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Abstract. A real-time visual approach for the calibration of phase step in
image plane holography using BaTiO3 crystal as a recording medium is
reported. In this method, the diffuse object is illuminated symmetrically
with two collimated beams and a pump beam is added at the crystal
plane. Each illuminating beam generates an individual interferogram at
the observation plane when the object is subjected to load. A p phase
shift to one of the illuminating beams results in the complete disappear-
ance of the fringes due to phase reversal between the individual inter-
ferograms, and at 2p phase change, the fringe pattern is restored. After
calibration, a single-beam illumination configuration is used for phase
measurement. We present the theory of the method and experimental
results for a centrally loaded diaphragm rigidly clamped along the periph-
ery. © 1998 Society of Photo-Optical Instrumentation Engineers.
[S0091-3286(98)01611-0]
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1 Introduction

Holographic interferometry and speckle photography w
successfully demonstrated with a BSO crystal by Huign
et al.1 and Tiziani et al.,2 respectively. Since then, photore
fractive materials such as BSO, BGO, BTO, SBN, BaTiO3,
LiNbO3, etc. have found potential use in image processi
speckle photography, and holographic interferometry3–13

~HI!. The attractive features of the photorefractive cryst
are high resolution, real-time processing, and no deve
ment. Double-exposure as well as time-average record
were performed with photorefractive crystals as record
media for static deformation measurements and vibra
analysis.14–16 The real-time measurements were demo
strated with either two-wave-mixing or four-wave-mixin
configurations. The applications of photorefractive cryst
such as BaTiO3, LiNbO3, etc. are characterized by slo
response times, requiring longer exposures than f
response crystals such as BSO.

Recently we used BaTiO3 crystals as a recording me
dium extensively as a novelty filter for real-time measu
ments because of its slow response time. A two-beam c
pling configuration was implemented for crystal parame
characterization and optimization studies.17 These studies
include measurement of diffraction efficiency, grating fo
mation and erase rates. We also emphasized that the
2918 Opt. Eng. 37(11) 2918–2925 (November 1998) 0091-3286/98/$
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response time of the BaTiO3 crystal can be used to ou
advantage to perform dynamic holography by skillful ma
agement of exposure times. The slow response takes a fi
time ~;10 s for typical experimental conditions! to reach
its steady state, and the dynamic grating~corresponding to
the initial state of the object! created inside the crystal take
fairly long time to decay~;100 s under typical experimen
tal conditions!. We showed that within this decay time it i
possible to sequentially compare various deformation st
of the object. Recently we carried out two types of dynam
studies exploiting the slow response time of the BaTi3

crystal; when~1! the object state is continuously changin
with time and~2! the change in object state is discrete.17

In the first method, the initial state of the object is r
corded in the crystal by allowing the object and the pum
beams to interfere inside the crystal. Once the two-be
coupling reaches its steady state, the object is deform
The change in the object due to deformation disturbs
two-beam coupling process. Due to the continuous cha
in the object, and hence in the object beam, after this
stant of time, two-beam coupling is never established. T
at the observation plane we observe the interference
tween the diffracted pump beam and continuously chang
directly transmitted object beam. The fringe pattern at
10.00 © 1998 Society of Photo-Optical Instrumentation Engineers
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observation plane also constantly changes due to the
quential comparison of the present state of the object w
its initial state. This is a situation similar to that in real-tim
HI. The dynamic events pertaining to object deformati
can be monitored by continuously grabbing the fram
This enables us to grab several frames over the gra
decay period. However, the changes in the object sho
take place within a time that is much shorter than the ti
required for two-beam coupling to become established
tween the new object beam and the pump beam.

In the second method, where the object changes
place in discrete steps, with the time delay between
consecutive steps being much longer than that require
establish two-beam coupling, it becomes necessary to b
the writing beams at each step. In this method, after
initial grating has reached its steady state, the writ
beams~both the object and pump beams! are cut off, and
after each loading of the object, the writing beams are
lowed to fall on the crystal for a period that is much shor
than that required to establish two-beam coupling. The p
cess is continued in steps, with the beams being cut
after each exposure. The continuous step method is use
phase step calibration, while the discrete step metho
employed in this paper for phase measurement.

Phase-shift interferometry is well established and imp
mented in interferometry, HI~Ref. 18!, and electronic
speckle pattern interferometry for quantitative analysis
the deformation of an object.19 The phase-shifting tech
nique for quantitative evaluation of an interferogram us
attractive media such as photorefractive crystals has ga
considerable interest in the recent years. Dirksen and
Bally20 combined a double-exposure BTO interferome
with a Fourier-transform-based analysis method for de
mation analysis. Georges and Lemaire21 recently imple-
mented phase-shifting techniques in a BSO interferome
It is well known that the major source of error in the phas
shifting technique is phase-shift miscalibration error.22–24

Therefore phase step calibration is an important facto
obtaining an error-free phase map. The aim of this pape
to implement the phase-shifting technique in image pla
holography using a BaTiO3 crystal as a recording medium
A real-time visual method employing a dual-beam illum
nation configuration for phase step calibration is presen
in Sec. 2. In this method, the unshifted interferogram g
erated from one of the illumination beams is compared w
the phase-shifted interferogram obtained from the othe
lumination beam. The calibrated phase steps are inco
rated by adopting the four-phase-step method for ph
measurement. Section 3 describes the method and sh
the experimental results obtained from a diaphragm rigi
clamped along the periphery and loaded at the center.

2 Phase Step Calibration with a Dual-Beam
Illumination Configuration

2.1 Experimental Arrangement

Figure 1 shows a schematic of the experimental setup
basically consists of a standard image plane hologra
system. The beam from a 35-mW He-Ne laser is divided
a variable beamsplitter~VBS!. The object beam is agai
split into two beamsA and B of equal amplitudes via a
beamsplitter~BS! and filtered through the spatial filters SF1
-

-

k

r

d

.

-

s

t

and SF2 and then collimated by lensesL1 and L2 . Both
beams illuminate the object symmetrically at anglesu and
2u with respect to object normal via mirrorM and another
mirror driven by a piezoelectric translator~PZTM!. The
object is imaged onto a BaTiO3 crystal (53535 mm) by
lensL3 and an expanded 5-mm-diam pump beam is ad
at the crystal, making an angle 2V with respect to the ob-
ject beam. An additional imaging lensL4 images the object
onto the surface of the CCD camera. The CCD camer
connected to a commercially available image process
system that is interfaced to the host computer for ima
grabbing and processing. Thec axis of the crystal is ori-
ented in such a way that the spatial phase shiftw between
the incident interference pattern and the resulting ind
grating isp/2 so that the object beam becomes amplifi
due to the diffraction of the pump beam in the direction
the object beam.15 The field diffracted from the grating rep
resents the initial state of the object at the image plane
lensL4 .

2.2 Fringe Formation Analysis

In the present configuration, two gratings are formed dur
the initial stage due to the interference of each of the il
minating beams with the pump beam. After allowing suf
cient time for the two-beam coupling process to rea
steady state, a constant voltage is applied to the PZT
thereby introducing an arbitrary phase stepa to illuminat-
ing beamA. In addition, the object is also deformed. Pha
stepa and the object deformation introduce a phase va
tion in the object beams and consequently in the image fi
distribution inside the crystal. At this instant, at the CC
~observation! plane, we have four beams—two beam
which constitute the initial state of the object, are due
diffraction of the pump beam from the gratings formed
the initial stage, and the other two beams are the dire
transmitted object beams, which constitute the present s
of the object with unknown phase step and deformation
the object. In other words, two waves generated from
decaying grating and two waves directly transmitted int
act at the image plane and the amplitudes of four intera
ing beams at some instant of timet are given as

a1~ t !5a01~ t ! exp@ i ~f1!#, ~1!

a2~ t !5a02~ t ! exp@ i ~f2!#, ~2!

a3~ t !5a03~ t ! exp@ i ~f11d11a!#, ~3!

a4~ t !5a04~ t ! exp@ i ~f21d2!#, ~4!

wheref1 andf2 are the random phases of the object be
generated by two illumination beams, andd1 and d2 are
phase changes due to the object deformation.

Because the amplitudes of the four interacting beams
a function of timet, at some time instant when the amp
tudes of the four beams are equal, the intensity distribut
in the interference pattern at the image plane is given b17
2919Optical Engineering, Vol. 37 No. 11, November 1998



Helen et al.: Phase step calibration and phase measurement . . .
Fig. 1 Schematic of a dual-beam illumination configuration for phase step calibration.
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I 5I 0@412 cos~f21!12 cos~f212d12a!

12 cos~f211d2!12 cos~f211d22d12a!

12 cos~d11a!12 cos~d2!#, ~5!

wheref21(5f22f1) is the random phase.
It can be seen from Eq.~5! that the terms containingf21

generate the speckle image and only the last two te
contribute to the fringe formation. Two individual inte
ferograms result from this configuration, one due to illum
nation, the observation vector pair (k1 ,k), and the other
due to the illumination, the observation vector pair (k2 ,k).
The phase changesd1 andd2 due to object deformation ca
be written as

d15~k2k1!•L ,
~6!

d25~k2k2!•L ,

whereL (u,v,w) is the deformation vector at a point on th
object surface andu, v, andw are its components, i.e.,L
5uı̂1v ̂1wk̂ ~ı̂, ̂, and k̂ are unit vectors along thex, y,
andz directions!.
2920 Optical Engineering, Vol. 37 No. 11, November 1998
The phase changes carry the information pertaining
in-plane displacement components as well as out-of-pl
displacement. Assuming that the illuminating beams lie
thex-z plane, we can express the phase changesd1 andd2
as18

d15
2p

l
@u sin u1w~11cosu!#, ~7!

d25
2p

l
@2u sin u1w~11cosu!#. ~8!

Equation~7! represents a fringe pattern due to in-plane d
placement componentu plus the out-of-plane displacemen
w, while Eq. ~8! gives the fringe patterns due to minu
in-plane displacement componentu plus out-of-plane dis-
placementw. In addition, an unknown phase stepa to the
illuminating beamA introduces an additional phase shift
the fringe pattern obtained from Eq.~7!. The resultant
fringe pattern due to both illuminating beamsA andB is a
moiré pattern. This moire´ pattern has a very low contras
hence is of a little practical use for phase step calibrati
On the other hand, if the object is subjected to only eith
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in-plane displacement (u@w) or out-of-plane displacemen
(w@u), then the fringe patterns generated by individu
beams can be adopted for visual phase step calibratio
the illumination beams illuminate the object normally, th
requirement is not necessary.

2.2.1 Case 1: Phase step a50

In the optical arrangement, when there is no phase s
ping, Eq.~5! for the intensity distribution due to interactio
of four beams at the image plane reduces to

I 5I 0@412 cos~f21!12 cos~f212d1!

12 cos~f211d2!12 cos~f211d22d1!

12 cos~d1!12 cos~d2!#. ~9!

If the object is subjected to a small out-of-plane d
placementw, then the fringe patterns generated by in
vidual beamsA andB are identical, and the combined pa
tern is also the same. Phase changesd1 and d2 can be
related to the out-of-plane displacementw as

d15d25d5
2p

l
~11cosu!w52mp. ~10!

When this condition is satisfied, the intensity distribution
the interference pattern is given by

I 54I 0~11cosf21!~11cosd!. ~11!

Taking all these parameters into consideration, the n
malized overlapped irradiance generated by individual i
mination beamsA andB with pump beam is shown in Fig
2. While plotting the intensity distribution, we have n

Fig. 2 Irradiance distribution profile with two-beam illumination con-
figuration.
f

-

taken into account the associated random speckle p
termsf21 in the Eq.~11!, which contribute additional back
group noise to the interferograms.

2.2.2 Case 2: Phase step a5p

When the phase step is exactly equal top, the intensity
distribution in Eq.~5! reduces to

I 5I 0@412 cos~f21!12 cos~f212d1!

12 cos~f211d2!12 cos~f211d22d1!

22 cos~d1!12 cos~d2!#. ~12!

The individual patterns generated due to phase termd1

and d2 are phase~contrast! reversed with respect to eac
other. This results in a fringe-free field on the monitor wi
a constant bias (I 54I 0) for the case whend15d25d. This
intensity distribution, which represents as a constant irra
ance distribution, is also plotted and shown in Fig. 2. It
evident from the graph that the fringes disappear co
pletely when the phase shift is exactlyp, and this condition
repeats whenever the phase shifta is (2n11)p, n
50,1,2,3.... .

2.2.3 Case 3: Phase step a52p

When the phase stepa52p, the intensity distribution
equation is the same as given by Eq.~11!, and also the
interferograms obtained are identical, as defined in
~10!. The phase-shifted fringe pattern generated from il
minating beamA with reference to the unshifted fringe pa
tern obtained from illuminating beamB is same for even
multiples ofp ~the phase stepa52np!.

2.3 Experimental Results

The experimental calibration is carried out on a centra
loaded diaphragm rigidly clamped along the periphery a
loaded at the center to produce an out-of-plane deflect
The specimen is illuminated symmetrically at angles 20 a
220 deg with two collimated beams of 30 mm diamet
The expanded pump beam of higher intensity is added
the crystal at an angle of 20 deg with respect to the ob
beam. The polarizations of all the beams are chosen in s
a way that they aree polarized inside the crystal to explo
the maximum electro-optic coefficientg42 ~Ref. 17!. For
phase step calibration and measurement, a low-voltage
driver with a position sensor~Model PI 810, Physik Instru-
ments, Germany! is used in the setup. Initially the PZT
mirror is not activated~the phase stepa50!. Due to the
slow response time of the BaTiO3 crystal, the amplification
of the object beam takes a finite time~;10 s! to reach
steady state. Once the hologram formation reaches
steady state, the object is given a small out-of-plane defl
tion, resulting in an appearance of fringes instantaneou
The real-time fringe patterns recorded directly from the T
monitor with one illuminating beam at a time are shown
Figs. 3~a! and 3~b!. When both illuminating beams are use
simultaneously, the resultant fringe pattern is also the sa
as obtained with individual beams since the object def
mation is practically out of plane. The combined pattern
shown in Fig. 3~c!. Now the PZT mirror is activated and
2921Optical Engineering, Vol. 37 No. 11, November 1998
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2922 Optical Engi
Fig. 3 Fringe patterns obtained with the two-beam illumination configuration when the phase step a
50: (a) and (b) fringes recorded with one-at-a-time individual illumination beams and (c) fringes
obtained when both illuminating beams are simultaneously present. The fringe patterns are identical in
the present situation, and they are the same for even multiples of p phase shift.
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the voltage is applied in a controlled manner using a P
controller via the host computer. The phase-shifted frin
patterns are observed continuously on the monitor with
erence to the unshifted fringe pattern generated from
other illuminating beam. The combined fringe pattern
also monitored during the calibration for different appli
voltages. At a particular applied voltage, the combin
fringe pattern completely disappears on the monitor a
this voltage corresponds to a phase shiftp.

The stored interferograms when the phase shifta5p
are shown in Figs. 4~a! and 4~b! with one illumination
beam each and in Fig. 4~c! when both beams illuminate th
object. The simulated fringe patterns based on the theo
ical solutions and experimental parameters when the ph
shift exactly equalsp are shown in Figs. 5~a! and 5~b! for
the case of one illumination beam and for the case of b
illumination beams, respectively. Figure 6 shows the vis
calibration achieved by observing the fringe patterns on
monitor extended up to 14p phase shift and the phase sh
as a function of applied voltage. In the present setup, o
small voltages are required to drive the PZT for the
quired phase steps, and the phase step is linear with
applied voltage. The repeatability in phase step calibra
is carried out a number of times by varying the input vo
age from zero to maximum. From the experimental res
for a 54-mV input signal which provides a phase shift ofp,
the accuracy of the phase step measured is around 0.17
neering, Vol. 37 No. 11, November 1998
-
e

e

g.

3 Phase Measurement

The optical arrangement is same as shown in Fig. 1 exc
that illumination beamB is blocked for phase measure
ment. Once the two-beam coupling process reaches
steady state, the object is subjected to a small out-of-pl
displacement. This disturbs the two-beam coupling proc
and results in an interferogram due to the interference
the diffracted pump beam and directly transmitted obj
beam at the CCD plane. The interferogram due to ob
deformation is stored in the host computer. The interfe
grams with calibrated phase steps achieved by shifting
PZT mirror in the object beam are also stored in the co
puter. To store the shifted fringe patterns, a discrete s
method,17 as mentioned earlier, in which the writing beam
are blocked at each phase step is used here. In this, onc
initial interferogram, which represents the deformation
an object, is stored, the writing beams~both object and
pump beams! are cut off by closing the electronic shutter
front of the laser beam. During each phase step change
writing beams are allowed to fall on the crystal, with a
exposure time much smaller than that required for est
lishing two-beam coupling. The process is continued
steps, with the beams being cut off after each phase ste
each step, at the observation plane, the initial state of
object is compared with the phase shifted deformed s
Fig. 4 Interferograms obtained with the two-beam illumination method: (a) p phase-shifted fringe
pattern obtained from illumination beam A when illuminating beam B is blocked, (b) unshifted fringe
patterns from illumination beam B when illuminating beam A is blocked, and (c) fringe-free field with a
constant bias when both illuminating beams are simultaneously present.
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and the resulting interferograms are grabbed. The irra
ance distribution in each interferogram at any pixel on
detector array can be expressed as

I 5I 0@11V cos~d1a!#, ~13!

wherea is the phase step,V is the modulation factor, andd
is the phase to be measured. The phase changed is calcu-
lated pixel by pixel with the help of the following four-ste
algorithm

d5tan21S I 42I 2

I 12I 3
D , ~14!

whereI 1 , I 2 , I 3 , andI 4 are the intensities corresponding
the phase shiftsa50, p/2, p, and 3p/2, respectively. The
result is the module 2p phase map of the original interfero
gram.

The relationship between the wavefront phase and
surface deformationw is given by18

w5
ld

2p~11cosu!
. ~15!

Fig. 5 Simulated fringe patterns based on the theoretical solutions
and experimental parameters generated for p phase shift. These
fringe patterns are same as shown in Figs. 4(b) and 4(c).

Fig. 6 Linear relationship of the phase step with the applied voltage
obtained from the real-time visual observation configuration.
The experimental results for a centrally loaded d
phragm rigidly clamped along the periphery are shown
Fig. 7. Figure 7~a! shows the out-of-plane displaceme
fringes and the pattern is low-pass filtered using a 333
convolution window, and the raw phase map is shown
Fig. 7~b!. The 2p phase ambiguity in the raw phase plot
corrected and scaled by Eq.~15! to obtain the 3-D plot
depicting surface deformation of an object. Figure 7~c! rep-
resents the out-of-plane distributionw generated from the
corrected phase map.

4 Conclusion

We presented a simple real-time visual method for ph
step calibration and phase measurement using a nov
whole-field filtering technique with a BaTiO3 crystal as
a recording medium. The phase step is introduced
changing the phase of the illumination beam. The pha
shifting technique can be implemented by shifting t
phase of the pump beam also. It is also demonstrated

Fig. 7 Results obtained with the single-beam illumination image
plane holography configuration: (a) the fringe pattern photographed
directly from the monitor, (b) the raw phase map, and (c) the 3-D
plot of the surface deformation from the phase maps after the re-
moval of 2p phase ambiguity.
2923Optical Engineering, Vol. 37 No. 11, November 1998
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the slow response time of the BaTiO3 crystal can be used
for phase measurement by skillful management of expos
times.
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