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'The method to obtain four speckle patterns with relative phase shift of 7 /2 by passive devices
such as two waveplates and a linear polarizer, and to calculate the phase at each point of the
speckle pattern in shearography with a Wollaston prism is presented, and the feasibility of the

proposed method is theoretically demonstrated by Jones vector.
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I. INTRODUCTION

Shearography measures directly the deformation deri-
vatives using a laser and hence obtains directly strain
information. The most important laser speckle measuring
methods are electronic speckle pattern interferometry
(ESPI) and speckle pattern shearing interferometry (or
shearography). The phase distribution in a speckle
pattern is random, thus no fringes are visible in a single
speckle pattern except for the bright and dark speckles.
However, a visible fringe pattern depicting deformation
in ESPI and deformation derivative in shearography
does appear if two speckle patterns corresponding to
two object states (before and after deformation) are
recorded and a comparison between them is made. This
procedure is the well-known double-exposure technique.
This is the basic concept of ESPI and shearography for
measurement of deformation and deformation deriva-
tives.

Shearography can be used to reveal flaws or irre-
gularities in mechanical components, electrical devices,
and civil engineering structures, as well as in human
and biological organs. Shearography detects both surface
and internal flaws. This is because the internal defects,
unless very remote from the surface, also affect the
surface deformation. Leendertz and Butters reported
on the direct measurement of the first derivative of
deformation by using shearography in 1973 [1]. In 1982,
Y. Y. Hung further developed this technique, and he
published his results as obtained by shearography for
NDT (Non-Destructive Test) and the numerical determi-
nation of the out-of-plane deformation gradient [2].
This methods required wet-chemical processing of the

film and optical reconstruction of the shearogram.
Contrary to the technique of film registration, digital
shearography registers speckle patterns by CCD camera,
and data are processed online by an image processor
unit. By using this technique, wet-chemical processing
of the film and optical reconstruction of the shearo-
gram are not required, which makes it possible to
observe the shearogram in real time(at video rate).
Digital shearography can determine the out-of-plane
components numerically, as in photographic shearo-
graphy, and can be applicable to various fields [3-6].

The output of shearography is in the form of a fringe
pattern which requires human interpretation. The dis-
placement derivative at a point of interest is generally
determined by multiplying the fringe order at the point
with a constant of the system. One major difficulty in
the fringe interpretation has been the identification of
fringe orders. The difficulty stems from the ambiguities
in determining fringe orders and their signs. At present,
one common practice to identify fringe orders relies upon
prior knowledge of the problem, such as boundary
conditions and the nature of the problem. For years,
this problem has been a major stumbling block to the
automation of fringe phase determination in shearo-
graphy.

Recently, a phase-shift technique has been developed
which allows the determination of fringe phase distri-
bution in digital shearography to be automated. The
technique is based on superimposing a uniform phase
on the original fringe pattern, thus producing a phase
shift in the fringe pattern. The phase shift is achieved
by tilting the direction of illumination, and the amount
of phase shift can be controlled at will [7].
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Phase-shifting technique is a method that determines
the phase distribution of speckle pattern from the
measured intensities by shifting the additional phase
three times to five times [8,9].

Shearography is classified into two categories. The
first type of shearography produces and interferes a
pair of laterally sheared images, producing a speckle
image in the image plane using shearing elements such
as a glass wedge, Fresnel’s biprism, glass plate with
parallel faces, angular adjustable glass plates, and
divided lens. The second type of shearography uses a
Michelson interferometer as a shearing element. The
reflected laser beam passes the Michelson interferometer
and is focused on the CCD array of the image plane
implemented in the CCD camera. By a small tilting of
one mirror in the Michelson interferometer, two slightly
shifted images of the object are generated. The inter-
ferometric superimposition of both speckle patterns
yields a new specklegram in the CCD array.

To generate the required additional phase, the other
mirror of the Michelson interferometer is driven by a
piezoelectric crystal (PZT). A linear movement of the
mirror controlled by the piezoelectric crystal results in
the additional phase.

Shearography with a Wollaston prism has simple
structure and is robust to large disturbance from en-
vironment [10,11]. But the shearography has a drawback
that the application of phase-shifting technique is difficult.
Recently, to solve the problem, the phase-shifting tech-
nique applied to the shearographic system with a
Wollason prism has been reported. The technique uses
a highly birefringent optical fiber to illuminate a test
object with equal amounts of orthogonally polarized
light, and the interferometer is readily phase stepped,
without mechanical movement of components, by strain
modulation of the relative phase of the polarization
states in the fiber [12].

In this paper, the method to obtain four speckle
patterns with relative phase shift of 7 /2 by passive
devices such as two waveplates and a linear polarizer,
and to calculate the phase at each point of the speckle
pattern in shearography with a Wollaston prism is
presented, and the feasibility of the proposed method
is theoretically demonstrated by Jones vector.

II. SHEAROGRAPHY WITH A
WOLLASTON PRISM

Shearography with a Wollaston prism obtains the
shearing image using a Wollaston prism instead of the
Michelson interferometer. Figure 1 shows the operation
of a Wollasten prism, which has a net effect of splitting
a ray polarized at 45 degree into two rays that are out
of phase, separated from each other, and orthogonally
polarized to each other.

Figure 2 shows the schematic setup of a conventional

shearography with a Wollaston prism. The application
of a Wollaston prism yields a pair of laterally sheared
images of the investigated object that is observed in
the image plane; i.e., the point P; on the object’s
surface is separated into two points P’ and P;” in the
image plane, and point P, on the objects’s surface is
divided into two points Py’ and Py" in the image plane
as well. The rays from two points in an adjusted
distance on the object’s surface meet in one point Py
and Py” on the image plane. Light waves belonging to
points P and P; interfere in this position on the image
plane. Using the interference of each point in the image
plane yields a speckle interferogram. §z is the shearing
distance in the object’s plane; &z is the shearing
distance in the image plane. Since the polarizations of
the optical waves that are reflected from points P; and
Py, and then pass through the Wollaston prism are
orthogonal, two rays orthogonally polarized to each
other do not interfere in the image plane. For fringes
to appear, a polarizer, whose axis is at 45 degree to
the polarization axes of the Wollaston prism, must be
placed at the image plane.

In the absence of the linear polarizer, if the object
is coherently illuminated, the optical waves that are
reflected from points P; and P3, and then pass through
a Wollaston prism arrive at two points Py and Py". The
optical waves reflected from the points Py and Py can
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FIG. 1. Operation of a Wollaston prism.
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FIG. 2. Shearographic system with a Wollaston prism.
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be described by the complex exponential functions

18(x.y)
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where @(x,y) and 6@(x+ 6x,y) represent the random
phase relation of the light from points P(x,y) and
Ps(x+ 6x, v), respectively, and a; and g, are the light
amplitudes, which are assumed equal for the two
neighboring points. Since the optical waves, U; and Uy,
have orthogonal polarization, they do not interfere
with each other in the image plane. A linear polarizer,
whose axis is at 45 degree to the polarization axes of
the Wollaston prism, must be placed in the image
plane so that the two sheared images can interfere. In
the presence of the linear polarizer, Eq. (1) results in
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The intensity corresponding to Eq. (2) is given by

I=UUs=(a%+a®/2+a,acos ¢
=1,(1+ ycos¢), (3)

where I,=(a%+ a3)/2 is the mean value of the intensity
(background brightness L), y=2a;a./(a%+a3) is the
modulation of the interference term, and ¢=g,— 0, is

the random phase difference. A visible fringe pattern
depicting the deformation derivative does appear if two
speckle patterns corresponding to two object states
(before and after deformation) are recorded and a
comparison between them is made.

This is the basic principle of the shearography with
a Wollaston prism. However, it is impossible to obtain
more accurate information because the shearographic
system with a Wollaston prism does not generate a
phase shift.

III. POLARIZATION PHASE-SHIFTING
TECHNIQUE USING WAVEPLATES AND A
LINEAR POLARIZER

In this paper, we propose a new system to generate
a phase shift using passive devices in shearography
with a Wollaston prism. Figure 3 shows the proposed
system, which consists of two waveplates and one
linear polarizer. In this figure, WP1 and WP2 are
waveplates, the slow axis of WP1 coincides with the
-x axis and the slow axis of WP2 is rotated by +45
degree with respect to the -x axis. In this paper, we
use Jones vector [13] to demonstrate that the proposed
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FIG. 3. Shearographic system consisting of a Wollaston
prism and two waveplates, and a linear polarizer.

system can generate a phase shift.
After passing through two waveplates, optical waves
reflected from points Py and P of Fig. 3 are given by

Iy

r —ig
U= cos—zl w_Lz'sinT2 e G 0 (Ul)
- iL' Ug
?isin& COS‘F—Z 0 :
2 2
;0 Iy .. Iy
= |2 COSTU1+ze smTUz 7 (4)

iisin% U1+e’F1 cos% U,

where the minus and plus signs correspond to the cases
in which the slow axis of WP2 is rotated by 45 degrees
and -45 degrees, respectively, with respect to the -x
axis, and ['; and I, are phase retardations of WP1
and WP2, respectively. After passing through a linear
polarizer, the complex amplitude of optical waves in
the image plane is given by

I
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where U ,p.+4; and U, correspond to the cases in
which the slow axis of WP2 is rotated by 45 degree
and -45 degree, respectively, with respect to the -x axis.
First, in the case of using two A/4 plates, since the
phase retardation is I';=I",=n/2, Eq. {5) results in
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The intensities corresponding to Eq. (6) are given by

Li=Uwiss Uwprs*
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=T,[1— ycos ¢]=I[1+ ycos(p+180)]. (8)
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Second, when the slow axes of WP1 and WP2 are
rotated at 0 and 45 degrees(or -45 degree) with respect
to the -x axis, respectively, the complex amplitude of
optical waves after passing through a linear polarizer
(which is rotated at 45 or -45 degree) are given by,
respectively,
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where U,,4 and U,_, correspond to the cases in
which the polarization axis of a linear polarizer is
rotated by 45 degrees and -45 degrees, respectively,
with respect to the -x axis. In which case in which
I' = n/2, I'y= n/2, the intensities corresponding to Egs.
(9) and (10) are given by

Is=UpissUjpis*=1/2[(a3+ a}) —2a ,a5sin ¢]

=Iy[1—ysin gl =141+ ycos(d+90)], (11)
I1=U, g U,-5*=1/2[(ai+ a}) +2a ,a,sin ¢]
=T,[1+ rsin ¢] = I,[1+ ycos (¢ + 270)]. (12)
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From Egs. (7), (8), (11), and (12), we can obtain
four intensity patterns with relative phase shift of 7/2
using two waveplates and a linear polarizer. Using
combination of A/2 plate and A/4 plate, we can also
obtain four intensity patterns with relative phase shift
of /2. In the case in which I'j=nx I'y;=x/2, the
intensity corresponding to Eq. (5) results in

UwﬁZi/lS:_%i{ U,+iUs} (13)

The intensities corresponding to Eq. (13) are given
by

Iy=Uup+as Unpprs5*
=1/2[(a*+a?) —2a,a,sin ¢]

=1I,[1—ysin g]=1I[1+ rcos(+90)], (14)
I,=Uup-5Uup-5*

=1/2[(a’+ a?) +2a,asin ¢

=TI,[1+ ysin gl =11+ ycos($+270)]. (15)

Second, when the slow axes of WP1 and WP2 are
rotated at 0 and 45 degrees (or -45 degrees) with respect
to -x axis, respectively, the complex amplitudes of
optical waves after passing through a linear polarizer
(which is rotated at 45 or -45 degrees) are given by
Egs. (9) and (10), respectively. In which case in which
I'y=n, I'y= r/2, the intensities corresponding to Eqgs.
(9) and (10) are given by

Is=U,i5U,i5*x=1/2[ (a3+ a) —2a 10 ,c0s ]

=1Io[1— ycos ] = Iy[ 1+ ycos (g +180)], (16)
I=Up 45U, ss*=1/2[(a}+ a3 +2a ,a,c0s $]
=TIo[1+ ycos ¢]. (17)

By adjusting the relative phase between two optical
waves using the two waveplates and a linear polarizer,
we can obtain four intensity patterns in Table 1 in the

TABLE 1. Intensity patterns by combination of two waveplates and a linear polarizer.

phase retardation - azimuth z.mgle of a azimuth angle of waveplates intensity pattern
of waveplates linear polarizer (degree) WP1(degree) WP2(degree)

0 0 45 I4[1+ ycos ¢]
r=x2 45 0 45(or -45) Io[1+ ycos(6+90)]
I'y=7/2 0 0 -45 I[1+ ycos(4+180)]

45 0 45(or -45) To[1+ yeos (¢ +270)]

-45 0 45(or -45) Iy[1+ ycos ¢]
Ii=n 0 0 45 14[1+ ycos(p+90)]
Iy=n/2 45 0 45(or -45) Iy[1+ ycos($+180)]
0 0 -45 I[14 ycos(¢+270)]
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image plane.

In Table 1, we see that we can obtain four speckle
patterns with relative phase shift of z/2 by combi-
nation of two A/4 plates and a linear polarizer, or A/2
and A/4 plates, and a linear polarizer. From four inten-
sity patterns, we can calculate the phase at each point
of the speckle interferogram, as follows:

I,—1
¢=arctanﬁ. (18)

Phase shifting interferometry can be carried out using
a variety of arrangements if we measure the intensity
in the interference plane for different orientations of
the polarization components. However, the errors in
the retardation of the phase plates and their azimuth
angle errors will influence the accuracy of the phase
measurement. The influence of the errors of the retar-
dation and azimuth angle of the polarization com-
ponents of a polarization phase shifter was reported, on
the phase measurement, in the phase shifting inter-
ferometry [14,15].

IV. CONCLUSION

In this paper, we presented the method to obtain
four speckle interferograms with relative phase shift of
7/2 by passive devices such as two waveplates and a
linear polarizer, calculated the phase at each point of
the speckle interferogram in shearography with a
Wollaston prism, and theoretically demonstrated the
feasibility of the proposed method by Jones vector.

In Table 1, we see that we can obtain four speckle
patterns with relative phase shift of z/2 by combi-
nation of two A/4 plates and a linear polarizer, or A/2
and A/4 plates, and a linear polarizer.

After four speckle patterns corresponding to two
object states (before and after deformation) are recorded
and then the phase at each point of the speckle pattern
is calculated, subtracting the phase distribution after
deformation from the phase distribution before defor-
mation yields a phase map of the relative phase
difference, which depicts the deformation derivatives.
The proposed system can generate a phase shift by
adding passive devices such as waveplates in the
conventional shearographic system with a Wollaston
prism. Also, to observe the shearogram in real time,
the proposed system can be adapted to instantaneous
phase measuring interferometry by introducing the
phase shifts in parallel channels.
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