INVESTIGACION REVISTA MEXICANA DE FiSICA 57 (3) 255-258 JUNIO 2011

Simultaneous phase-shifting cyclic interferometer for generation of
lateral and radial shear

D.l. Serrano-Gaiie®, N.I. Toto-Arelland, A. Martinez Garéa®, J.A. RayasAlvarez,
A. Tellez-Qufiones, and G. Rodguez-Zurit4
2Centro de Investigaciones @ptica,
A.C. Loma del Bosque 115 Col. Lomas del Campestre, 37150 Apartado Postal 1-848Gte. Mexico,
e-mails: david@cio.mx; ivantotoarellano@cio.mx
bFacultad de Ciencias Bico-Matenaticas de la Beneérita Universidad Autnoma de Puebla,
Apartado Postal 1152, Puebla, 72001, Pueéxito.

Recibido el 4 de marzo de 2011; aceptado el 15 de abril de 2011

We present experimental results obtained by a phase-shifting interferometer employing polarization capable of retrieve directional derivatives
in z-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 iatiecfedencorrimiento de fase por polarizaci

que puede obtener la derivada direccional en ditecei (desplazamiento lateral) y adaptando al arreglo para obtener la derivada radial
(desplazamiento radial). El interfanetro que se presenta consiste de un intenfietro éclico con rejilla de fase para multiplexar los
patrones de interferencia. Usando kasrticas de corrimiento de fase por polarizpaciel interfebmetro es capaz de procesar la fapéca a

partir de n-interferogramas capturados en una sola toma. Se presentan los resultados experimentales obtenidos.

Descriptores: Difraccion; corrimiento de fase; desplazamiento lateral; desplazamiento radial; interféegipelarizacon.

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

1. Introduction possible interferometers that can be coupled to thiesys-

o tem, each of them is used separately to generate a specified
In the lateral shearing interferometers the same wavefront i8hear, the systerhis a Cyclic Shear Interferometer (CSI),
superposed with its copy but displaced a distaf\ae When  here the shear is generated by moving the miftbby a
Az is sufficiently small, the phase difference can be approxsmall distances. The systenH is a cyclic radial shear
imated as the directional derivative of the wavefront in thejnierferometer (CRYI), the optical setup is similar to the pre-
d_is_p_laceme_znk-di_rection [1-2]. Due to this reason, it is sen- viously proposed, adding a pair of lefis and L, to obtain
sitivity against high phase changes and the resultant intethe two beams with different diameter in the transversal sec-
ferograms are known ashearograms. Lateral shear in- tjon, In this case also lateral shear can be obtained only with
terferograms have different fields of applications like opticaly gmg|| displacement i/, resulting in a combination of a
tests, wavefront aberrations [3], phase singularities detectiopyteral and radial shear interferometer. Both systems are cou-
(optical vortex) [4], mechanical stress [S] among others. Ingled to the 4f system separately, each replica of the inter-
the case of radial shear interferometers the superposition {grence pattern obtained in the image plane, can be used to
against the same wavefront at different scales (contracted @fenerate independent phase shift by placing linear polarizer
expanded) with no displacement. In optical testing, the Sysilters in each replica. Figure 1(b) shows the plots represent-

tem s particulary sensitive at the astigmatism and coma abejng the superposition of amplitude spectra in the output of the
rations and insensitive to defocus. The resultant patterns cayo systems.

be directly related to a Twyman-Green interferometer. The
proposed system presents the advantage of obtain lateral a ci

! ! -1. Lateral shear interferometer
radial shear by using of the adequate components, both cases

are studied and presented in this work. The system uses a laser source of He-Ne operating at
A = 632.8 nm. The collimated beam has a transversal sec-
2. Cyclic-Path interferometer tion of a = 8.6 mm and linear polarization oriented to 45

generated by a quarter-wave retard@gXand a linear polar-
Figure 1 shows the interferometers proposed for laterailzer (P;). The optical setup is a combination of a cyclic path
shear [6-8] and radial shear [9-13], the two optical systeménterferometer and a 4-system. In Fig. 1(a) the systeln-
are capable of obtain in a single sheshearograms with in-  represents the cyclic shear interferometer (CSl). By the use
dependent phase shifts [14-16]. Figure 1(a) shows the twof a polarizing beam splitter (PBS) the resulting beams have



256 D.l. SERRANO-GARGA, et al.

As =xl,*"":’
o

.....

L g |

= (a) (b)

FIGURE 1. Shearing interferometers with phase grid and modulation of polarization. (a) Configukadiaenvariable lateral-shear interfer-
ometer. The configuratioH is a cyclic radial interferometer (CRI), which comprises a polarizing beam spliRBiy), two lenses L1, L2)

and two mirrors {4, M'). Q1: quarter-wave retardei;: linear polarizersy);: transmission angle of polarizatiodys: linear shearyo:

beam separationty: 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 7 (1 7o 1
X ) 2 . Jo=1\ . ), Jr= . 2
retarder (1), right and left circular polarization is obtained. ( -t

. . X ,
The mirrors used in the system are .de.f|ned2\/a$and M. The lateral shear of the wavefronts are adjusted by mov-
The 4-f system coupled to the cyclic interferometer uses.

Bl : . ing the mirror M of the CSI. The diagram in Fig. 1(a),
two equals lensesf(= 20 cm) and a phase grid defined as systeml can be adjusted in such way that the lateral shear

tthL éygtzlli?sedL:n i}r:;itzoztzr'gtri;(l)cilr%rxhgiéhejr,St/If}]S BAs = xo must be smaller than the transversal sectiaof
y pup P P po=u the beams, this implies also that the lateral displacement is

andv = v/Af are the frequency coordinates, () scaled to smaller than the diffraction order separation definedgs

the wavelength\ and the focal lengtlf. Replicated beams see upper row of Fig. 1(b). The two mutually separated

of the interference pattern are obtained from this conflgurabeams by a distancas enters to the 4¢ system with cross

tion. Placing a linear polarizer on each replica, an indepen- o :
linear polarization, after passing the quarter-wave retarder

dent phase-shift can be obtained. No extra corrections wer . L : )
. . . 1) circular cross polarization are obtained. The phase grid
used in the angle of the linear polarizers used because tl . . )
IS used to obtain replicated shearograms generated by the in-
guarter wave retarderg§)(, Q1 ) operate at the wavelength of : . .
terferometric system (CSI). The replicated interference pat-
the source [14-15]. o . :
terns can be modulated by polarization to obtain phase-shifts.

2.2. Replicated interference patterns and modulation by The fringe pattern are defined as [15]:

polarization I=2J272 {1+ cosl2¢ — Ad(wg,w,)]}  (3)

Defining the resultant vectorial beam amplitud of the CSlyherey; representing the angle of the linear polarizer,
which enters to the 4-system as

tg=x—qFy, yr=x—1F,

wherez is the mutual separation of the beams aleng is Adle,y) = élz.y) = dle —z0.9),

aperture of the reference beam an(is the aperture of the J, and J, are the Bessel function of ordgrandr respec-
beam sheared by distancg. Jr and Jy, represents Jones tively. The interference patterns presents unitary fringe mod-
vectors for right and left circular polarization as ulation.

ta,y) = Jow (,y) + Jrw' (z + 20,y) - (Y]
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4. Phase data processing
In general, the interference pattern can be described as [17]:

Iia.9) = Ale.) + o) oos |20 - 2220 s)

for the case of lateral shear indirection. I;(z,y) repre-
sents the = 1...4 intensity distribution captured by the CCD
camera in a single shot, the polarization filters angles are:

FIGURE 2. Typical interferograms for lateral shear obtained in a %1 = 0°, ¥ = 45°, 3 = 90° andy, = 135°, each of them
single shot (a) Interference patterns, (b) Unwrapped phase distriburepresent phase shifts @f7 /2, = and3 /2 respectively. By

tions of the interferograms shearediistirection. considering thatd and B are constant[15] the relative phase
can be calculated as [18-19]:
0 I -1
@ y) _ i | 11(20Y) — Is(2,y) ©)
o Iy(z,y) = La(, y)

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

FIGURE 3. Typical interferograms for Radial shear obtained in a The experimental results presented in Fig. 2 and Fig. 3 were
single shot. (a) Sheared interferograms of an aberrated wavefronpptained by lens misalignments at defocus and paraxial fo-
(b) pnwrapped phase distributions of the interferograms sheared irtus respective'y_ Lateral shear interferograms representing
radial direction. spherical aberration with defocusing are shown in Fig. 2. The
Fig. 2(a) presents the four patterns obtained simultaneously
with relative shifts ofr/2. Phase derivative im-direction is
presented in Fig. 2(b). A sets af4 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)

_ p () Moy /M) shows a typical'sequence of four shearqgrams obtained in sin-
w(z,y) = circ <M) e @/ Hel, gle shot, and Fig. 4(b) shows the resulting unwrapped phase.

¢ Figure 5(a) shows sets of four experimental interferograms

3. Radial shear interferometer

In Fig. 1(a), the systeril shows the optical arrangement
used, where polarized light at 4®ntering the interferom-
eter generated by a quarter wave retardgy)(and a linear
polarizer (7). The cyclic radial interferometer (CRI) uses
a polarizer beam splitter (PBS), two lens; (L) and two
mirrors (M, M’). Transversal sections of the beams can b
described as:

w'(z,y) = cire(p) - 4= @

wherep = /2?2 + y? andM,, = f»/f1 denotes the relative
magnification of the pupils as the focal lengths of both lenses
(L1,L2). In the image plane of the 4system the fringe pat-
tern obtained is modulated by the Bessel function as (3) but
with radial symmetry, where

A¢(x,y) = d)(l',y) - (;S(x/Ma,y/Ma).

\\\\\\

As before in the lateral shear interferometer, at the image

plane of the 4f system rep.Iica.ted imerfer?nce patterns thatricure 4. Static oil drop for the case of lateral shear. (a) Set of
can be modulated by polarization are obtained with indepenfour shearograms obtained in single shot. (b) Unwrapped phase
dent phase shifts. showing the directional derivative.
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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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