Quantum Electronics 35(3) 290—292 (2005)

©2005 Kvantovaya Elektronika and Turpion Ltd

LASER APPLICATIONS AND OTHER TOPICS IN QUANTUM ELECTRONICS

PACS numbers: 42.15.Dp; 42.87.Bg
DOI:10.1070/ QE2005v035n03ABEH002735

Visualisation of the wave-front deformations caused

by a phase object by the method

of successive double lateral shear interferometry

A.M. Lyalikov

Abstract. The method of moire visualisation of the wave-
front deformations of a light beam propagated through a
phase object is proposed. The method is based on the
recording of double shear interferograms and makes it pos-
sible to obtain real-time moire pictures of the phase object
with doubled sensitivity, in which the behaviour of fringes is
similar to that in usual double-beam, reference-wave inter-
ferometry. The method was tested by studying the regions of
thermal treatment of a polymethyl methacrylate plate.
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In some practical cases the shear interferometry is not only
inferior to the reference-wave interferometry but even more
preferable than the latter. Shear interferometers have a low
sensitivity to vibrations and are simple to align. Among the
numerous methods for producing the shift between
identical wave fronts, the most popular are the methods
using lateral shear interferometers [1, 2], which are widely
applied at present in different fields of science and
technology [3—-7]. However, a disadvantage of shear
interferometry is a complicated interpretation of the
interference pattern. The behaviour of the interference
fringes obtained by the method of lateral shear interfer-
ometry depends both on the relation between the shear and
size of the object and the shear itself. If the object occupies
only a part of the working field and its size is smaller than
the shear, the same interference fringes are obtained as in
the double-beam, reference-wave interferometry [8]. This
particular case of interferometry deserves a special attention
because it combines all the advantages of the two above-
mentioned methods. First of all the complexity of
interpretation of the interference pattern inherent in
shear interferometry is eliminated, and the behaviour of
interference fringes directly visualise a change in the wave
phase caused by the object.

The use of holographic principles for obtaining lateral
shear interferograms and their optical processing conside-
rably expanded the possibilities of shear interferometry [9—
14], providing the compensation of aberrations of an optical
system and an arbitrary adjustment of fringes in the
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reconstructed interference patterns, as well as an increase
in the measurement sensitivity.

In this paper, the method for visualisation of wave-front
deformations caused by a phase object is considered. The
method is based on the recording of double-shear interfero-
grams and is applicable when the lateral shear exceeds the
size of the phase object. In this case, the transverse size of
the object itself in the shear direction should not exceed 1/3
of the diameter of a probe light beam. The method allows
one to obtain real-time moire pictures of the phase object
with doubled sensitivity, in which interference fringes are
similar to those obtained in usual double-beam, reference-
wave interferometry.

Figure 1 shows the scheme explaining the moire method
for visualisation of the wave-front distortions caused by the
phase object with the help of successive double lateral shear
interferometry.
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Figure 1. Scheme of the method: (/) phase object under study; (2, 3)
lateral shear interferometers.

Let us assume that phase object under study (/) (Fig. 1)
is located in the central region of a probe light beam and its
transverse size in the direction of the shear between
interfering beams does not exceed 1/3 of the light-beam
diameter. In this case, the shear s can be equal to 1/3 of the
light-beam diameter.

The coordinate system x, y in output plane I (Fig. 1),
where phase object (/) is located, is selected so that the y
axis coincides with the direction of the shear between
interfering beams, which is specified by shear interferometer
(2). The z axis coincides with the probe-beam direction. To
describe the phase distortions of wave probing phase object
(1), it is convenient to divide the wave surface into three
regions of width s along the y axis. The boundaries of these
regions a, b, and c are indicated by the dashed straight lines
in Fig. 1. In regions a and c, the wave surface is unper-
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turbed. If the probe beam propagates strictly along the z
axis and has a plane wave front, the distortions of its phase
@ (x,y) caused by the phase object can be written in the
form

const for regions a, c,
(x, ) = { . (1)
¢(x,y) for regions b,
where ¢ (x,)) are the phase distortions characterising the
deformation of a plane wave front of the probe beam
caused by phase object (/).

An important feature of this method is that the lateral
shear interferogram being formed in plane II (Fig. 1) should
be adjusted to the interference fringes of a finite width. The
lateral shear interferogram is formed due to the super-
position of two waves propagated through the phase object.
Phase distortions @, (x, y) for the first wave are described by
expression (1) with an accuracy to a constant phase and for
the second wave (due to the tilt of the light beam upon
adjustment to the fringes of a finite width) by the expression

2myy for regions a’, ¢/,

Dy(x,y) = 2
2(%,) { 2mny + @(x,y — s) for the region b’ @

where a’, b’, and ¢’ are the corresponding surface regions
in the shifted beam; 5 = (cos ff)/4; f is the angle between
the beam direction and y axis; and 4 is the wavelength. To
simplify the description of the method, we assume that the
interfering beams are located in the yz plane.

One can see from Fig. 1 that the lateral shear interfe-
rence pattern in plane II is formed in the region A due to the
superposition of the perturbed region b of the first wave
with phase distortions @;(x, y) and the unperturbed region
a’ of the second wave with phase distortions ®,(x, y), while
in the region B this pattern is formed due to the super-
position of the unperturbed region of the first wave and the
perturbed region b’ of the second wave. To exclude effects
related to the refraction of light beams in phase object (1),
plane II of the lateral shear interferogram and object plane I
are made optically conjugated.

As a result, the behaviour of interference fringes in the
regions A and B will visualise the function ¢ (x, y) determin-
ing the deformation of a pane wave front by the phase
object. This is confirmed by the lateral shift interferogram
(Fig. 2) obtained upon adjusting to an infinitely broad
fringe [n = 0 in (2)]. As a phase object, a thermally processed
polymethyl methacrylate plate was used. The size of the
thermally processed region (the width of the region A or B)
did not exceed the lateral shear between interfering beams.
One can see from the interference pattern that the fringes in
regions A and B are virtually identical (accurate to uncom-
pensated aberrations).

The method of double successive shear in plane II
realises the shear interferogram adjusted to finite-width
fringes. Taking into account (1) and (2), the intensity dis-
tribution in such an interference pattern can be written in
the form

1
cos? {Tmy ) go(x,y)} for the region A,
I(x,y)~ 3)

1 .
cos? {Tmy + 3 o(x,y— s)} for the region B,

The interference fringes of this interferogram are oriented
perpendicular to the y axis and their period is 1/#.

Figure 2. Lateral shear interferogram of a polymethyl methacrylate plate
obtained by adjusting to an infinitely broad fringe.

Then, the two images of the interference pattern of type
(3) are superimposed with the help of second lateral shear
interferometer (3) (Fig. 1) in plane III optically conjugated
with plane II. The images are shifted with respect to each
other along the y’ axis by the value s so that the region A’ of
the pattern obtained in the second interferometer overlaps
the region B in another interference pattern. To simplify the
description of the moire pattern, the z’ axis is shifted with
respect to the z axis by the value s, as shown in Fig. 1.

The superposition of interference patterns adjusted to
the finite-width fringes gives the moire pattern in plane III.
To simplify the interpretation of moire fringes, it is desirable
to violate coherence between pairs of beams forming shifted
interference patterns in plane III. This can be achieved by
placing a diffusion scatterer (ground glass) in the plane II
and by forming a lateral shear interference pattern (3) on it.
The, by neglecting the effects of formation and interference
of speckle structures [15], we obtain the intensity distribu-
tion in the moire pattern in plane III

T3,9) 105, +9) ~ cos® [y = 5 ()|
@

5 (x,y)} ~ Is(x,y) + cos(2mny) cos o(x, ),

2 [ 1
X cos™ |y + <
where Is(x,y) contains the terms that are insignificant for
the description of the moire pattern. The system of moire
fringes represents the regions of the image in which the
visibility of superimposed interference fringes with the
period 1/5 is zero. The visibility of the interference fringes
is minimal when the second cosine in expression (4)
vanishes. Therefore, the equations of the family of moire
fringes observed in plane III can be represented in the form

otv) =n(N+3). ©
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where N=0, 1, 2, ... is the number of a moire fringe.
Expression (5) corresponds to the centre of the moire
fringe.

One can see from (5) that the moire pattern directly
visualises the function ¢ (x,y) describing the wave-front
deformation by the phase object. Note here that the distance
between the moire fringes corresponds to a change in the
phase distortion ¢ (x, y) by « rather than by 2, as in case of
the double-beam, reference-wave interferometry. This dem-
onstrates that the sensitivity of the moire pattern is twice as
high as that of the interference pattern obtained by the
method of double-beam, reference-wave interferometry.

Figure 3 shows the moire picture of the polymethyl
methacrylate plate obtained by the method described above.
The four-mirror Mach—Zehnder interferometers were used
as shear interferometers (2) and (3) (Fig. 1), which can
control both the lateral shear and period of interference
fringes. The fringe period in the shear interferograms
recorded in plane II was 0.25 mm. A comparison of the
moire pattern (Fig. 3) and the lateral shear interferogram
(Fig. 2) shows that the number of fringes in the former also
doubled due to its doubled sensitivity.

Figure 3. Real-time moire pattern visualising with doubled sensitivity the
distortions of the probe-wave phase propagated through a polymethyl
methacrylate plate.
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