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Abstract: We present a technique which allows us to generate two parallel
interferograms with phase shifts of 7/2 using a Cyclic Shear Interferometer
(CSI) and a polarizing splitter. Because of the use of a CSI, we obtain the
derivative phase data map directly, due to its configuration, it is immune to
vibrations because the reference wavefront and the object wavefront have a
common path; the shearing interferometer is insensitive to temperature and
vibration. To obtain the optical phase data map, two interferograms are
generated by collocating a polarizing device at the output of the CSI. The
optical phase was processed using a Vargas-Quiroga algorithm. Related
experimental results obtained for dynamic microscopic transparent samples
are presented.
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1. Introduction

Nowadays, there is a great variety of techniques to obtain n-phase shifts in one shot, and most
of them use diffractive elements [1-4], holographic ones [5,6] or pixelated phase masks
attached to a CCD camera [7], among others, to generate from 4 to 9 interferograms
simultaneously [8—10]; nevertheless, some of the components utilized in these arrangements
are still expensive. In order to reduce the cost of operation, we developed an alternative
system that does not use diffractive elements. The proposed system is based on obtaining
replicas of the shearogram using a nonpolarizing beam splitter (NPBS). We know that a
polarizing phase shifting Cyclic Shear Interferometer (CSI) can generate a shearogram with
circular polarization of opposite rotations after passing a quarter wave plate (QWP); if we use
this shearogram as an input in a polarizing device (See Fig. 1), the device will not only create
a replica of the interference pattern, it also generates a relative phase shift [1]. In this way,
one interferogram is transmitted and the other one is reflected; as a result, we obtain two
interference patterns with relative shifts of m/2. It is known that in lateral shearing
interferometry, two mutually displaced versions of the same wavefront are able to interfere.
The resulting interference pattern consists of fringes of equal wavefront slope with respect to
the shear (shearograms); this allows us to directly obtain the directional derivative of the
wavefront, which can be lateral or radial depending on the application. Typically a
piezoelectric translator is used for phase shifting interferometry and the errors generated by
this component are well-known [11,12], the technique presents the advantage of being free of
non-linear phase shifting unlike the piezoelectric-depending ones [12—14]; another advantage
is that the system is immune to vibrations because the reference wavefront and the object
wavefront are on a common path. Also, the shearing interferometer is insensitive to
temperature and air vibrations, due to the fact that the diffractive elements are not used in the
optical system. Errors caused by difference in amplitude or modulation, and errors generated
by the diffraction orders upon the interference patterns are not present in our arrangement, as
they are in other systems. In the following sections, we show the patterns generated by the
system which have relative phase shifts of n/2; with this, we only use two interferograms,
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avoiding the use of phase shifts. In order to process the optical phase, we utilized the Vargas-
Quiroga method, which uses a Regularized Optical Flow (ROF) algorithm [15] that will allow
us to analyze static and dynamic phase objects. As mentioned before, the principal advantages
of this system, compared to others previously published [1-6], are that the system does not
need a temporal phase shift to obtain the phase derivative, also we avoid the use of diffractive
elements as pixilated masks or gratings, it is only necessary to collocate a polarizer at 0 and
m/4 covering each interferogram at the image plane of the system [1,7,9].

2. Experimental setup

The experimental setup for dynamic phase imaging using parallel interferograms is shown in
Fig. 1. It can be seen that the experimental set-up consists of a CSI and a polarizing beam
splitter (utilizing a laser diode as the source, operating at A = 532 nm; its polarization is
arranged to be at 45° by using a half-wave plate HWP and a linear polarizer P at the exit of
the source). The polarizing beam splitter, PBS, splits the incident beam into perpendicular and
parallel polarizing components, and their separation x, is controlled by the lateral movement
(Axy) of the mirror M,. At the output of the CSI, a Quarter-Wave Plate (QWP) converts one
of the two interfering beams into a right-handed circularly polarized beam and the second one
into a left-handed circularly polarized beam [4]. Considering that a is the beam’s transversal
section, when xy < a, the result will be a single shearogram at the exit of the CSI. If the
shearogram has the described polarization properties when it enters NPBS, this will transmit
one pattern and reflect the other one; in this way, we will have two shearograms. Considering
the NPBS and the polarizer-array (covering each one of interferograms) as a polarizing
device, where the polarizer array consists of two polarizer's with their polarizations crossed at
a m/4 angle to each other, and according to the polarization phase shifting principles [1-4], the
two parallel interferogramns resulting have a phase shift of 7/2. As a result, we were able to
obtain the necessary two m/2—phase shifted interferograms in only one stage [7], as well as
directly obtain the phase derivative of the wavefront. Figure 2 shows some representative
results generated by the proposed system. In Fig. 2(a) we show the characteristic
interferograms of spherical aberration, which are generated with a collimating lens collocated
out of focus or misaligned, in the same figure, x; represents the adjustable separation between
the two interferograms which is achieved by moving mirror M;. Figure 2(b) shows three
micro-particles fixed on a slide (enclosed in a circle). Figure 2(c) was generated using water
with baking-soda (which created an effervescence effect) to obtain bubbles that ascend and
create flow lines. In Fig. 2(d) are presented the parallel interferograms of a thin candle flame,
it can be seen that the parallel patterns are distorted when placing the flame.
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Fig. 1. Parallel phase shifting interferometry. L;: lenses. MO: Microscope objective(40X).
HWP: Half Wave Plate. P: polarizer filters. M;: Mirrors. Ax,: Adjustment of mirrors. x: beam
separation. x;: shearograms separation. PBS: polarizer beam splitter. QWP: Quarter Wave
Plate. NPBS: nonpolarizer beam splitter. Ii(x,y): Interference patterns.

Fig. 2. Experimental results. (a) Characteristic pattern with relative phase shifts of z/2. (b)
Interference patterns generated for the system with shear in the y direction; the circle shows

one of 3 microparticles of diameter d, = 0.5mm . (c) Parallel representative patterns of a
phase fluid (d, = 0.5mm ). (d) Parallel representative patterns of dynamic phase induced by

the change of refraction index induced by a candle flame. 7, = 2 mm .
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2.1. Two step-algorithm

The relative phase is calculated by means of the Vargas-Quiroga method [15], which requires
a constant phase shift between the interferograms that can vary between the values of 0 to 2m;
the algorithm does not require the value of the shift due to the configuration of the proposed
system. The two interference patterns captured by the CCD camera with a relative n/2 phase
shift between them are represented as:

Il(x,y):A0+Alsin[M} : Iz(x,y):A0+Alco{M}, (1)
dy dy

where A4, represents background illumination, A4; is the amplitude modulation term, and
0@(x,y)/dy is the term of the phase derivative. In general, by controlling adequately the

conditions of the experiment with the illumination and the angles of the retarder plates and
the polarizing filters, the terms A, for both interferograms must be equal. The amplitude
modulation terms (A;) remain constant in both interferograms because we are not using
diffractive elements to obtain the replicas, nevertheless, we apply a normalization process to
the fringe patterns in order to avoid possible errors introduced by small variations of the
amplitude Ay and the modulation A, in both interferograms [16—19]. The algorithm that was
utilized allows us to obtain the wrapped phase using both interferograms: it first obtains the
direction of the fringes using a regularized optical flow method to obtain the sign of the
phase; then, it applies a spiral phase transform to calculate the optical phase. Our system,
along with this method, allows us to perform the analysis of static and dynamic samples. The
2n ambiguity can be retrieved by means of a phase unwrapping process, so the optical
unwrapped phase can be obtained. In order to remove the background phase, the phase
retrieval procedure should include a phase reference in step where the background is
measured beforehand [9,10], in other words, the background phase is calculated without the
target object.

We know that the phase of a shearogram is proportional to the deformation, namely, the
derivative of the displacement; considering it, when an object is illuminated by a single
collimated beam, the relationship between the phase difference and the change in
displacement [20-23] is obtained from:

a¢(x,y)=2_7t' Sing%+(l+cos9)a—w Ay, @
dy A dy dy

where u and w specify the displacement components. The fringe pattern has contributions
from the deformation Ju/dy and the slope ow/dy. If we consider that a phase object

transmits incident light and it is illuminated in the normal direction (8 =0°). This is:

00(x,y) 4rm | ow(x,

¥=_. o, ) Ay,. 3)
dy A dy

where Ay, is the introduced lateral shear. The phase difference provides the partial derivative

of the out-of-plane displacement for this case the slope only [24]. In this case, if we want to
obtain the phase, we have to integrate the slope in both directions; nevertheless, in this stage
of the work we present the measurement of the slope since it gives us the information of the
variations of the object in the shear's direction [16].

3. Dynamic and static experimental results

The parallel interferograms were acquired by a 3.0 Megapixel CMOS sensor (color camera)
with 2048 x 1536 pixels (pixel size, 3.2 x 3.2 wm). The laser beam is expanded to a diameter
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of 10 mm, the microscope objective used has a magnification M = 40 and numerical aperture
NA = 0.6. The CCD camera is adjusted to capture the images of two interference patterns
simultaneously; each pattern was filtered using a conventional low-pass filter to remove sharp
edges and details. One of the advantages of the system is that diffractive elements are not
included to generate the two patterns. Consequently, it is not necessary to make corrections in
fringe modulation. Figure 3 shows the experimental results obtained after placing
microparticles (with a diameter of d; =0.5 mm) collocated over a microscope slide. In Fig.
3(a) shows the changes of the z-directions introduced by the microparticles, it modifies the
surface of slide, the phase changes introduced by the microparticles would be equivalent to
obtaining a slope as is shown in Fig. 3(b). Figures 4 and 5 show the experimental results
obtained for transparent organic samples. The results shown in Fig. 4 correspond to the phase
changes generated by a resin called glycerinated gelatin [25], which is used to fix organic
samples to microscope's slides. As it can be seen, the resin introduces a phase change to the
original pattern, the two patterns obtained in one shot are shown in Fig. 4(a), and its
distribution is not homogeneous due to the non-uniformity of the surface, these variations are
observed in the slope associated with the changes of the phase; see Fig. 4(b).

x[mm]

(a) (b)

Fig. 3. Inorganic Samples. Experimental results of microparticles. (a) Parallel shearograms
captured in single shot. (b) Slope.

L L

() (b)

Fig. 4. Organic samples glycerinated gelatin on microscope slide. (a) Parallel shearograms
captured in single shot. (b) Slope.

Figure 5 shows the experimental results obtained with a microarthropod called
Collembola, which is fixed to a microscopes slide with the resin represented in Fig. 5(a), in
this case, the phase changes generated for the organic sample can be clearly seen in the
parallel shearograms, in Fig. 5(b) as see the slope associated with the derivative of the phase
which provides indications of the associated variations with the anomalies in the morphology
of the sample.
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(a) (b)

Fig. 5. Organic samples: phase change induced by the microarthropod Collembola. (a) Parallel
shearograms captured in single shot. (b) Slope.

In order to show the advantages of the proposed system, in Fig. 6 we present the
experimental results obtained with a dynamic transparent sample. Figure 6(a) shows the
parallel interferograms and Fig. 6(b) presents the slope associated with the variations due to
the phase. In animation (Media 1), slope associated with the phase changes generated by the
flame of a candle are presented.

(2)

Fig. 6. Dynamic transparent sample. (a) Parallel shearograms. (b) Slope profile of a flame
varying in time (Media 1).

The system can be modified to become a radial shear interferometer when a lens is placed
on the trajectory of CSI, as a result, two images with slightly different in magnification will
be focused at the CCD plane. Figure 7 shows the characteristic patterns of these symmetries.
Figure 7(a) shows the two radial-shearograms obtained in one shot and Fig. 7(b) shows radial

slope, the fringes obtained are contours of r[dw(r)/dr].

07

(a) (b)

Fig. 7. Typical shearograms for radial shear obtained in a single shot. (a) Parallel shearograms
of an aberrated wavefront. (b) Radial slope.

Figure 8 shows the results obtained from a sample of Red Blood Cells (RBC) collocated
on a microscope slide; in this case we utilized a CSI operating in the non-shearing mode. In
the results presented the sample phase is represented in terms of the optical path difference
(OPD) in units of the wavelength of the utilized light source. The parallel shearograms
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presented in Fig. 8(a) it can be clearly appreciated the RBC cells; in the animation it's
observed the displacement of the sample due to gravity force (Media 2). Figures 8(b) and 8(c)
present the phase reconstruction of the group of RBC, Fig. 8(d) shows the OPD for a single
isolated RBC. By observing one blood cell, it can be noticed that the OPD and it allows us to
calculate the mean thickness as OPD/An = 2.28 um [26-28].

70
I, 60
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(b) 00 16 20 30 40 56 60 70

OPD[waves]
_QU'\-G.
OPD[waves]

AN W A

(c) (d)

Fig. 8. Phase changes introduced by RBC smeared on a microscope slide. (a) Parallel
shearograms captured in single shot (Media 2). (b)-(c) OPD. (d) Single reconstruction of RBC.

Final remarks

In this work, we proposed a new configuration for a parallel shearing interferometry system
which is based on one cyclic shear interferometer that allows one to obtain the slope
generated by transparent samples using two interferograms. The research provides a
technique to optically obtain the first-order derivative of the phase via one shot phase-shifting
interferometry. The system is considerably simpler than other proposals, use of a minimal
number of optical elements, showing a suitable alternative to implement in an environment
outside laboratory. In the present case, as phase shifting is achieved through polarization
means, the proposed method is not suitable for birefringent transparent samples. For further
applications, this system can be developed to perform parallel four-step phase shifting
interferometry.
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