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Phase profile analysis of transparent objects through the use of a two
windows interferometer based on a one beam splitter configuration
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In this research we implemented a two windows interferometer based on polarization phase shifting
and grating interferometry techniques in order to retrieve the phase data profile of the object in a single
capture. The optical configuration has two optical beams with circular polarization in opposite directions,
and it is coupled with a 4-f system. An amplitude grid is used as a filter which is placed at the Fourier
plane to obtain replicas of each beam which can properly interfere, depending on the separation between
beams. The interferometer presents the capability of changing the beam separation in order to make
different orders interfere properly. The interference patterns produced can be separately modulated
through the operation of linear polarizer’s placed on each interference replica. In order to present the
capabilities of the system we will select four interferograms result of contiguous orders interference.

© 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

In this work, we propose a simple optical system that allows the
capture of n-interferograms with controllable relative phase shifts
in a single capture. The optical arrangement presented is based on
principles of polarization phase shifting techniques [1] and grat-
ing interferometry [2,3]. A common polarizing optical system uses
linear polarizing filters and quarter-wave plates (QWP) to achieve
modulation [1], one of the most relevant are the micropolarizers
arrays [4] and others authors have proposed an improvements of
them using harmonics rejections algorithms or the use of nine shifts
[5]. These systems present the advantage of not requiring mechan-
ical components such as piezo-electric mirror, or special diffractive
elements to obtain a phase shift in the interferograms, hence the
system is insensitive to external vibrations.

The proposed optical system presents mechanical stability
against external vibrations, due to the two beams generated by a
polarizing beam splitter (PBS) are common path. The two beams
are redirected to a 4-f system. A diffraction grid collocated at
Fourier plane produces replicas of the two beams, which interfere to
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generate n-interferograms. The phase shifts between the interfer-
ograms can be generated by polarization components. This system
allows us to measure the phase profile with high accuracy. A dif-
ference with the systems presented by our groups in Ref. [2] and
Ref. [5] is that we used a two-window arrangement with fixed
separation, designed in accordance with the grating used and the
matching condition xg = Af/d, where xq is the beam separation, d
the spatial period and A the wavelength of the source. The opti-
cal set-up presented here generates two beams whose separation
can be adjusted according to the characteristics of the components
used, such as the grating or lens.

In order to reduce the use of more expensive components, like
phase gratings used before, we are proposing the use of low cost
amplitude gratings for the generation of replicas of the interfering
beams. Too some considerations are proposed in this experiment.

2. Experimental setup

Fig. 1 shows the experimental setup used. When a quarter wave
plate (Q) and a linear polarizing filter Py intercept a laser beam, it is
generated linearly polarized light oriented at 45°. The light comes
from a He-Ne laser operating at A = 632.8 nm. Fig. 1(a) shows a
polarizing beam splitter which divide the beam into two beams A
and B with orthogonal linear polarizations. The spacing between
the beams, X, it can be controlled by a displacement between the
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Fig.1. Experimental setup. Q;: quarter wave plate, P;: polarizing filters. PBS: polariz-
ing beam splitter; M: mirror. Beams: A, B. L;: lens, G(i,v): Grid. xo: beam separation.
O(x,y): object plane. O'(x',y'): image plane.

mirrors M. Quarter wave plates QL (45) and QR (—45) are placed
in each one of the beams respectively, to generate a right circular
polarizations in A and left circular polarizations in B. This system
is simpler than other arrangements previously presented such as
Mach Zehnder interferometer [2] or a common path configuration
[3] that have been used to generate a double window.

The systemin Fig. 1(a) is coupled to a 4-farrangement which has
two similar achromatic lenses (focal length f=250 mm) and a grid
G(u,v) placed at the system’s pupil (spatial period d = 0.01 mm). In
the image plane can be observed interference patterns which are
obtained from the superposition of the replicas of windows A and
B, centered in each diffraction order. The result is n-interference
patterns.

The phase shifts can be operated independently by placing of
linear polarizer over each interference pattern. Each polarizing fil-
ter is adjusted at a different angle i to obtain the desired phase
shift. In the arrangement shown in Fig. 1, the Beam A is the refer-
ence beam whereas that the target object is placed intercepting the
beam B.

3. Interferometry using an amplitude grid

In the one-dimensional case the amplitude transmission of an
amplitude grating can be written as the periodic function [6]

c(u):rect[“}®ia[“g”d} (1)

Aaw w

n=—

with u denoting the object space, d=ay +by being the grating
period, ay and by, being the widths of the clear and dark bands
respectively (in this case it is considered that the separation
between dark and clear bands is the same), 8(x) denoting the
Dirac delta function, and ® indicating convolution. Thus, the Fourier
transform of Eq. (1) with N — oo is given by:

o0

G(x) = aFW sin c(awx) Z ) (x - g)
= a(‘j"’zi: sinc(awg)S(X—g> = gcn-S(X—Z), (2)

where C, results as the n-Fourier complex coefficient of G(u). In
general, a grid, placed on the Fourier plane, can be generated by the
multiplication of two gratings placed with their axes orthogonally
oriented:

N L
G, v) = {rect |:(%:| ®ZB [M;Xnd] } {rect |:%j| ®Z§ |:V;ynd:| } ’
n=-N I=-L

3)

where N, L are the numbers of components of the grating, d is the
same period along the directions “x” and “y”, and ax, a, are the

(b) (c)

Fig. 2. (a) Diffraction orders generated by the grid. (b) Replicas of the two beams
generated by the grating. (c) Interference patterns used to recover the optical phase.

widths in clear strips along each one of both directions. Due to the
properties of the Fourier transform, the corresponding spectrum is:

G(x,y)=G(x)-Gy) = Z—z" XN: sinc (%’" ‘x>
n=-N
) (x—Z)isinc(a;y) -8(y—é> (4)
=L
N L
n;cn-a (x-4) ;C,-S(y— 7):

These coefficients C; and C; will modulate the intensity pattern
obtained at the image plane [2,3].

3.1. Replicas of the interference patterns and phase shifts

The interference patterns are obtained of the interference
between the replicas of beams A and B. Fig. 2 shows some represen-
tative results corresponding how the grid generates replicas of the
beams A and B. Fig. 2(a) shows the diffraction pattern generated by a
grid, it can be appreciated the changes in intensity and modulation
in each replica, due to the properties of diffraction gratings which
form the grid. Fig. 2(b) shows the replicas of the beam A (with right
circular polarization) and the replicas of the beam B (with left circu-
lar polarization). As has already been mentioned, the separation of
the beams can be adjusted to have interference between the orders
[(0, —1)(+1, 0)] respectively. Interferograms with the same modu-
lation and amplitude are obtained to the process of the retrieve of
optical phase using the known four-step algorithm. Finally, Fig. 2(c)
shows the resulting interference patterns.

4. Phase shifts generated by polarization

Taking into account that each beam has left and right circu-
lar polarization and the intensity is modulated by the Fourier
coefficients C,; and C;. After placing a linear polarizer at an angle
Y, the resulting interference pattern obtained is I(x,y)

2

- - i¢[(x+ (n+ l).d (y+l~d))]
I(X"V): A'ZCH.I+B'ZCm+],n'€ 2)™ (5)
nl n,l

with A and B, the amplitudes of each beam, given by:
A:]]/ij9 B:_II[/'jR» (6)

where the Jones vectors corresponding to left and right circular
polarizations are defined as:

JL=<:) JR=(_1i) ™)

and Jy, is the corresponding matrix of a polarizer at an arbitrary
angle . We can show that Eq. (5), can be simplified to:

1(%,Y) = (Co)* + (Cas1.)* +2 - Cog - g1 - €OS[2 - Y + (%, Y)]. (8)
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Fig. 3. Reference wavefront.(a) Interference patterns captured simultaneously with
relative phase shifts of 77/2. (b) 3D phase profile.

Considering that the amplitudes and modulation are compara-
ble, Eq. (8) can be simplified as:

li(x,y)=1+cos [2- ¥ — d(x,¥)] , ©)

where [;j(x,y) represents the intensity distribution with i=1,...,4
captured by the CCD camera in a single shot. The polarization filters
angles are: v =0°, ¥, =45°, ¥3=90° and ¥4 =135°, and each one
of them represents phase shifts £ of 0, /2, 7 and 37/2 respectively.

To minimize errors in amplitude generated by the placement
of polarizers at different angles [7,8], every interferogram used
was subjected to a rescaling and normalization process, using dig-
ital image processing techniques [9,10]. This procedure generates
patterns of equal intensities. The relative phase can be calculated
as:

L—1I4
[

tan¢ = (10)
The method used for unwrapping the phase data was a Quality-
Guided Path Following method [10].

5. Experimental results

Experimental results were obtained with the optical system pro-
posed. A monochromatic camera (CMOS) with 1280 x 1024 pixels
was used in the capture of the images. Fig. 3(a) shows the inter-
ference patterns generated by the proposed optical system when
illuminated with the reference wavefront. The phase obtained from
the processing of the interferograms was used as a reference phase
map, and subtracted from the phases obtained for the rest of the
cases presented. The phase shown in Fig. 3(b) represents the phase
of a wavefront with tilt.

Fig. 4 shows the results obtained for a sample of glass slide on
which a phase step of a wide of 0.5 mm was manufactured. In the
interference patterns retrieved, the ends of the striped groove on

]

@ (b)

Fig. 4. Phase step marking on a slide. (a) Interference patterns captured simulta-
neously with relative phase shifts /2. (b) 3D phase profile.

00

(a)

Fig. 5. Acetate plate subjected to tension. (a) Interference patterns captured simul-
taneously with relative phase shifts 7r/2. (b) 3D phase profile.

the glass slides can be clearly seen (see Fig. 4(a)). Fig. 4(b) shows
the retrieved phase obtained for this sample.

Fig. 5 shows the results obtained with an acetate plate. The
object consisted of elastic surface of 2.5cm x 2.5cm, clamped
rigidly at one end. The free end of the surface is clamped and get out
uniformly. For the purpose of the presentation of data, the target
object is subjected to only in-plane-y deformation.

This load produces in-plane and out-of-plane deformations,
which can be detected by the kind object illumination. It can be
seen that a change in the frequency of the fringes in relation to the
reference interference pattern. The phase recovered through the
methods given is shown in Fig. 5(b).

6. Conclusions

A polarizing phase shifting two-windows interferometer with
grid has been described. The optical system permits to obtain
the optical phase data of phase objects using four interferograms
in single capture. The presented technique can be used in the
measurement of dynamic phase objects. The combination of ampli-
tude grids and conventional polarizing elements optimizes the
interferometric system and simplifies other arrangements pre-
viously presented, where a Mach-Zehnder interferometer or a
common path configuration have been used to generate a double
window.
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