Detector of Finite Size
Normally, the detector for intensity measurement has an
area that is much larger than the speckle size. Following
Goodman,® the detected optical power P can be expressed by
the integral of the intensity over the detector surface Ap,
viz.,

P= f % I(x,) = ] A%, D(x)I(x)), )
D

‘where D(x)) is a binary function representing the detector

areg, so that
] dzxiD(xl) = AD' (10)
The average contrast of the variations (or the reciprocal rms

signal-to-noise ratio) of the detected power that is due to the
speckle noise is defined as

(8P%/(P)? = ((P?) — (P))/(P)2 (11)

The average detected optical power is
(P) = ] d2, Dx)I(x)) = AptD). (12)
The second moment of P becomes

(P%) = jj d2x,d2x’ID(x,)D(x’I)(I(x,)I(x’I))

where Cp(x;) is the autocorrelation of the detector function
D(x;). Assuming the function D(x;) to be binary and much

‘larger than the speckle size and introducing Egs. (7) and

(12), one obtains
(P = (P)2[1 +jd2x]C,,(x)|2/AD]- (14)

The integral in Eq. (14) can be interpreted as the average

.area of a speckle correlation cell. This leads to the defini-

tion of the number of speckles N within the detector surface
Ap'8, viz.,

N= AD/J d2C, (=)L (15)
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With Eqgs. (11), (14), and (15), the mean-square variation of
the detected optical power is now found to be

(8P%)/(P)? = 1/N. (16)

For a binary aperture of the imaging lens one gets
f d2IC, ()2 = (\d))¥/Ap, ()

where d; is the image distance and Ap is the area of the lens
aperture. The number of speckles N can now be expressed
in terms of the F-number of the lens as

N = Apr(f/eNFd)> (18)

A reasonable definition for the average speckle size (Ax), is
obtained from the integral in Eq. (17), if one sets the value of
this integral equal to the surface of a small disk with diame-
ter (Ax);. Foracircular lens aperture of diameter D one gets

(Ax), = (4/m)(\d,/D). (19)

C. Interference Fringe Formation

In double-exposure holographic interferometry of diffusely
scattering objects,!"” two object states (before and after de-
formation) are recorded holographically. According to Eq.
(1), the complex amplitudes V; and V; of the two object
reconstructions in the image are given by

Vi(x) = ] 422004, (xg) py (Xg)explilwt + b (xR (x; — Xo),
(20)

where w is the circular frequency of the optical wave. The
deformation of the object between the two states 1 and 2 is
described by the displacement vector field u(xy). The ob-
ject illumination O can thus be expressed in terms of O; by
04(x¢) = O1(x¢ + uy), where u; is the in-plane component of
the displacement vector. The interference phase ¢ = ¢; —
¢4 is related to the object displacement by ¢ = g - u,” where g
is the sensitivity vector that is determined by the geometry
of object illumination and observation. For the interference
phase measurement, the ac part of the intensity [V, + Val2is
of interest; this is given by the complex interference term
V1 V*,, also called mutual intensity I;2:

Iy = Vy(x)V*y(x)) = f j A2, 4%’y 0(x0) 0% (x'g)

X explig(xg)]p(xg)p* (x'y)

Assuming again that 0(x,) and also ¢(xX¢) are approximately
constant within the width of h, one obtains for the mean
mutual intensity

(I5(xp) = (I(x)))exp[ip(x)]Cy(uy), (22)

where (I;) = (I3) = {I). Equation (22) shows that the real
part of the complex interference term depends sinusoidally
on the interference phase ¢(x) that gives rise to the fringe
patternin the image. Cp(uj) describes the magnitude of the
interference term and thus the visibility (or contrast) of the
fringes. Figure 2 shows the measured interference fringe
contrast in a holographic interferogram recorded with two
reference beams versus mutual in-plane displacement of the
two interfering wave fields (cf. Appendix A and Ref. 2). The
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Fig.2. Measured interference fringe contrast versus speckle decor-
relation resulting from mutual in-plane displacement of two inter-
fering speckle fields. The in-plane displacement is produced by
hologram misalignment (rotation Ay around the hologram normal
axis) in two-reference-beam holography.

solid line is the Airy function [Eq. (8)] that fits the experi--
mental results. For in-plane displacements u; comparable
to the speckle size, the fringe visibility Cp(xs) vanishes.
This effect can also be interpreted as delocalization of the
interference fringes.’

D. Heterodyne Holographic Interferometry

In heterodyne holographic interferometry, the two object
waves are recorded with different reference beams R; and R,
(Fig.1).8 During reconstruction with both references simul-
taneously, the optical frequency w of one of the two reference
beams is shifted [e.g., with the help of acousto-optical modu-
lators (AOM’s)]. The mutual intensity is now varying sinus-
oidally at the beat frequency Aw = w) — wy:

I5(xp, t) = expliAwt)] 5(x)). (23)

When the intensity in the interferogram is detected the
interference phase can be measured electronically with high
accuracy as the phase of a periodic signal, independently of
local variations of the mean intensity and the fringe con-
trast.13

3. CALCULATION OF THE EXPECTED
INTERFERENCE PHASE ERROR

A. Superposition of Two Wave Fields

First, the situation of two interfering wave fields shall be
considered, as is the case in two-reference-beam holographic
interferometry for well-separated reference sources.!? The
mutual intensity I)5 is detected by an ac-coupled photode-
tector at the heterodyne frequency. The detector is aver-
aged over many speckles, i.e., its surface is much larger than
the average speckle size [cf. Eq. (9)]. The detected optical
power is

(Plz) = fd2x1D(x1)(Il2(x1)). (24)

The interference of noncorrelated speckles (or noncorre-
lated parts of speckles) gives rise to a random contribution to
the phase of the complex mutual intensity I;5. The decorre-
lation of the two speckle patterns is due to the in-plane
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object displacement u;. Since the detector averages over
only a finite number of speckles, P)3 differs from the (true)
ensemble average {P)3) (cf. Fig. 3). The statistical phase
measurement error that is due to the speckle noise can be
calculated from the fluctuations of the detected power Pjs.
Assuming an average interference phase of {(¢(x;)) = 0, §¢
can be approximated by

Im(P,,)
Re(P,,)

_ Im(P,,) - Im(Pys) )
" (Ppp) +Re(Py— (P)) (Py)

¢ =~ tan é¢ =

(25)

Note that this approach is valid only if the correlated part in
Py is much greater than the uncorrelated part, i.e., if there
are enough speckles within the detector area.

For the mean-square value of 6¢ one gets

_ (Im2(P12)) _ }_ (|P12|2) - <P122)
(Pyp)? 2 (Pyg)?
where we have assumed that (I152) = (I},2), which is true for

areal-valued autocorrelation function Cj,.
The averages (Py3), {P122), and {|P;2/2) can now be evalu-

-ated with the help of the fundamentals presented in Section
2. (Pjp) is obtained from Eq. (24) with Eq. (22) as

(8¢%)

, (26)

(Py) = j j &2 Dx ) px))) = Ap(D)C,lup).  (27)

As in Egs. (13) and (22), one gets

(Py?) = ] j a2 4% D(x) DX ) Ly (k) [* (X' D)

=jdZAxICD(Axl)(I>2[C2h(uI)
+ Cp(Ax%; + u)Cy(Ax; — u))] (28)
and
(1P = ] d2ax,Cp(Ax I {DC,Hu,) + C,(Ax)C)(-Ax))].

(29)

Fig. 3. Interference phase measurement error resulting from
speckle noise. The power p12 = p12° + p1o* within each speckle is
composed of a correlated and an uncorrelated part. The total
detected power Py = J_ py2 differs from the (true) ensemble average
(P12) = ¥ p1sf and thus gives rise to the phase error 8¢.
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Fig. 4. Statistical phase error 8¢ for two interfering speckle fields
versus normalized in-plane speckle decorrelation u = u;D/Ad; for
different numbers of speckles N within the detector area.
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Fig. 5. Statistical phase error 3¢ versus number N of detected
speckles for different in-plane displacements u;. (Detector area Ap
=1mm?)

From Egs. (26), (28); and (29), one finds with Eq. (15) that
(ImZ(PIZ)) = (1/2) j dZAxICD(AxI) (I)z[Chz(AxI)
- Ch(AxI + uI)Ch(AxI - ul)]

= AD2(I)2[1 - Cp(2up))/(2N), (30)

and, finally, for the rms phase error that is due to the speckle

. noise

L 1- Ch(2u1)
2N C;,2<u1)

Figure 4 shows the statistical phase error é¢ for two inter-
fering speckle fields as a function of the speckle decorrela-
tion (resulting from transverse displacement) for different
number of speckles N within the detector area. For small
in-plane displacements u;, 6¢ tends to zero.

In Fig. 5, the statistical phase error §¢ is plotted versus the
number N of detected speckles for different in-plane dis-
placements u;. Through Eq. (18), the number of speckles is

(69?) = (31)
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Fig. 7. Statistical phase error é¢ versus normalized in-plane dis-
placement for overlapping cross reconstructions.

(385) = [6.+ 8C,(u)) + 2C,(2v)) — 4C, 2w, + vy)
— 6C,(2us + 2v)) — 4C,(2u; + 3u))
= Cp(2uy + 4uy) — Cp(2u))]
X 2N[Cylup) + 2C,(uy + v)) + Culuy + 20137
(37)

Assuming that vy is much larger than the speckle size (Ax),
all terms of Cj containing vy can be neglected, and Eq. (37)
_can be rewritten as

_1_- 6 - Ch(2u1)
2N Cy)

Again, the minimum error for u; = 0 has a finite value,
namely,

(8¢%) = (38)

(8¢%) = 5/2N. (39)

Figure 7 shows the §¢ of Eq. (38) versus the normalized in-
plane displacement for different number of speckles N.

In the calculation of the phase error to get Eq. (37), the
following term appears in the numerator:

[ Q2Ax,Cp(A%,)CLHAK; = v,). (40)

For the evaluation of this integral, it has been assumed that
the diameter of the detector is much larger than the width of
Ch. Forsmall u; (reference sources very close together), this
integral becomes Ap¥/N [cf. Eq. (15)]. However, if v; is
larger than the detector diameter, this integral becomes
zero. For the phase error §¢ one then obtains

2N Chz(u[)

which is exactly the same result as the one given by Eq. (34)
for A = 1. This means that, if the corresponding speckle
patterns of the overlapping cross reconstructions are lateral-

ly shifted by more than the detector aperture, they appear to
be completely uncorrelated.

(8¢%) = (41)
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4. EXPERIMENTAL RESULTS

A. Experimental Setup and Concept of Phase-Error
Measurement

The optical setup is sketched in Fig. 8. It is a classical
arrangement with two reference sources for heterodyne ho-
lographic interferometry. The two references can be well
separated (R; and Ry) or be close together (R’; and R;). The
AOM'’s introduce a frequency shift between the two refer-
ences of Aw/27 = 100 kHz. The interferogram is observed in
the image obtained with a f/5.6 Rodenstock repro lens of f =
300 mm. The interference phase is detected with the help of
a twin detector consisting of two fiber bundles, each 1 mm in
diameter, with their ends 3 mm apart in the image plane,
that lead the light to two photomultipliers. The electronic
signals are filtered at 100 kHz with a bandwidth of 10 kHz.
Finally, the phase between the two signals is measured by a
phasemeter with 0.1° resolution.

The phase error §¢ is theoretically defined by the variance
of the phase values observed at one point in the interfero-
gram for different speckle patterns, i.e., for different states
of the surface roughness. Of course, in practice it is not
possible to determine the phase error this way. So interfer-
ence phase differences A¢; between twin detectors (two fi-
ber bundles) were measured at n different places in an inter-
ferogram with constant phase (no fringes, double-exposure
hologram of a nondeformed object). From these measure-
ments, the variance is calculated to obtain the rms error by

n 1 n 2 11/2
Z Ayt —— z Ay,
M \& . 42

1 k=1

‘Sd’exp - ﬁa(A¢) = 2(n _ 1)
The factor y2 appears because the phase difference A¢ is the
result of two independent phase measurements. The dis-
placement of the twin detector between two consecutive
measurements had to be kept small enough to avoid a sys-
tematic drift of the average phase difference. A shift of
about 0.1 mm, ie., }jo of the detector diameter, produced
sufficiently independent statistical values. To determine
the rms value, the phase was measured at 50 different posi-
tions. The temporal noise of interference phase measure-

\ Ar" Laser L \

Detector
~

¢

Screen

Object

Fig. 8. Optical arrangement for heterodyne holographic interfer-
ometry with reference sources that are well separated (R, and Rj) or
close together (R’; and Ry).
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Fig. 10. Experimental verification of the statistical error 8¢ of phase measurement for two interfering speckle fields versus in-plane
displacement u;. N is the number of detected speckles, and F is the corresponding lens aperture.
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Fig.11. Minimum statistical phase error ¢, owing to speckle noise

from overlapping cross reconstructions, is measured for different
numbers N of detected speckles (i.e., different F-numbers).

D. Phase-Error Measurements for Overlapping
Reconstructions

In the case of overlapping reconstructions, the statistical
phase error varies only slowly with speckle decorrelation of

the interfering wave fields (cf. Fig. 7). Therefore it was not
possible to verify experimentally the theoretical behavior of
the phase error versus transverse speckle shift [Eq. (38)].
The minimum value 8¢ = y5/2N of the phase error was
measured for different number of speckles N, i.e., different
lens apertures F. The results are shown in Fig. 11. The
measured phase errors are systematically larger than the
theoretical ones, but the 1/yN dependence is well estab-
lished.

5. CONCLUSIONS

The statistical properties of intensity detection and its im-
pact on interference phase measurement in speckle fields
were investigated. The statistical error of the phase mea-
surement that is due to speckle noise was theoretically calcu-
lated and experimentally verified for different situations.
This error is caused by decorrelation of the interfering
speckle patterns because of mutual transverse displacement
or because of an additional uncorrelated background. The
phase error is essentially proportional to 1/yN, where N is
the number of speckles within the detector area. When the
above results are applied to holographic interferometry with
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high-resolution fringe interpolation, they show that the er-
ror that is due to decorrelated speckles is a basic limitation
on the accuracy of deformation measurement of solid ob-
jects.1® The phase error is of particular importance in quasi-
heterodyne holographic interferometry with reference
sources that are close together (overlapping cross recon-
structions). This technique has also been applied to dis-
placement and strain measurement.}!

<

APPENDIX A

Measurement of the Autocorrelation Function Cj, (x)

Various statistical properties of a speckle pattern, such as
-the number of speckles within the detector area and the
average speckle size, are based on the autocorrelation of the
complex optical amplitude that is, for an imaging system,
given by the autocorrelation Cj of the impulse response
function % of the optical system [Eq. (4)]. The shape and
width of Cj can be experimentally determined in a setup of
holographic interferometry with two reference beams.

Cj, describes the fringe contrast of two identical interfer-
ing speckle fields versus mutual transverse displacement
(decorrelation). In holographic interferometry, this trans-
verse speckle shift can be produced in a well-controlled man-
ner, e.g., by misalignment of the hologram plate with respect
to the two reference beams. During reconstruction, any
rotation of a double-exposure hologram recorded with two
different references produces a linear phase ¢{Xy) in the
hologram plane [cf. Eq. (A4) and Refs. 1 and 2]. This phase
¢(xpy) can be decomposed into a phase ¢o(xo) in the object
plane and a phase ¢,(x,) in the pupil plane,! where

¢p(xp) = ¢(xy)(dy — dp)/dy = 2x(p/N) - xy(dy — dy)/dy,
(A1)

where dy is the distance between hologram and pupil plane
and d, is the object distance. The linear phase ¢(xy) shows
up as parallel fringes on the hologram plate (Fig. 12) and can
be described by (p/A), which is the number of fringes per unit
length in the direction of p. As a result of the shift theorem
for Fourier transformation, ¢, produces in the image a mu-
tual shift Ax; of the two reconstructions of '

AXI = pdl(do - dH)/dO = pM(do - dH)’

with the image magnification M = d;/d,.

(A2)

Fig. 12. Interference fringes on the hologram plate resulting from
misalignment (rotation) of the hologram with respect to the two
reconstructing reference beams.

R. Thalmann and R. Dandliker

The fringe contrast as a function of the speckle decorrela-
tion Ax; is given by [cf. Egs. (8) and (22)]

Ch(Ax,) = 2J1(WDAXI/AdI)/(‘rTDAxl/de). (A3)

“The hologram can now be misaligned (rotated) until the
fringe contrast vanishes completely. The corresponding
fringe density (po/A) on the hologram can then be easily
measured. If the fringe distance is too large (small F-num-
ber), po can be calculated by using the relation!

o(xg) = [(ky — k) X 0] - %y,

where k; and k; are the wave vectors of the two reference
beams on the hologram and w = (Aa, AB, Ay) describes the
rotation of the hologram plate. k; — k; = Ak can be mea-
sured directly in the optical setup or determined indirectly
by the linear phase function ¢(xy) measured on the holo-
gram plate for a large rotation angle w.

For zero contrast of the interference fringes, the argument
of the Airy function [Eq. (A3)] produces = X 1.22. So one
can now calculate the average speckle diameter [Eq. (19)] as

(Ax), = (4/7)(Ad}/D) = (4/7)Ax/1.22 = 1.04p,M(dy — dy)
(A5)

(A4)

and the number of speckles within the detector surface Ap
by

N = Ap/[=(Ax)?/4]. (AB)
Experimental Results

The number N of detected speckles has been determined in
this way for a setup withdy = d; =60 cm (M = 1), dy = 6.2
cm, Ap = 0.664 mm?2, and F = 5.6. To determine the angular
separation Ak,/k of the two references (sensitivity to mis-
alignment), the hologram has been rotated by an angle Ay =
0.147°, which yields (p/\) = 2.8 fringes/cm (cf. Fig. 12), and,
using Eq. (A4), one gets Ak,/k = 5.57 X 10~2, The interfer-
ence contrast in the image plane vanishes for a hologram
rotation of Ay = 0.0135°, and thus pp = 1.31 X 1075, Soone
obtains, with Egs. (A5) and (AS6), (Ax); = 7.4 pm for the
speckle diameter in the image plane and N = 15,680 for the
number of speckles. This result corresponds very well to the
N = 15,740 obtained from Eq. (18) for F = 5.6.

APPENDIX B

Average AC Power in Correlated and Uncorrelated
Speckle Fields

The complex electric ac signal (current) in heterodyne de-
tection of two interfering, frequency-shifted speckle fields
for a detector covering N speckles can be written as

i(t) = ZPn explilwt — ¢,)], (B1)

where P, is the mean "optical power per speckle. If all the
contributions P, X exp(i¢,) are correlated, the detected
electrical ac power becomes

W, =it = Z PP, = NP2 (B2)

which corresponds to the total optical power on the detector.
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Fig. 13. Probability distribution of the ac power W, detected from
the interference of two uncorrelated, frequency-shifted speckle
fields. W, isrepresented inlogarithmic scale [dB]. The histogram
is based on 1000 measured values of W, for statistically different
speckle patterns.

For completely uncorrelated speckle fields, one obtains an
average ac power of

(W,) = <Z PP, expli(¢, = ¢,,,)]> = ZPnz = NP2
' (B3)

Thus the ratio of the correlated and the uncorrelated ac
power is equal to the number of speckles within the detector
area, viz.,

W./(W,) =N. (B4)

Note that this number N of speckles measured in a coher-
ent image is identical to the definition of N given in Eq. (15).
This can be easily seen by setting W = |P), |2 for the electri-
cal ac power and then calculating W./{W,), using Eq. (29),
for correlated (u; = 0) and uncorrelated (u; — «) superposi-
tion of the two speckle fields.

The probability distribution of the uncorrelated ac power
was calculated in Ref. 12 as

p(W,) = (1/{W,))exp(-W,/(W,)). (B5)

Experimentally, the ac power is measured with a spec-
trum analyzer in logarithmic scale. Therefore one is inter-
ested instead in the probability distribution of W,[dB] = 10
log (W,/(W,)), which becomes!?

p(x) = 10%/10 exp[—10*19], (B6)

10loge
where x = W,{dB]. This function is shown in Fig. 13.

W, and W, can be measured by heterodyne holographic
interferometry for two situations that are nearly identical,
except for the correlation of the speckle fields. A double-
exposure hologram of a nondeformed object is recorded with
two different reference waves. The ac power W, is mea-
sured in the interferogram at the heierodyne frequency.
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Then the hologram is considerably misaligned to produce a
mutual shift of the two reconstructions that is larger than
the detector diameter. Now the two superimposed speckle
patterns can be considered to be completely uncorrelated.
W, is measured repetitively, each time slightly changing the
hologram position to produce statistically different speckle
patterns. A histogram of W, yields its probability distribu-
tion p(x) (cf. Fig. 13). The maximum of p(x), i.e., the most
probable value W,[dB], is equal to the mean value (W,).
Using Eq. (B4), the speckle number N can be calculated.

Experimental Results
The number N of speckles has been measured for the same

-experimental situation described in Appendix A. Figure 13

shows the measured histogram of W,/W,[dB] (it represents

1000 measured values of W,). The mean value (W, )/W,

has been calculated to be —42.6 dB (which yields N = 18,200)
and is in good agreement with the value of N = 15,700
obtained in Appendix A.
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Abstract

Heterodyne holographic interferometry provides automated interference phase
measurement with high resolution and allows the quantitative evaluation of 3D
displacement and strain on solid objects. The fundamentals of heterodyning in
double-exposure holography are reviewed and its possibilities and limitations
are discussed in detail. Experimental results of strain measurement on a curved
object surface are reported. Three double-exposure hologram recordings with
different illuminations are used to get the vector displacement. Based on
locally calculated derivatives of the displacement field, a sensitivity for the
strain components of 1 um/m with a spatial resolution of a few millimeters has
been achieved. The features of heterodyne holographic interferometry are compa-

red with those of quasi-heterodyne (phase stepping) fringe interpolation.



I. Introduction

The automated and quantitative evaluation of 3D displacement and strain from
holographic interferograms requires accurate interference phase measurement
independent of fringe position and intensity variations in the reconstructed
image. In many interferometric arrangements, the heterodyne technique has
become a powerful tool for high resolution interference fringe interpolation.
In holographic interferometry, heterodyning has been successfully applied to
surface deformation measurements of solid objects [1,2], measurements of phase

objects [3] and surface contouring [4].

The aim of this paper is to demonstrate the performance and the theoretical
and experimental limits of surface strain measurement by heterodyne holographic
interferometry. After a brief introduction into the principle of heterodyning,
the experimental arrangement is described. Then, the numerical evaluation of 3D
displacement and strain from the holographic interferogram is explained. The
limitations for the accuracy of the interference phase measurement are investi-
gated in detail. Experimental results are reported for the determination of
surface rotation and strain with double-exposure holography using a setup with
three different illumination beams. Finally, the different methods of electro-
nic fringe interpolation in holographic interferometry are compared and their

fields of application are outlined.

II. Principle of heterodyne holographic interferometry

The application of the heterodyne technique in double-exposure holographic
interferometry requires a setup with two reference beams [S] in order to have
independent access to the relative phase between the two interfering recon-
structions, which allows to shift the fringes in the interferogram. The two
states of the mechanical object (before and after deformation), which shall be
investigated by double-exposure holography, are recorded consecutively each
with another reference wave on the same hologram plate. The simultaneous
reconstruction with both reference beams yields four primary reconstructed
images, the two desired interfering self-reconstructions and the two undesired
cross-reconstructions [5]. To avoid disturbing overlapping of the different
reconstructions, the two reference sources must be chosen on the same side of
the object, with a mutual separation larger than the angular size of the object

in the corresponding direction,



During reconstruction, the relative phase between the two references is
shifted linearly in time by introducing an offset Aw to the optical frequency
in one of the two reference beams. Assuming that the two wavefields to be

compared are given by
- -> ->
Vk(x) = ak(x) cos[wkt + ¢k(x)] , (1)

the local intensity of their superposition becomes

I(x) = |Vy +Va|? = a(®) {1 + m(X) coslauwt + 6(x)] }, (2)
where a(;) is the local mean intensity, m(;) is the fringe contrast, and

¢(;) = ¢1(;) - ¢2(;) is the phase difference of the two wavefields. Due to the
optical frequency offset Aw = w; - wy during reconstruction, the superposition
intensity is time dependent and the interference phase ¢(;) can be detected as
the phase of the beat frequency signal. Since the beat frequency Aw/2m is
chosen low enough (<100 MHz) to be resolved by the opto-electronic detector
employed, the interference phase can be measured with high accuracy, indepen-
dently of variations of the mean intensity and the fringe contrast, using an
electronic phasemeter. This way, both the interpolation problem and the sign

ambiguity of classical interferometry are solved.

I1I. Experimental arrangement

The experimental arrangement for double-exposure heterodyne holographic
interferometry, as it has been used in the experiments reported here, is
sketched in Fig.l. The setup is essentially based on the one described in
Ref.1l. The frequency difference Aw/2m of 100 kHz between the two reference
beams is realized by two commercially available acousto-optical modulators
(AOM) in cascade to give opposite frequency shifts. During recording, both
modulators are driven with 40 MHz, so that the net shift is zero. During
reconstruction, one modulator is driven with 40 MHz and the other with

40.1 MHz, so that the net shift is the desired beat frequency of 100 kHz.

The interferogram is observed in the 1:1 image of the virtual object

obtained with an £f/5.6, £ = 300 mm Rodenstock repro lens. The interference
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phase is determined by scanning an array of three detectors which measures the
phase differences in two orthogonal directions in the image plane. The total
phase ¢(;) can be obtained afterwards by approriate integration. The detector
array is realized by the ends of three fiber bundles, which feed the light to
photomultiplier tubes. The beat frequency signals at 100 kHz are filtered with
a bandwidth of 10 kHz, and the amplitudes are kept constant, independent of the
intensity variations across the image, by a feedback control of the photomulti-
plier supply voltage. The phase differences between the detected signals are
measured with zero-crossing phasemeters, which interpolate the phase angles to
0.1° and also count the multipes of 360° (fringe number). Note, that all
electronic amplifiers and filters in the signal path should be carefully
designed to avoid phase distortion that could reduce the accuracy of the phase
measurement [6]. The detector array is mounted on a stepper motor driven stage
to scan the image. Scanning and data acquisition is automated and computer
controlled. The measuring time for one position, including the displacement of

the detector head, is about 1 sec.

For the determination of vector displacement and strain, the interference
phase caused by the object deformation must be measured for different sensi-
tivity vectors, by changing either the observation, or the illumination
directions, as explained in Sect.IV. In order to have a fixed imaging system
and changes of the sensitivity vector which are large enough, we used a setup
with three illumination sources. The deformation is recorded with three
double-exposure holograms, each of them with another object illumination. For
reasons of simplicity in the recording procedure and sensitivity to misalign-
ment errors of the holograms, only one holographic plate is used. The different
holograms are spatially multiplexed by rotating a symmetric aperture in front
of the holographic plate. The three illumination sources (diverging lenses with
f = -6 mm) are arranged around the optical axis as shown in Fig.2. The angle
between the illumination directions and the optical axis is typically about
26°. Switching from one illumination source to the other is managed by
removable mirrors mounted on precision translation stages [7]). First, the three
holograms of the undeformed object state are recorded with the first reference
wave on the appropriate part of the hologram plate, changing the illumination
sources in the order 1, 2, and 3 (Fig.2). Then, the corresponding holograms of
the deformed state are recorded with the second reference wave and the
illumination beams 3, 2, and 1, respectively. Following this procedure, no

repositioning of the removable mirrors between the hologram exposures is
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required. It is extremely important, that the optical setup as well as the

object in its undeformed and its deformed state are stable during the whole

recording procedure.

IV. Evaluation of displacement and strain

A. Determination of vector displacement

> . -+
The interference phase ¢ and the displacement vector u at the object point x

are related by [8]
6=k @, (3)
where k = 2m/\ is the wave number and § denotes the sensitivity vector
g=k-nh. (4)

‘_). ‘_). 3 . 3 . . . 3
k and b are the unit vectors of observation and illumination direction, respec-

tively, given by

XKy - % | and B o= G -%)/I% - %[ (5)

;o’ ;A’ and ;s are the coordinates of the object point, the observation point,
and the illumination source, respectively. It can be seen from Eqs.(4) and (5),
that the sensitivity vector E is not constant along the object surface, but it
depends on the coordinate ;o. Therefore, § has to be calculated for each object

point ;o independently.

To determine all three components of the displacement vector, three interfe-
rence phase measurements from three hologram recordings with different illumi-
: >
nation sources and thus different sensitivity vectors g are carried out.

Equation (3) can be written in matrix form as
¢=xGY, (6)

with the 3-dim. vector 3 = (¢1,02,03) and the 3x3 matrix G with Grlk = (gn)k.

Equation (6) can now be solved by trigonalization of the matrix G. If the
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interference phase is measured for more than three independent sensitivity
directions, the system of linear equations (6) is overdetermined. Its best

solution is found by least squares fitting {[9].

As mentioned in the preceeding Section, heterodyne holographic interfero-
metry provides rather the measurement of phase differences A¢x and A¢y in the
orthogonal directions x and y than the total interference phase ¢(x,y) itself.
For the evaluation of the displacement field, ¢(x,y) can easily be calculated
by summation of the measured phase differences along a given path. Obviously,
with respect to the propagation of measurement errors, a simple summation
procedure is not ideal. More sophisticated methods with least squares fitting
for the summation of the interference phase are described in the literature
(see e.g. Ref.10), but they all need extensive computations. However, for
strain analysis this is not necessary, since the phase differences between the

object points rather than the total phase are important.

B. Determination of surface strain and rotation

In-plane strain and rotation of the object surface can be determined by
numerical differentiation of the displacement field in the tangential plane at
each point. The grid of sample points on the surface of non-plane objects is
generally distorted by perspective. Therefore standard finite difference
methods cannot be applied. However, the required derivatives can be calculated
by 2-dim, least squares fitting of the displacement vector components through

the desired point and its nearest neighbours, as described hereafter.

The location of the sample points on the object surface are obtained by a
central projection of the regular grid, which is defined by the interference
phase measurement in the image, from the observation point onto the object
surface. The derivatives shall be calculated in an arbitrarily chosen sample
point, denoted by Pn' The object point Pn is taken as the origin of a new
coordinate system (§,n), tangential to the surface at this point, with the
€-axis in the x,z-plane. A certain number N of points Pi around Pn are
selected, e.g. 4, 8 or even more, depending on the desired spatial resolution
and the accuracy of the displacement measurement. The points Pi are projected
onto the §,n-plane, where they form in general an irregular grid of points
(Ei,ﬂi) (cf. Fig.3). The components of the displacement vector 3 are also

expressed in the local coordinate system (£,n,f). For each component Uy of the
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displacement vector, a 2-dim. linear function

u (&§,n) = v, (0,0) + & 9y /3& + N By, /3N (7)
is established, which fits the values uk(ii,ni) at the N sample points best.
Least squares fitting yields the first derivatives by solving the system of
equations

Bv-7% (8)
where B is the symmetrical 3x3 matrix B =AAand A is the 3xN matrix

I & m

- >
The vector v of the three unknowns and the constant vector b are defined by

v = (u,(0,0),3u, /38,3, /an) . (10)
> T~ . .
b=A"a, wlth a, = uk(ii,ni) , 1 =1,..,N. (11)
Now, the in-plane strain € and the rotatiqn(ucare given by
d

S O SN
EE 3¢ ' &n T m& T 2 9n 3E ! oon

(12)

au du
~L,._n__%¢

and wy = 2.( 3¢ 3 )

The remaining components of strain and rotation, which are related to the out-
of-plane derivatives of the displacement, can be calculated by using the
mechanical boundary conditions for an object surface free from external

forces [1,11].
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C. Accuracy of surface strain determination

The accuracy for the determination of surface strain by holographic interfe-
rometry depends essentially on the error in the interference phase measurement.

This has been investigated for heterodyne holographic interferometry in Ref.ll.

To study the influence of interference phase errors on the evaluation of
displacement and strain, one has to distiguish between relative phase errors
(subsequently denoted by 8¢) and errors in the absolute phase (Ad). The former
ones determine the accuracy for the measurement of the phase difference between
two neighbouring points in the interferogram (sensitivity of phase measure-
ment). This relative phase error is mainly of statistical nature. It is the
essential limitation for surface strain determination. The absolute phase
‘(absolute fringe order), on the other hand, is directly related to the change
of the optical path length. Its uncertainty is the same all over the

interferogram and limits mainly the determination of the displacement.

Although the accuracy for the different components of displacement and
strain depends on the optical arrangement, it is appropriate to carry out an
analytical estimation for a simple geometry. It shall be assumed, that three
holographic interferograms with different illumination directions are
evaluated. The illumination sources are arranged symmetrically around the
optical axis, at a distance ls from the origin on the object surface. The
illumination directions intersect the optical axis with an angle o and the

observation direction is parallel to the optical axis (cf. Fig.2).

If the strain components are calculated by numerical differentiation of the
displacement field, one obtains for the standard deviation of the surface

strain as a function of the relative phase errors [12]

e = C ———A——@ (13)
Ax sino 27

where )\ is the wavelength and the constant C has a value near 1, depending on
the different components and the choice of the coordinate system. Ax denotes
the base for the numerical differentiation of the displacement components

and determines thus the spatial resolution of strain determination. Figure 4
shows the different §¢ versus the angle a for an interference phase measure-
ment accuracy of 1°, i.e. 8¢/2m = 1/360, a spatial resolution Ax = 3 mm and

A = 514 nm. This corresponds very well with the results given in Ref.1l.



The absolute phase (fringe order) is not known a priori from the measurement
in the interferogram, therefore the measured interference phase contains an
unknown additive constant., The problem can be overcome by refering to an object
point without displacement (fixation, vibration node), or by interferometric
observation of the deformation in real time and counting the fringes during the
displacement. Whereas the knowledge of the absolute fringe order is indispen-
sable for the determination of displacement, its influence on the surface
strain components is very small. For the particular geometry described above,
one obtains for the error of € as a function of the uncertainty AN = A¢/2T of
the absolute fringe order [12]

A

1 cos o L1
A AN = E-QS ANO . (14)

%11 = 75 (rcosa) © 0

where Qs is the distance of the illumination sources from the object surface.
For example, with A = 514 nm and QS = 1 m one gets Aeii = AN um/m. Thus the
error in strain determination due to an absolute phase error is in general

negligible.

V. Sources of error in interference phase measurement

A. Two-reference-beam holography

Two-reference-beam holography requires special attention to the multiplicity
of the reconstructed images and the influence of misalignment of the hologram
with respect to the reference beams [5]. To avoid disturbing overlapping of the
different reconstructions, the reference sources must be well separated.
However, the consequence of large separation of the references is high
sensitivity to repositioning errors. Small rotations of the hologram plate
result in an additional mutual shift of the two reconstructed images (which
causes speckle decorrelation and thus a reduced fringe contrast, cf. Sect.C)
and a linear phase deviation in the interferogram [5,13]. The experimental
practice shows [12], that in a typical setup with well separated reference
sources and with a well designed hologram plate holder, it is possible to
realign the hologram to achieve a fringe contrast of better than 80 7% (for an
f/5.6 imaging lens aperture) and a phase gradient in the interferogram of less

than 2ﬂ'10—3mm—1.
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The use of an optical arrangement with reference sources close together,
which would greatly reduce the sensitivity to misalignment [13], is not
adequate in heterodyne holographic interferometry, because the resulting
overlapping of the cross-reconstructions introduces a statistical interference
phase error [14], which is significantly larger than the phase measurement

accuracy which can be obtained by heterodyning.

B. Phase errors due to the electronics

In heterodyne holographic interferometry, the interference phase is measured
electronically as the relative phase of two detector signals with a zero-
crossing phasemeter. Fluctuations in the detected signals introduce a statisti-
cal phase error which depends on the signal-to-noise ratio of the detector
signal, the heterodyne freqhency and the integration time of the phasemeter
[1]. Using photomultipliers with shot noise limited detection, a detector area
larger than 0.1 mm > and an argon laser for hologram reconstruction, an SNR of
40 dB and a phase error below 0.1° can easily be achieved. Thus the electronic
detector noise does usually not introduce any significant error to the phase

measurement.

Attention must be paid to the cross-talk in the two acousto-optic frequency
shifters. The rms value of the random phase error produced by the frequency
cross-talk is given by 8¢ = 8//Z [12], where B is the optical amplitude of the
cross-talk component of the frequency w in the frequency shifted beam at
w + Aw. Using two independent quartz oscillators (with HF amplifiers) to drive
the AOM's, we achieved B2 = -52 dB and thus 8¢ = 0.1° rms.

C. Speckle decorrelation

The presence of speckles in the image of objects with diffusely scattering
surfaces gives rise to a statistical error for the measured interference phase.
The interference of non-correlated speckles (or non-correlated parts of
speckles) introduces a random contribution to the phase of the mutual intensity
of the interfering wavefields. Partial decorrelation of the speckle patterns

may be caused by the transverse component of the object displacement.
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The influence of speckle decorrelation on the interference phase measurement
has been rigorously treated in Ref.14. The resulting mean square phase error
due to the speckle noise as a function of the in-plane displacement component
is given by

1 1-C(2ug)

wp?> = — —a 12

(15)
2N Cé(uI)

8¢ is inversely proportional to the number N of speckles within the detector
area. Ch is the autocorrelation of the point spread function h of the imaging
system in the holographic reconstruction. For a circular pupil of the lens,

Ch is given by the Airy function {1,14]. The phase error can be adequately
reduced by increasing the detector surface and thus averaging over many
speckles, at the expense of spatial resolution, of course. Figure 5 shows, for

2 the statistical phase error 8¢ versus the

a given detector area of 1 mm
number N of detected speckles for different in-plane displacements u; as
parameter., The number of speckles is related to the F-number of the imaging
lens. The figure shows, that over a wide range the phase error for constant ug
does not depend on the lens aperture. The reason is that, when the lens
aperture is closed, the reduction of the number of speckles which increases the
phase error [Eq.(15)} is compensated by the increase of the average speckle
size, and thus the fringe contrast, which reduces the phase error. For a given

maximum in-plane displacement u., the optimum choice for the F-number (minimum

I!
phase error and brightest possible image) is determined by the bend of the
curves (dashed line in Fig.5), which corresponds to a reduction of the optimum
fringe contrast to about 70 7Z. The minimum phase error due to the speckle

decorrelation is given by the simple relation

lim &¢ = TT/AD up = uI/RD, (16)
N—=>1

where AD and RD are the area and the radius of the (circular) detector

aperture, respectively.
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VI. Experimental results

A. Undeformed object and rigid body motion

The sensitivity and reliability of experimental strgin determination can
best be tested by measuring an undeformed object or an object undergoing only a
rigid body motion. An aluminium plate, which can be rotated about its normal
axis, has been investigated by a complete 3-D evaluation of three holograms
with different object illuminations, as described in Sect.III. The interference
phase has been measured on a grid of 15x15 sample points, 3 mm apart from each
other. After the evaluation of the displacement vector field, the three surface
strain components and the three rotation components have been calculated by

numerical differentiation of the displacement field (cf. Sect.IV).

Table 1 shows the mean values and the standard deviations of strain and
local rotation for the evaluated sample points of the undeformed object. The
standard deviations (rms values) for surface strain and in-plane rotation are
all about 0.2 um/m, the mean values are all zero within the standard deviation
error interval. The out-of-plane rotation w, is significantly different from

zero due to a systematic deviation of the u, component.

Table 2 shows the mean values and the standard deviations of strain and
rotation evaluated on a plate with a2 small in-plane rotation of w, = 38+107°.
The rotation has been chosen so small in order to have small enough in-plane
displacement components (<1.5 um) at the border of the evaluated surface area,
which do not yet introduce a detectable statistical phase error due to speckle
decorrelation (cf. Fig.5). Theoretically, all components, except the rotation
W, should be equal to zero. The measured rms errors are larger than for the
undeformed object, but still of the order of a fraction of one micro-strain for
a spatial resolution of 6 mm. Only the standard deviation for the eyy component
is somewhat larger. Furthermore, the mean value of € x is significantly different
from zero. From an analysis of the 2-dim. phase and displacement fields, it can
be seen that the deviations of the two normal strain components are rather of
systematic nature and not due to statistical errors in the interference phase

measurement.

The systematic deviations observed in the above experiments are mainly

caused by repositioning errors of the hologram plate and atmospheric
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turbulences during hologram recording. The statistical interference phase
measurement accuracy has been shown to be much better, namely of the order of
1/1000 fringe or 0.3° rms. This shows clearly, that limitations to strain
determination in heterodyne holographic interferometry do not arise from
limitations in the interference phase measurement technique, but rather from
the interferometry itself, that is to say from the stability of the optical
setup, air turbulences, zero order fringe errors, and inaccurately known

geometrical data of the setup.

B. Cylindrical vessel with internal pressure

Another investigated test object was a cylindrical vessel loaded by internal
pressure [11]. In this case, the strain has to be evaluated on a curved
surface., The cylindrical vessel was an aluminium tube with a radius of
R = 10 cm and a wall thickness of b = 5 mm (Fig.6). In the experiment described

hereafter, the internal pressure difference was 2.6 bar.

For a curved object surface, it is adequate to introduce a surface oriented
local coordinate system (£,n,Z) at each observed object point. For the cylin-
drical object, the &-axis is chosen tangential to the surface at each point and
perpendicular to the axis of the cylinder (n-axis) (cf. Fig.6). The displace-
ment components, which are calculated in the laboratory coordinate system

(x,y,z), are then transformed into tangential (u axial (un), and radial (UC)

g)’

components., The surface strain components € , and €ﬂ are calculated by

ge? Een n

numerical differentiation of the displacement field in the surface oriented

local coordinate system.

Figure 7 shows the interference fringe patterns of the three holograms,
recorded with different illumination directions. The indicated rectangular area
corresponds to the field of 31x5 sample points, for which the interferogram has
been analyzed. In Fig.8, the measured phase functions along a horizontal line
through the three interferograms are plotted. The absolute fringe order for
each illumination direction has been determined from three corresponding

real-time holograms of the cylinder deformation.

Figure 9 shows the experimentally determined displacement components along a

radial section on the cylinder surface. The corresponding strain components are
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displayed in Fig.l0. The reliability of the measurements has been checked by
the evaluation of the interferogram for the same holographic recording on two
interlaced grids of sample points (o and *, respectively). The standard devi-
ation of the difference between the two measurements is of the order of 1 um/m.
These results illustrate impressively the power of heterodyne holographic
interferometry. It is possible to determine all components of surface strain
and rotation on a curved surface with an accuracy of about one micro-strain for

a spatial resolution of a few millimeters.

VII. Conclusions

It is interesting to compare the features and the performance of heterodyne
holographic interferometry and quasi-heterodyne [13,15,16] (step-wise phase
shifting) techniques with video-electronic detection in view of their
appropriate applications. Both, heterodyne and quasi-heterodyne techniques,
offer automated data acquisition for a large number of sample points with high
spatial resolution. The phase measurement is highly accurate, independent of
variations of the mean intensity and the fringe contrast, and there is no sign

ambiguity,

Heterodyne holographic interferometry offers very high accuracy for the

interference phase measurement (better than 1/1000 of a fringe). The principle
of heterodyning requires sophisticated electronic equipment, such as AOM's with
HF drivers and phasemeters. The mechanical scanning of the image by photo-
detectors makes it slow (about 1 sec per point). Since the phase measurement
accuracy can be very high, an arrangement with reference sources close toge-
ther, which would introduce additional errors due to the overlapping of decor-
related speckles, is not adequate. Well separated reference sources, on the
other hand, impose strong requirements to the stability of the optical setup
and to the repositioning of the hologram. For recording and reconstruction, one

and the same experimental setup has to be used.

The described arrangement, using three double-exposure hologram recordings
with different illumination beams, provides surface strain measurement of
extremely high resolution. For the strain components, obtained from the local
derivatives of the experimentally determined displacement field, an accuracy of

about 1 micro-strain with a spatial resolution of a few millimeters has been
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achieved. The determination of the displacement itself requires, however, in
addition the knowledge of the absolute fringe order for each holographic
interferogram, because the information on the mutual phase between the three
interferograms is not directly available from the separately recorded holo-
grams. The experimental results show clearly, that it is not the heterodyne
fringe interpolation technique that limits the measurement accuracy, but rather
air turbulence, hologram repositioning and speckle decorrelation due to large

in-plane displacements.

Quasi-heterodyne holographic interferometry with TV-detection offers a

moderate accuracy for the fringe interpolation (about 1/100 of a fringe), with
all the advantages of phase shifting interferometry. An optical arrangement
with two reference sources close together is nearly as simple and uncritical
for the hologram recording and reconstruction as standard double-exposure holo-
graphy. It requires no special instrumentation apart from a microcomputer with
a video frame grabber, which is normally implemented in a standard image
processing system. Data acquisition from the interferogram is very fast, even
for a large number of sample points. With the experiental arrangement described
in Ref.16, good results for 3-D dispacement analysis have been achieved. For
the evaluation of surface strain, a typical sensitivity of about 10 um/m with a

spatial resolution of a few millimeters can be expected.

To summarize this comparison: Heterodyne holographic interferometry is well
suited for scientific applications in laboratory environment, where the ultima-
te limits for strain determination are required. On the other hand, quasi-hete-
rodyne holographic interferometry with TV-detection is suited for applications
in industrial environment, for deformation and vibration analysis, where mode-
rate accuracy is required. Note however, that this means moderate compared with
heterodyne systems and that the capabilities of phase shifting techniques for
displacement and strain measurement are anyway at least one order of magnitude

better than those of conventional holographic interferometry.
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Tables

Table 1. Experimentally determined mean values and standard deviations of
strain and rotation components from a holographic interferogram of

an undeformed object.

' SXX , Syy ' EXY ' wx , wy , wz
mean value [um/m] -0.25 ’ 0.23, —0.22| —0.26! 0.01’ -0.08
standard deviation [um/m] 0.22 0.3 0.14 0.04 0.04 0.17

Table 2. Experimentally determined mean values and standard deviations of
strain and rotation components from a holographic interferogram of

a rotated plate.

l EXX l Eyy l EXY I wx l wy I wz
mean value [um/m] l —2.61! -1.43) -0.91 0.03, -0.92| 138.0
standard deviation [um/m] 0.71 1.35 0.71 0.3 0.5 0.68
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Fig.2. Schematic representation of the optical arrangement for hologram
recording and observation. With the help of removable mirrors (RM),
the illumination beam can be switched from source S1 to 82 and 83

(diverging lenses).
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Fig.3. (&,n) is a plane tangential to the object surface at the point Pn' The
derivatives of the displacement at Pn are obtained by fitting a 2-dim.

linear function through Pn and its (4, 8 or more) nearest neighbours

P.(&;:n5).
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arranged illumination sources.
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Fig.6. Cross-section through the cylindrical tube loaded by internal pressure.
The displacement U and the strain along the curved surface will be

represented in the local coordinate system (§,n,Z).



Fig.7.

Interference fringe patterns on a cylindrical vessel deformed by

internal pressure for three illumination directions. The rectangular

field indicates the area, where the interferogram has been evaluated.
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Fig.8. Measured phase functions along a horizontal line through the interfero-

grams of Fig.7.
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