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We present experimental results obtained by a phase-shifting interferometer employing polarization capable of retrieve directional derivatives
in x-direction (lateral shear). The system was adapted to obtain radial derivative (radial shear) and implemented with a cyclic interferometer
with phase grid to multiplex the interference patterns. Using phase shifting by polarization, the interferometer is capable of processing the
optical phase data with n-interferograms captured in a single shot. Experimental results are presented.
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En este trabajo se presentan los resultados experimentales obtenidos con un sistema interferométrico de corrimiento de fase por polarización,
que puede obtener la derivada direccional en dirección x (desplazamiento lateral) y adaptando al arreglo para obtener la derivada radial
(desplazamiento radial). El interferómetro que se presenta consiste de un interferómetro ćıclico con rejilla de fase para multiplexar los
patrones de interferencia. Usando las técnicas de corrimiento de fase por polarización, el interfeŕometro es capaz de procesar la faseóptica a
partir de n-interferogramas capturados en una sola toma. Se presentan los resultados experimentales obtenidos.

Descriptores: Difracción; corrimiento de fase; desplazamiento lateral; desplazamiento radial; interferometrı́a; polarizacíon.

PACS: 42.87.Bg; 42.79.Ci; 42.79.Dj; 42.15.Eq; 42.25.Hz; 07.05.Pj

1. Introduction

In the lateral shearing interferometers the same wavefront is
superposed with its copy but displaced a distance∆x. When
∆x is sufficiently small, the phase difference can be approx-
imated as the directional derivative of the wavefront in the
displacementx-direction [1-2]. Due to this reason, it is sen-
sitivity against high phase changes and the resultant inter-
ferograms are known asshearograms. Lateral shear in-
terferograms have different fields of applications like optical
tests, wavefront aberrations [3], phase singularities detection
(optical vortex) [4], mechanical stress [5] among others. In
the case of radial shear interferometers the superposition is
against the same wavefront at different scales (contracted or
expanded) with no displacement. In optical testing, the sys-
tem is particulary sensitive at the astigmatism and coma aber-
rations and insensitive to defocus. The resultant patterns can
be directly related to a Twyman-Green interferometer. The
proposed system presents the advantage of obtain lateral and
radial shear by using of the adequate components, both cases
are studied and presented in this work.

2. Cyclic-Path interferometer

Figure 1 shows the interferometers proposed for lateral
shear [6-8] and radial shear [9-13], the two optical systems
are capable of obtain in a single shotn-shearograms with in-
dependent phase shifts [14-16]. Figure 1(a) shows the two

possible interferometers that can be coupled to the 4-f sys-
tem, each of them is used separately to generate a specified
shear, the system-I is a Cyclic Shear Interferometer (CSI),
where the shear is generated by moving the mirrorM by a
small distance4s. The system-II is a cyclic radial shear
interferometer (CRI), the optical setup is similar to the pre-
viously proposed, adding a pair of lensL1 andL2 to obtain
the two beams with different diameter in the transversal sec-
tion. In this case also lateral shear can be obtained only with
a small displacement inM , resulting in a combination of a
lateral and radial shear interferometer. Both systems are cou-
pled to the 4-f system separately, each replica of the inter-
ference pattern obtained in the image plane, can be used to
generate independent phase shift by placing linear polarizer
filters in each replica. Figure 1(b) shows the plots represent-
ing the superposition of amplitude spectra in the output of the
two systems.

2.1. Lateral shear interferometer

The system uses a laser source of He-Ne operating at
λ = 632.8 nm. The collimated beam has a transversal sec-
tion of a = 8.6 mm and linear polarization oriented to 45◦

generated by a quarter-wave retarder (Q0) and a linear polar-
izer (P0). The optical setup is a combination of a cyclic path
interferometer and a 4-f system. In Fig. 1(a) the system-I
represents the cyclic shear interferometer (CSI). By the use
of a polarizing beam splitter (PBS) the resulting beams have
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FIGURE 1. Shearing interferometers with phase grid and modulation of polarization. (a) ConfigurationI is a variable lateral-shear interfer-
ometer. The configurationII is a cyclic radial interferometer (CRI), which comprises a polarizing beam splitter (PBS), two lenses (L1, L2)
and two mirrors (M, M ′). Q1: quarter-wave retarder;Pi: linear polarizers;ψi: transmission angle of polarization;∆s: linear shear;x0:
beam separation;F0: order separation. (b) Upper row: diffraction orders of the same diffraction numerical order superimpose for lateral
shear. Lower row: diffraction orders of different numerical order superimpose for radial shear.

cross linear polarization and after passing the quarter wave
retarder (Q1), right and left circular polarization is obtained.
The mirrors used in the system are defined asM andM ′.
The 4-f system coupled to the cyclic interferometer uses
two equals lenses (f = 20 cm) and a phase grid defined as
G(µ, ν) placed in the posterior focal plane of the first lens as
the system’s pupil with a spatial periodd, whereµ = u/λf
andν = v/λf are the frequency coordinates (u, v) scaled to
the wavelengthλ and the focal lengthf . Replicated beams
of the interference pattern are obtained from this configura-
tion. Placing a linear polarizer on each replica, an indepen-
dent phase-shift can be obtained. No extra corrections were
used in the angle of the linear polarizers used because the
quarter wave retarders (Q0, Q1 ) operate at the wavelength of
the source [14-15].

2.2. Replicated interference patterns and modulation by
polarization

Defining the resultant vectorial beam amplitud of the CSI
which enters to the 4-f system as

~t(x, y) = ~JLw (x, y) + ~JRw′ (x + x0, y) . (1)

wherex0 is the mutual separation of the beams alongx, w is
aperture of the reference beam andw′ is the aperture of the
beam sheared by distancex0. ~JR and ~JL represents Jones
vectors for right and left circular polarization as

~JL =
(

1
i

)
, ~JR =

(
1
−i

)
. (2)

The lateral shear of the wavefronts are adjusted by mov-
ing the mirror M of the CSI. The diagram in Fig. 1(a),
system-I can be adjusted in such way that the lateral shear
∆s = x0 must be smaller than the transversal sectiona of
the beams, this implies also that the lateral displacement is
smaller than the diffraction order separation defined asF0,
see upper row of Fig. 1(b). The two mutually separated
beams by a distance∆s enters to the 4-f system with cross
linear polarization, after passing the quarter-wave retarder
(Q1) circular cross polarization are obtained. The phase grid
is used to obtain replicated shearograms generated by the in-
terferometric system (CSI). The replicated interference pat-
terns can be modulated by polarization to obtain phase-shifts.
The fringe pattern are defined as [15]:

I = 2J2
q J2

r {1 + cos[2ψ −∆φ(xq, yr)]} (3)

whereψ representing the angle of the linear polarizer,

xq = x− qF0, yr = x− rF0,

∆φ(x, y) = φ(x, y)− φ(x− x0, y),

Jq andJr are the Bessel function of orderq andr respec-
tively. The interference patterns presents unitary fringe mod-
ulation.
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FIGURE 2. Typical interferograms for lateral shear obtained in a
single shot (a) Interference patterns, (b) Unwrapped phase distribu-
tions of the interferograms sheared inx-direction.

FIGURE 3. Typical interferograms for Radial shear obtained in a
single shot. (a) Sheared interferograms of an aberrated wavefront.
(b) Unwrapped phase distributions of the interferograms sheared in
radial direction.

3. Radial shear interferometer

In Fig. 1(a), the system-II shows the optical arrangement
used, where polarized light at 45◦ entering the interferom-
eter generated by a quarter wave retarder (Q0) and a linear
polarizer (P0). The cyclic radial interferometer (CRI) uses
a polarizer beam splitter (PBS), two lens (L1, L2) and two
mirrors (M, M ′). Transversal sections of the beams can be
described as:

w(x, y) = circ

(
ρ

Ma

)
· eiφ(x/Ma,y/Ma),

w′(x, y) = circ(ρ) · eiφ(x,y) (4)

whereρ =
√

x2 + y2 andMa = f2/f1 denotes the relative
magnification of the pupils as the focal lengths of both lenses
(L1,L2). In the image plane of the 4-f system the fringe pat-
tern obtained is modulated by the Bessel function as (3) but
with radial symmetry, where

∆φ(x, y) = φ(x, y)− φ(x/Ma, y/Ma).

As before in the lateral shear interferometer, at the image
plane of the 4-f system replicated interference patterns that
can be modulated by polarization are obtained with indepen-
dent phase shifts.

4. Phase data processing

In general, the interference pattern can be described as [17]:

Ii(x, y) = A(x, y) + B(x, y) cos
[
2ψi − ∂φ(x, y)

∂x

]
, (5)

for the case of lateral shear inx direction. Ii(x, y) repre-
sents thei = 1...4 intensity distribution captured by the CCD
camera in a single shot, the polarization filters angles are:
ψ1 = 0◦, ψ2 = 45◦, ψ3 = 90◦ andψ4 = 135◦, each of them
represent phase shifts of0, π/2, π and3/2π respectively. By
considering thatA andB are constant[15] the relative phase
can be calculated as [18-19]:

∂φ(x, y)
∂x

= arctan
[
I1(x, y)− I3(x, y)
I2(x, y)− I4(x, y)

]
(6)

for the case of radial shear, Eq. (6) can be used only with the
consideration of the radial dependency.

5. Experimental results with phase grid shear-
ing interferometers

The experimental results presented in Fig. 2 and Fig. 3 were
obtained by lens misalignments at defocus and paraxial fo-
cus respectively. Lateral shear interferograms representing
spherical aberration with defocusing are shown in Fig. 2. The
Fig. 2(a) presents the four patterns obtained simultaneously
with relative shifts ofπ/2. Phase derivative inx-direction is
presented in Fig. 2(b). A sets ofn=4 typical experimental
interferograms for radial shear are shown in Fig. 3(a) and the
resulting unwrapped phase data in Fig. 3(b), representing a
wavefront affected by spherical aberration in paraxial focus.
Experimental results are presented for both cases of shear for
an oil drop collocated on a microscope slide in Fig. 4 and
Fig. 5, showing the capability of this system for measure-
ment of surface deformations in fluids and also measurement
of the concentration gradient profile of liquids. Figure 4(a)
shows a typical sequence of four shearograms obtained in sin-
gle shot, and Fig. 4(b) shows the resulting unwrapped phase.
Figure 5(a) shows sets of four experimental interferograms

FIGURE 4. Static oil drop for the case of lateral shear. (a) Set of
four shearograms obtained in single shot. (b) Unwrapped phase
showing the directional derivative.
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FIGURE 5. Static oil drop for the case of lateral and radial shear-
ing combined. (a) Interference patterns with phase shifts ofπ/2.
(b) Unwrapped phase distributions of the interferograms sheared in
radial direction.

obtained combining linear shear and radial shear and 5(b)
the resulting unwrapped phase. Experimental results are pre-
sented using four interference patterns to retrieve the optical
phase data using the four steps algorithm [20-21]. Each of
the interferograms was subjected to the same scaling (0-255
gray levels) and low-pass filtering process before phase cal-
culation.

6. Conclusions

A cyclic path shearing interferometer coupled to a 4-f system
with a phase grid, to achieve simultaneouslyn-shearograms

for phase measurement by phase-shifting techniques has been
implemented for the case of lateral and radial shear. The sys-
tem presented can use other grating types but the irradiance
ratios, fringe modulation values and polarization distribution
changes. The system is mechanically stable against exter-
nal vibration and can be used in beam characterization, mi-
croscopy, tomography, holography, phase slope measurement
or optical testing.
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