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Heterodyne holographic interferometry is a well-known interferometric technique for high precision
measurements of the phase difference between two recorded wave fronts. These wave fronts are
typically registered at a given distance from the object under inspection. Although the affinity of
heterodyne techniques with the phase-shifting ones is immediate, reports on concrete implemented
set-ups from the former type of techniques as adaptations into the second type seems to be not so
widely spread as convenient. To illustrate this point, in this communication we demonstrate two
phase-shifting methods as applied to heterodyne holograms, each variant using a different shifting
method for phase shifting. One method is based on a conventional piezoelectric stack transducer
and the other method comprises modulation of polarization. The alternatives that these two tech-
niques offer could be of direct benefit in dynamic holography.
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1. Introduction

Heterodyne holographic interferometry (HHI) was described by DANDLIKER [1, 2] and
it is a well-known optical holographic interferometry technique claiming precision
phase measurements of the order of 4/1000 [1], where A is the wavelength of the illumi-
nating light source employed. Basically, two states of a given object are to be compared
by recording two respective holograms, each one with a different reference wave. A dig-
ital approach to HHI has been described and experimentally demonstrated by solving
the related problems emerging when substituting high-resolution photographic emul-
sions with a 2-dimensional array of photodetectors [3]. In this approach, before a proper
numerical reconstruction by demodulation of irradiances, a number of digital holograms
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(at least three for one wave front) must be recorded in sequence. More recent applica-
tions using digital HHI have been reported [4]. But optical HHI techniques have, on the
other side, a close relation with phase-shifting interferometry (PSI, which comprises
techniques belonging to the once called quasi-heterodyne interferometry). In the follow-
ing, high resolution photographic storage is considered to emphasize some advantages
accompanying such a relation. Firstly, only two wave fronts are to be recorded. Read-
out is with PSI techniques to be done. Under such conditions, it is in this communication
that we demonstrate two PSI methods as applied to optical heterodyne holograms, each
one of the two proposals using a different shifting method for phase shifting. The first
of them employs a conventional piezoelectric stack transducer (PZT) [2] while the sec-
ond one uses modulation of polarization (MP) [5]. As a second advantage, by MP in
particular, an amplitude-multiplexing procedure can be implemented to obtain three
or even more interferograms using only the original recording. For the purposes of this
paper, an isotropic recording medium is assumed. The two advantages above referred
can be of benefit to the experimental analysis of fast processes, because some conclu-
sions of this work could be useful in dynamic holography after adapting proper polar-
ization techniques of recording.

2. Experimental set-up

According to DANDLIKER [1], upon proper reconstruction of the recording of two wave
fronts in two exposures, each one performed with a different reference wave (Fig. 1),
an interference pattern can arise which results (as opposite to a single-reference double
-exposure hologram) in a pattern which is able to be spatially modulated [1, 2]. This
is essentially due to the independence of the reference waves (and thus, the reconstruc-
tion waves), which makes possible to introduce relative phase-shifts using a transducer
in only one beam at least. Such shifts can be achieved with a PZT placed in the path
of one reconstructing beam. Also, in order to achieve the same type of a shift, it is
possible to modulate both reference beams differently with some additional advantag-
es. This can be done with MP by imposing circular polarization of opposite sign for
each reconstruction beam and detecting the resulting interference pattern with a linear
polarizer whose transmission axis is adjusted at the appropriate angle according to the
desired shift [5].

3. Recording of heterodyne holograms

Some heterodyne holograms were recorded on photographic emulsions closely follow-
ing Déndliker prescription [1], as shown in Fig. 1. This includes the use of two different
references R and R, for each one of two different exposures (opening and closing the
main switch) at respective times #; (switch 1 open, switch 2 closed) and ¢, (switch 1
closed, switch 2 open). Care was taken for the radius of curvature of both references
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Fig. 1. Set-up used for recording a heterodyne hologram. A, B, B'—beam splitters; M, C, C’, D, D'—plane
mirrors, and Oy, O,, R, R, — microscope objectives. He-Ne-laser at 632.8 nm.

to be the same as possible. Not exactly symmetrical angles of the reference waves with
respect to the normal of the recording media were chosen, so as to avoid overlapping
between different reconstructions. At the same time, however, the angle between ref-
erences should not be very large, so as to get interference fringes during reconstruction
of spatial frequencies with values low enough to be resolvable during detection for PSI.
Thus, the angle between references was chosen slightly larger than the angular size of
the object [1]. Two additional beams were used to illuminate a reflective object O
from opposite sides during both exposures, thus avoiding undesirable sharp shadowing
(O, and O, beams). A He-Ne laser beam was used as the illuminating source (10 mW
at 632.8 nm). Optical paths for each of the four beams were adjusted to be equal.
The object O was placed on a small table during both exposures. However, to introduce
rather arbitrary but small translations and rotations in the object, a small steel ball was
placed on the table only during one of the exposures (circle on the stage close to the
object, Fig. 1).

For read-out, two reconstruction waves similar to the reference waves were used at
the same angles used for references. Fine adjustment of the resulting images can be done
until fringes appear on the field of view. Figure 2 shows an example of a test object
and the reconstructed waves with their obtained interference fringes. In this case, the
object consists of a fish replica carved from a piece of a local variety of onyx (known
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Fig. 2. Original main object (a). Interference pattern located close to the reconstructed object (the object
is shown slightly out of focus for better detection of interference fringes) as seen with a CCD camera at
632.8 nm (b). It becomes possible to spatially modulate the pattern by proper modulation of (at least) one
of the reconstructing beams.

as tecali), Fig. 2a. An interference pattern appears located at some distance from the
object (Fig. 2b). The fringes of the pattern are able to be shifted by modulating which-
ever one of the reference waves.

4. Experimental results with phase-shifting

The following subsections discuss the two set-ups for reconstruction and the respective
procedures for phase extraction. Section 4.1 refers only to the PZT modulation set-up,
while Section 4.2 describes the algorithm used for phase extraction. This last descrip-
tion is common for both procedures. Section 4.3 describes the basics of MP modulation
and Section 4.4 describes the corresponding set-up implementation.

4.1. Phase-shifting and extraction with PZT

Figure 3 shows the reconstruction of the two scalar wave fronts W, and W, recorded
at times ¢, and ¢,, where

w, = WOlexp{—i[kl- r—wt+¢l(r)}}, 1=1,2 (1)

with k; denoting the /-wave vector having |k;| = k as the wave number, 0, = v, = @
denoting the wave frequency and ¢,(r) denoting the respective phase departures from
plane waves during each exposure. Also, r = (x, y, z). Thus, dropping the dependence
on z, assuming a recording over a fixed plane and including linear contributions of x
and y in ¢ due to possible not perfect collinearity of the wave vectors (tilts), an inter-
ference pattern after simultaneous reconstruction appears as given by

L= W+ ) = B+ACOS[5,-—¢(x,y)} )
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Fig. 3. Experimental set-up for a read-out of a heterodyne hologram introducing phase-shifts in arm R,
for phase-extraction. M — plane mirrors, C — collimator, O — microscope objective, B — beam splitter,
PZT — piezoelectric stack, CCD — digitizing camera. Angles of the reconstruction waves were not really
symmetrical with respect to the normal of the recording media.

where ¢; is a known, purposely introduced phase-shift of a set of M interferograms,
withi =0, ..., M — 1. In our case M = 4. Also, B = ng + Wgz, A =2Wy Wy, and
o(x, ) = ¢,(x, ¥) — @,(x, y) is the phase difference of interest.

Figure 2b shows an example of such an interferogram generated with simultaneous
reconstruction; ¢, is first introduced with a plane mirror attached to a calibrated
piezoelectric stack driven by a computer (PZT in Fig. 3). Each /; is captured by a CCD
digitizing camera. As usual in PSI, the interferograms serve to construct a system of
linear equations to obtain tan[¢(x, y)]. A four pattern algorithm was applied to extract
the wrapped phase and the resulting unwrapped phase ¢(x, y) is shown in Fig. 4 for
five different views (azimuth angle o).

Contour step 0.21 1.44 . a=0°
1.01 RMS(A) = 0.51
P-V(N) = 2.73
0.61
0.20
-0.20
-0.61
-1.01 4
-0.39

Fig. 4. To be continued on the next page.
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Fig. 4. Typical wave front extractions (contour and surface plot) using a 4-interferogram procedure at
several different view (azimuth angles «). P-V denotes peak-to-valley values in wavelengths (632.8 nm).
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4.2. Phase processing algorithm

Generation of known phase shifts of 0, n/2, & and 37/2 can be done by calibrating the
PZT properly. The obtained four interferograms can be represented as:

I(x,y) = B+Acos[¢(x, y)] (3a)
L(x,y) = B+Asin[(p(x,y)] (3b)
I(x,y) = B-Acos|p(x, )] (30)
1,(x,y) = B~ Asin|p(x, )] (3d)

Phase reconstruction is performed using the four step phase shifting algorithm, so
the wrapped phase can be obtained from the following equation:

1 (x, y) = 1, (x, ) } @

o
p(x.y) = tan {Il(x,w—g(x,y)

After removing the 2w ambiguity by means of a phase unwrapping process, the op-
tical phase can be obtained; the method used for unwrapping this phase data was a qual-
ity-guided path following method [6-9].

4.3. Phase-shifting with MP

In general, the polarization states of two optical classical disturbances can be deter-
mined by

1 1
Ju = /2 {exp(ia')} (52)
J. = 1 1 . 5b
R - ﬁ exp(_ia!) exp|:l¢(x7y):| ( )

where o' is some phase introduced by a plate retarder. New disturbances emerge from
a linear polarizer whose transmission axis forms the angle y with transmission given by

o {cosz(l//) sin(w)cos(w)] ©)

sin(y)cos(y)  sin’(y)

changing the output polarization states to J' = Jlf/ J,and J" = Jyl/ Jr-
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Then, irradiance from the superposition of both states can be written as

|32 = 17 +371°

1 + sin(y)cos(a’) + A(y, a')cos [é(v/, a') - (p(x,y)} (7)

The phase shift &(y, a”) so generated is given by

&y, a') = atan . sin(21'//)2sin(a') + sinz(l//).sin(Za’) } ®)
cos”(y) + sin“(w)cos(2a') + sin(2y)cos(a’)
with A(y, a') which can be written as
A(y,a') = 1+ sin(2y)cos(a’) )]

These relations contain a special case of two circular polarizations with opposite signs
because, with o' = /2,

E(y, m/2) = 2y (10a)

A@/, %) . (10b)

Thus, the introduction of a phase shift can be done with circular polarizations and
detection with a linear polarizer at the angle y given by Eq. (8) for the general case (or
Egs. (10) for the particular case of circular polarization). Such phase-shifting technique
has been earlier used for the design of micropolarizers and .’ = n/2 in single-shot phase
shifting holography [10]. Although the shifts we just described can be sequentially in-
troduced, it is possible to perform several shifts at the same time by using appropriate
multiplexing of interference fields [5]. Using phase-grating multiplexing, for example,
the number of interferograms is not limited to 3 or 4, and no specialized microarray
fabrication is required, as already demonstrated [11]. The system neither requires a very
good coincidence between similar pixels of different interferograms. In our case, be-
cause the subject is not moving and the wave fronts are stored, testing measurements
can be done in sequence for simplicity.

4.4. MP for phase-extraction

Figure 5 shows the wave front reconstruction set-up for the case of MP. MP is achieved
by imposing circular polarization of the opposite sign in each reconstruction beam.
The phase shift was sequentially performed adjusting a linear polarizer at an angle y,,
withi=0, 1, 2, 3 as before. The phase shift &;(y;, @) is given by Eq. (8) (or Egs. (10)).
Phase-shifting produces corresponding fringe shifts by only adjusting the transmission
angle y; of the linear polarizer. Once the transmission axis angle y; of the polarizing
filter is determined, no further adjustment is needed. Each interferogram is captured
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Fig. 5. Experimental set-up for phase extraction by employing MP. Circular polarizations with opposite
directions of rotation were imposed in each reconstruction wave by means of proper waveplates.
CCD - digitizing camera; M, C’, D' — plane mirrors; R;, R, — microscope objective; A — beam splitter;
P — polarizer.

with a CCD camera and stored. Interferograms need to be normalized to their maximum
value prior to be used in the described algorithm calculating the wrapped phase.
Figure 6 shows two sets of four interferograms, each taken at a different viewing angle.

Fig. 6. Two sets of four interferograms taken at a two different viewing angles (4 = 532 nm).
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Fig. 7. Typical wave front extraction (phase) using a 4-interferogram procedure at two different view
angles (P-V(1) = 2.387, 1 =532 nm).

The unwrapped wave front difference between the registered wave fronts is plotted
inFig. 7. A preliminary report on this technique was presented elsewhere [ 12]. Extraction
of the phase encoded in optically stored heterodyne holograms is thus possible with
the two tested variants of PSI [13, 14]. The heterodyne hologram practically behaves
as a beam splitter with memory, ready to be a part of a phase-shifting interferometer.
Due to the employment of different algorithms, units and wavelengths, only a quali-
tative comparison is directly possible at this stage. However, surface plots and ranges
seem to be similar for both techniques. Collected data were also consistent and repro-
ducible (Figs. 4 and 7).

This also means that the recording methods proper of HHI plus MP can be consid-
ered as an eventual choice for phase extraction other than Fourier transform interfer-
ometry [15], for example, especially when rather small phase-variations (within a fringe,
for example) are to be measured or when no carrier-frequency becomes easily availa-
ble. Moreover, it is worthy to recall that interferometric parameters B and 4 can also
be determined under the same system of linear equations that gives ¢(x, y). For objects
with arbitrary shapes and absorptions, amplitudes W, do change spatially in accord
with the object’s geometry. These changes affect the values of 4 and B. Thus, the even-
tual knowledge of B and 4 would make it easier to establish links between the resulting
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phase differences and the geometry of the object if desired. This feature would be sim-
ilar for both modulation techniques.

5. Final remarks

Migration in the read-out from the heterodyne regime to the phase-shifting regime can
be easily done under several variants of shifting techniques. Considering shifting cali-
bration, PZT has to be calibrated for each interferometer adjustment, which means
anew calibration for each fringe adjustment whereas MP, once calibrated for one
interferogram, is already calibrated for another one appearing under a different adjust-
ment. Moreover, MP is able to render several phase-shifted interferograms in one-shot
by using grating interferometry multiplexing methods.

Additionally, when using a film as the recording medium, it tends to act as a mem-
brane, so it is very sensitive to acoustical vibrations. These sensitivity can be shared
by other recording media as well. The MP technique has the advantage of not using
mechanical elements in the interferometric system that could generate vibrations while
performing the phase shifts. This allows to perform the calculation of the optical phase
without the common errors that could be generated by vibrations in the holographic
system [5, 10, 11].
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