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Some equations were incorrect. Corrected equations are
presented in this paper.

1. Page 2, section 2, equation (2)
In equation (2), the argument of the Bessel functions was
missing. The correct equation is presented below:
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2. Page 3, section 2, equation (5)
Equation 5 has errors. The correct equation is presented
below:
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3. Page 4, figure 3 caption

Units of the separation xy are incorrect. The correct
values must be (¢c) xop = 18 mm and (d) xp = 26 mm, or
(¢)xp = 1.8 cmand (d) xo = 2.6 cm.

This correction also applies when figures 3(c) and (d) are
referred to in the text. See page 4, left column, lines 4 and 6.
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Abstract

Modulation of polarization is commonly employed in optical interferometry through the use of
polarizers and quarter-wave retarders. Phase shifts between interfering beams can be easily
controlled with such techniques. This communication describes some details of modulation of
polarization which are useful in phase shifting interferometry applied to the study of phase
objects. As an application, the case of a two-beam phase grating interferometer is discussed on
the grounds of polarization analysis as an example. The configuration presented does not
require micro-polarizer arrays or additional software to eliminate noise caused by vibration.
This system does not use a double window, and generates two beams, the separation of which
can be varied according to the characteristics of the grid used. Experimental results are also

given.

Keywords: image processing, dynamic interferometry, gratings, phase-shifting,
instrumentation, measurement and metrology, polarization, fringe analysis

Online supplementary data available from stacks.iop.org/JOpt/13/115502/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Phase shifting techniques are often used in optical interferom-
etry [1, 2], digital holography [2—4], electronic speckle pattern
interferometry and shearography [5—-8] because they allow one
to analyze samples using non-contact techniques with high
accuracy. The use of phase shifting modulated by polarization
has the advantage of not requiring mechanical components,
such as PZT, to obtain the phase shifts, since it decreases
the sensitivity of the system against external vibrations. A
common optical system uses linear polarizing filters and
birefringent quarter-wave plates to achieve modulation [9-15].

In this paper we propose a quasi-common-path inter-
ferometer based on a Mach-Zehnder (MZ) configuration
using simultaneous phase shifting interferometry modulated by

2040-8978/11/115502+08$33.00

polarization that shows insensitivity against external vibration.
Due to the fact that a MZ system is capable of obtaining two
beams, it can be used to implement a common path interferom-
eter that allows the measurement of dynamic events with high
accuracy. The configuration presented does not require items
such as micro-polarizers [16] but only conventional polarizers,
nor does it need additional software to eliminate noise caused
by vibration, as the two-beam interferometer is stable. Unlike
previously proposed interferometers [11], this system does not
use a double window (which should also have a separation x
given by the characteristics of the grid used), but it generates
two beams whose separation can be varied according to the
characteristics of the grid used to obtain the interference
patterns. The system implemented is a two-beam phase grating
interferometer (TBPGI) modulated by polarization, of which

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Simultaneous phase shifting quasi-common-path interferometer with modulation of polarization: PBS, polarizing beam splitter;
O(x, y), object plane; O’(x, y), image plane; L;, lens; G (i, v), phase grid; P;, polarizers; v;, polarizing filter transmission angle; beam

transversal section ¢ = 5 mm; grating period d = 110 lines mm ™~

retardation &’ = 1.519 rad.

a detailed description is presented in the following sections.
Experimental results for static and dynamic events for phase
objects are also presented.

2. Experimental setup

A combination of a quarter-wave plate Q and a linear
polarizing filter P, generates linearly polarized light oriented
at £45° entering the MZ system from a YVO; laser operating
at 532 nm (see figure 1). This configuration generates two
symmetrically displaced beams (beam displacement is larger
than beam size @) by moving mirrors M and M’, enabling
one to change the spacing x; between the beam centers.
Retardation plates with mutually orthogonal fast axes (Qy. and
QOr) are placed in front of beams A and B to generate left
and right nearly circular polarized light, respectively [15-18].
The transparent sample is collocated on B, and A is used as a
reference beam.

A phase grid carefully constructed by superposing two
commercially available phase gratings with their respective
grating vectors at £90° is placed at the system’s Fourier
planes as the pupil. Diffraction orders appear on the image
plane, forming a rectangular array. Around each order, an
interference pattern appears due to the optical fields associated
with each beam when proper matching conditions are met.
The interference patterns arise due to the superposition of the
diffraction patterns generated by each beam. Taking the rulings
of one grating along the w direction, and the rulings of the
second grating along the v direction, the resulting centered
phase grid can be written as
G(Mv U) — eiZ”Ag sin[27-Xou] eiZ”Ag sin[27- Xov]

o0 (e
= Z J, (2 Ay) el a%on Z J, (2 Ag) €2 Xov (1)

g=—00 r=—00

with 27 A, being the grating phase amplitude, and J, and J,
the Bessel functions of the first kind of integer order ¢, r,

s Xo =

10 mm; f = 150 mm. Retarding plate operating at A = 514.5 nm,

respectively. u = u/Af and v = v/Af are the frequency
coordinates scaled to the relevant wavelength and the focal
length f. X is the separation of two neighboring diffraction
orders in the image plane. The Fourier transform of the phase
grid becomes
. q=00 r=00
G(x,y) = Z Z J,2m Ag) J,

g=—00 r=—00

X 2 Ag)d(x — qXo,y —rXo), 2)

which consists of point-like diffraction orders distributed on
the image plane on the nodes of a lattice.

3. Fringe modulation and contrast in phase grating
interferometry

Phase grid interferometry is based on a two crossed phase
grating placed as the pupil in a 4- f Fourier optical system. A
convenient window pair for a grating interferometer implies a
vectorial amplitude transmittance given by

= - Xo - Xo

O(x,y)=Jv- A<x +5 y) + JRB<x -5 y), (3)
where x( is considered as the mutual separation between the
centers of each window along the coordinate axis, with an
arbitrary retardation o’ and the Jones vectors, Jp and Jg,

defined as
> 1 - 1
Jo= <ei°") , Jr = <ei“/> . “4)

One beam aperture can be described as A(x, y) and the
second one as B(x, y) = el?™Y) representing a relative phase
between both windows described by ¢ (x, y). As shown in
figure 1, placing a grating of spatial period d = Af/xp on
the Fourier plane, the corresponding transmittance is given by
G (i, v). The image O’(x, y) formed by the system consists
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Figure 2. 2D spectra of identical phase gratings to be crossed in order to construct a grid. (a) Theoretical amplitude signs of diffraction
orders, resulting from window displacement of £x(/2. (b) w-phase distribution of diffraction orders. Dashed lines enclose diffraction orders

of indices (0, n) or (m, 0).

basically of replications of each window at distances Xo; that
is, the convolution of O(x, y) with the Fourier transform of
the phase grating. Invoking the condition of matching first-
neighboring orders, Xo = x9, ¢’ = g + 1 and r’ = r, the
image is then basically described by

0'(x,y) = 0(x, »)G(x,y)

oo
= LY JgJr- Alx = (g + 1/2)x0, y — rxo)
q,r

oo
+ T Y Jypde - B(x = (' +1/2)x0, y — r'xp)
~
oo o0 N N
= > > Uidgde + Jrdgi
gq=—00 r=—00

x J, .e[i¢(xf(q+1/2)x0,y7rxo)]}.

®

By selecting the diffraction term of order gr, after placing

a linear polarizing filter with the transmission axis at an angle
¥, Py, its irradiance results as proportional to

> > . 2

= AW, o) - [(Jg0)2 + (U1 )?

+ 20 I g - cos[E (o) — o (x, y)]I (©)
where x" and y’ are the coordinates of the image plane,
=~ cos? sin Y cos ¥
P‘P = . .2 N
sin V¥ cos ¥ sin” Y 7)

jL’ == ﬁij, jR’ == I;ij,

Ay, o) and &(yr, ') are defined as [8]. Fringe contrast m,,
is represented by

20y Jgs1

m =
qr 2 2
J2 42,

, ®)

where each fringe contrast depends on the relative phases
between the Bessel functions J,. The Fourier spectrum of the

grid in our tests behaves as sketched in figure 2. Contrast is
positive for one half of the diffraction orders if the grating’s
Fourier coefficients are all positive for ¢ > 0, whereas the
other half will show alternating contrasts due to the odd parity
of Jog41. These results can also be depicted as in figure 2,
where two equal phase gratings with their respective +4th
diffraction order are assumed to be negative; thus, the —4th
diffraction order turns out also to be negative (see figure 2(a)).
A phase grid is formed with two gratings at 90°, and the
resulting Fourier spectrum forms a rectangular reticule (see
figure 2(b)) [19]; then, there are orders pointing out of the
plane of the paper (circles) and others pointing in the opposite
direction (crosses).

This means that there is a phase difference between such
orders when they interfere: some orders are in phase (dots with
dots or crosses with crosses, but only one symbol of these
is depicted), and others are out of phase (dots with crosses).
The respective contrast of each resulting interference pattern
depends on the relative phases between the Bessel orders J,;, so
the presence of only one symbol represents positive contrast,
while the presence of both symbols represents a reversal of
contrast. On the image plane, an interference pattern between
the fields associated with each window must appear within
each replicated window shifted by an amount & induced by
polarization.

3.1. 2D interference patterns generated by diffraction

The interference patterns are obtained from the interference
between the replicas of each beam, centered around each
diffraction order. Figure 3(a) presents the replicas of beam
A, with right circular polarization, and the replicas of beam
B, with left circular polarization; each order is superposed
depending on separation xo of the beams at the output
of the MZ system. Figure 3(b) presents the interference
pattern generated by the interference of contiguous orders
[(—1,=2), (0, —1), (+1,0), (+2, +1)], where xo = 8 mm.
Due to the capability of the system to change the separation
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Figure 3. Replicated beam generated through phase grating. (a) Replicas of beams A (continuous rectangle) and B (dotted rectangle).
(b) Interference pattern obtained by means of the order diffraction superposition presented in figure 2 (contiguous orders) for xo = 8 mm. By
changing beam separation, we can properly interfere different order diffractions (c) xo = 1.8 mm and (d) xo = 2.6 mm.
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Figure 4. Dependence of retardation («’) on wavelength A for
different birefringent wave plates.

of the beams, we also present the interference pattern
generated by other diffraction orders. Figure 3(c) presents
the interference pattern generated by the interference of
orders [(—2,0), (—1,+1), (0,42)] with xp = 1.8 mm,
and in figure 3(d) we also present order superposition
[(+1,=2), (+2, —1)] with xo = 2.6 mm. Varying the beam
separation (xp) allows the interference of orders of equal
amplitude, resulting in interference patterns of equal intensity
and equal modulation used for the processing of the phase data.
It can be seen that by using more distant orders, the interference
pattern number decreases due to the fringe contrast decrement
caused by the modulation obtained by the Bessel function of
the diffraction spectrum of the phase grid used.

For convenience, the experimental results presented in
this work were retrieved through the use of contiguous order
interference only, figure 3(b).

3.2. Phase shifts for inexact retardation

Figure 4 shows the dependence of retardation («’) on
wavelength X for different birefringent wave plates. This result
shows that retardation is not a linear function of wavelength,

ie.a'(A) = %%, with Ao being the operating wavelength of

the QWP, and X the wavelength of the laser used; so the retarda-
tion for /2 has to work with the correct wavelength shown in
the graph, where the horizontal line shows the case of &' = 7.
Representing the case of exact quarter-wave retardation, it is
readily found that £ (v, 5) = 2, A2(Y, 7) =1

Experimentally, phase shifting results after applying a
linear polarizer to each one of the interference patterns
generated around each diffracting order at the exit plane (7).
Each polarizing filter transmission axis is adjusted at a different
angle v; (see figure 5). Experimental observations suggest
a simplification for the polarizing filter array; thus, it is not
necessary to use all linear polarizing filters for all patterns;
only two polarizers (Py and P;) need to be placed, each one
covering two patterns with complementary phase shifts. Then,
Yo = 0° and ¥y = 46.577°, which leads to phase shifts & of,
0, /2, , and 37 /2; this can be seen in figure 5, where the
dotted boxes represent the polarizing filters.

4. Phase objects

A phase object (transparent) that is placed onto beam B can be
expressed as:

O, y)=1+i-¢@x,y); (€))

using this approach for thin phase objects where |¢ (x, y)|* <
1, it can be noted that the phase of the object is proportional
to the function that defines its shape. This way, we can know
the profile of the object by analyzing the optical phase; phase
reconstruction is performed using a four-step phase shifting
algorithm [17, 20, 21], so the phase can be obtained from the
following equation:

¢(x,y) = tan™' <;1 - I3>

»— 14

(10)

with /; being the intensity measurements captured in a single
shot, with the values of ¥ given by 1y = 0°, Y = 46.577°.
Applying the techniques of unwrapped phase to equation (10),
the profile of a thin phase object is:

O(x,y) =1+1-unwrap[¢(x, y)]. (11)

This result allows us to know the object’s profile. Since n-
interferograms can be obtained simultaneously, the dynamic
study of a phase object can be carried out.
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Figure 5. Replicas of the interference patterns obtained with the phase grid with w-phase shifts. (a) Polarizing filter array. (b) Experimental

interference patterns.
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Figure 6. Static object: phase dot. (a) Interference patterns. (b) Unwrapped phase.

5. Experimental results

The phase gratings that were used are commercially available
ones, which are nominally identical according to the seller
(Edmund Optics transmission grating; dimensions 25 X
25 mm?; dimensional tolerance +0.5 mm; substrate, optical
crown glass). By taking the phase shifting error as
86 = 28¢¥, and no variation in the measuring field,
we use conventional phase shifting algorithms to retrieve
the phase data map [22]. For the experimental results
presented, we used a monochromatic camera (CMOS) with
1280 pixels x 1024 pixels. Each pattern was filtered using a
conventional low-pass filter to remove sharp edges and details.
To reduce differences of irradiance and fringe modulation,
every interferogram used was subjected to a rescaling and
normalization process. This procedure generates patterns of
equal intensities and equal fringe modulation.

A phase dot was placed in the path of beam B, while beam
A was used as a reference; the results obtained are shown in
figure 6. Figure 6(a) shows the four patterns obtained in a
single shot, and figure 6(b) presents the profile of the phase
object in false color coding.

Figure 7 shows the case of moving distributions. The
upper row corresponds to flowing water on a microscope
slide, and it shows the profile resulting from phase
evolution ¢ (x, y, ) (media 1 available at stacks.iop.org/JOpt/
13/115502/mmedia). The lower row shows oil on a microscope
slide, it shows the temporal evolution of the oil flow (media

2 available at stacks.iop.org/JOpt/13/115502/mmedia), clearly
showing the phase changes induced by the oil. Figure 8 shows
the results for oil drops on microscope slides; the evolution of
the drops as they cross in front of the camera can be shown.
Images are presented in 4D [21] (media 3 available at stacks.
iop.org/JOpt/13/115502/mmedia).

5.1. Automated capture and phase data processing

In order to automate image capture and process the phase,
we developed a program called Dynamic Phase V.1 [23]
using Labview 8.5. The main purpose of the program is to
demodulate the fringe patterns generated by the optical system
using the conventional four-step phase shifting method. The
four interferograms retrieved have relative /2 phase shifts
generated simultaneously and distributed in a four-quadrant
image.

The configuration of our program starts by using an iris
diaphragm to locate a common zone of the interference replicas
used as a reference points (figure 9(a)); this procedure locates
each centroid of the points shot by the camera that belong
to the shifted interference patterns used. After locating each
reference point, a geometric mask (rectangle, ellipse, polygons,
etc) is selected in the program, taking into account the first
centroid, to obtain the common interference pattern region.
Through this procedure, our program is capable of selecting the
four interference pattern locations, and by using digital image
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Figure 7. Dynamic distributions. Representative frames. Evolution of the phase. Upper row: flowing water on a microscope slide (media 1
available at stacks.iop.org/JOpt/13/115502/mmedia). Lower row: oil on a microscope slide (media 2 available atstacks.iop.org/JOpt/13/

115502/mmedia). One capture per second.

Phase
unwrapped

Figure 8. Immersion oil on a microscope slide. Oil drops moving under gravity on a slide (media 3 available atstacks.iop.org/JOpt/13/

115502/mmedia). One capture per second.

Figure 9. Platform used to automate the phase data processing. (a) Selected the centroids of each interferograms. (b) The phase reference.

(c) Phase of the object under study.

processing filters in each interferogram, we obtain the wrapped
phase data.

The method used to unwrap the phase data was a quality-
guided path following method [24]. In order to obtain
the optical phase, first a reference phase map is taken (see
figure 9(b)), to be subtracted with the phase map of the object
in each capture. This is shown in figure 9(c). We are capable
of capturing one image every 100 ms with a resolution of
480 pixels x 480 pixels.

Figure 10 shows the DynamicPhase V.1 platform based
on a Labview structure. The program allows dynamic phase
measurements by imaging the four shifted interferograms in
a single capture. In this case, we present the temporal phase
evolution of a thin flame candle (media 4 available at stacks.
iop.org/JOpt/13/115502/mmedia).
dynamic phase objects can be analyzed with the optical system

These results show that

used.
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Figure 10. 4D Phase profile measurement. Representative capture of the developed program used for phase data processing (media 4

available at stacks.iop.org/JOpt/13/115502/mmedia).

6. Final remarks

The experimental setup for a simultaneous phase shifting
quasi-common-path interferometer based on a Mach—Zehnder
system has been described to obtain the profiles of phase
objects from theanalysis of optical phase using phase
shifting techniques. This system is able to obtain
several interferograms simultaneously. One of the primary
characteristics of the system presented is the adjustable beam
separation with the combination of the phase shift generated
for the grating, thus simplifying the polarizing filter array used.
This characteristic optimizes the interferometric system used
and allows the analysis of static and dynamic phase objects
by using an automated phase data processing platform briefly
introduced, allowing 4D phase profile measurement of phase
objects.
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