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The paper describes analysis of the lateral shear interferogram based on a

double—exposure recording.

The investigations revealed theoretically and

experimentally that the specklogram reconstruction provides the lateral shear
speckle interferogram formation in the far diffraction zone, which determines
the axial wave aberrations with double sensitivity at constant lateral shear.

In Ref. 1 the “phase problem” in optics is
considered.  The investigations showed that the
double exposure record of the Fresnel speckle
interferogram based on the combination of objective
speckle—structures of two exposures in the
photoplate plane when illuminating the mat screen
by a coherent radiation with quasi—plane wave
resulted in the interference pattern formation at the
reconstruction stage. The lateral shear interferogram
formed in diffusely scattered fields in the Fourier
plane in the bands of infinite width characterizes
only axisymmetric wave aberrations of an optical
system used in the mat screen illumination channel at
the stage of the specklogram record. In this case, for
a fixed value of the lateral shear, the speckle-
interferometer sensitivity increases by a factor of
two.

This paper presents analysis of peculiarities in
the lateral shear interferogram formation in the case
of recording on a photoplate located in the Fourier
plane of two subjective speckle structures as
compared with the results of the double exposure
recording of the Fourier hologram of a mat screen.
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FIG. 1. Optical arrangement of recording (a) and
reconstruction (b) of the double—exposure lens
Fourier specklogram: 1 is the mat screen; 2 is the
photoplate—specklogram; 3 is the plane of the
interference pattern recording; L, L, are lenses; p,
is the aperture; p, is the spatial filter.

Figure 1a shows that the mat screen 7 is
illuminated with a coherent radiation (a converging
quasispherical wave of the radius of curvature R) in
its plane (xy, yy). Using the lens L, with a focal
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length f; and focus on the photoplate 2 during the
first exposure the Fourier specklogram is recorded.
Before the second exposure the tilt angle is changed
by a, for example, in the plane (x, z) of the coherent
radiation wave used for illuminating the mat screen.
And the photoplate is shifted in its plane by the
displacement a along the & axis. After
photochemical processing a coherent plane wave from
a light source, used at the stage of its recording,
arrives at the double—exposure Fourier specklogram
of the mat screen, and thus the interference pattern is
recorded in the Fourier plane 3 (Fig. 1b).

Based on the data from Ref. 2 in the Fresnel

approximation without considering the constant
1 1 L

amplitude and phase factors, if — R~ 7= 0,
1 l1

here + =+ — 4 1 is the distance from th

where 7 =7 —7+7, [ is the distance from the

mat screen to the main plane (x,, y») of the lens Li;
[, is the distance from the main plane to the
photoplate and sin o = aL/[;l,, the complex field
amplitudes, corresponding to the first and second
exposures, in the plane (x3, y3) of the photoplate are
described as follows:

ik
u(x3, ys) ~ exp B_lz (a5 + yﬁ)] x

RL
X {exp |:— %g'(rg + yg):| x

X [F(JC3, ]/5)®CI)1(Y3, yj)]®P1(Yj, ]/3) }, (1)
ux(x3, y3) ~ exp {é_i [Caes+ ﬂ)2 + yg]} X
x { exp —%g‘ ) [Cxs + )+ yﬁ] x
2
x F(x3, y3)®@Dy(x3, y3)]®P1(X3, ys) }, 2)

where ® is the symbol of the convolution operation;
k is the wave number;

1997 Institute of Atmospheric Optics



160 Atmos. Oceanic Opt. /March 1997/ Vol. 10, No. 3

F(xs, y3) =

0

= ff t(xy, y1) x exp[—ik(xxs + yy)L /1y Lldx, dy,

is the Fourier transform of the complex transmission
amplitude #(xy, y{) of the mat screen, being a random
function of coordinates;

@4(x3, ¥3) =ffeXp ipo(xy, Y1) x

x exp [—ik(xixst yiys)L /1 1] day dyy,

Dy(x3, y3) = ff exp oy + b,yy) x

X exp [—lk(fm X3+y1y3) L/l1 12 ]dX1 dy1

are the Fourier transforms of the corresponding
functions; o¢¢(x;, y{) is the determinate function,
characterizing the phase distortions of the wave front
of a coherent radiation, used for illumination of the
mat screen; b is the value of the wave front shift due
to the variation of its till angle before the second
exposure;

P(x3,y3) =ffp1(xz, y2) exp i@ (a2, ¥2) x

x exp [—ik(xox3+ yoy3)/ ] dxydy, is the Fourier
transform of the generalized function p(xy, ys) x
x exp ip((xy, y2) of a lens pupil Ly, Ref. 3, taking
into account its axial wave aberrations.

Since the function Pi(x3, y3) width is of the
order of Al,/d, Ref. 4, where X\ is the wavelength
used for recording and reconstruction of the
specklogram; d is the diameter of the lens L; pupil,
then we assume that, within the region of definition
the variations of the spherical wave phase of the
curvature radius lé/ L in Egs.(1), (2) do not exceed
n. Then for the area in the plane of a photoplate
with the diameter D < d(1 + % — %) the squared
phase factor exp [—ik(xg + yg)L/ 215] may be removed
in Egs. (1), (2) from the convolution integrand and
we obtain

lk(lz—L) 2 2 j|
3) | x

qu&y9~eXp[——§?——(x3+y
2

X {F(xsy Y3)®D (x5, y3)®P(x3, ys)}, 3

ik(l, — L

w3, y3) ~ exp {—212—) [(x3 + a)2 + yi]}x
2
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X{F(.Xg, y3)®exp(ikbxsL /1 [,)D (13, y3) ®
® exp(ikaxsL/L)Py(xs, y3)}. (4)

From Eqgs. (3) and (4) it follows that in the
photoplate plane the Fourier transform of the mat
screen transmission function is formed. In view of
spatial limitedness of the light field by the lens L,
(see Fig. 1a) each its point within the limits of the
above-mentioned area is widened up to the speckle
size determined by the width of the function
®(x3, y3)®P(x3, y3), i.e., the data on phase
distortions of the wave front of a coherent radiation,
used for illumination of the mat screen, is
concentrated within every individual speckle in the
photoplate plane. Moreover, the Fourier transform
of the input function is scaled according to the value
of lil,/L, which at [; = f; corresponds to the focal
length of the lens Ly, and the scale of transformation
does not depend on the curvature radius R. Only the
position of the transformation plane depends on the
curvature radius and, hence, the pulse response width
of the lens L, which is always less compared with
the case of illumination of the mat screen by a
coherent radiation with a quasi-plane wave.

The squared phase factor in Eqs.(3) and (4)
characterizes the distribution in the Fourier
transformation plane of the phase of a divergent
spherical wave for /; < f; and a convergent one for
[y > f1, and it equals unity for [} = f;.

Assume that the photosensitive layer, exposed to
light with the intensity [I(x3, y3) = u(xs, y3) x
x (s, y3) + us(xs, y)us(xs, y3), is processed and a
negative is obtained within the linear portion of the
characteristic curve of blackening. Then the
transmission amplitude t(x3, y3) of the double-
exposure Fourier specklogram of the mat screen in
Fig. 1b is determined by the expression

(a3, ys) ~ [ Fas, y2)@(xs, y)@P (x5, y3)] x

x [ F*(as, y3)@®@7 (w3, y3)® Pilxs, y3) ]+

+ [F(xs, y3)®Qexp(ikbasL /i 1)D (13, y3)®

® exp(ikang/lg) P(x3, y3)] [F*(x3, y3)®

® exp(—ikbxsL /1| 1) DT (x5, y3)®

® exp(—ikaxsL/ lg)PT(xg, y3], (5)

where the regular component of light transmission is
omitted because its further consideration leads only
to illumination distribution over a small spot in the
observation plane.

Distribution of the complex amplitude of a
diffusely scattered field component in the back focal
plane (x4, y4) of the lens L, with the focal length f,
(see Fig. 1b) is written based on Ref. 5 in the form
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'k
g, ya) ~ ff wx3, ys3) exp |:— ;_z (rzx5+ ys y4)i|dxa dys ®Py(x4, ya), (6)

ik
where Py(x4, y4) =ff a3, y3) exp |:— Zf—2(x3 Xt Y3 y4):|dx3 dys is the Fourier transform of the mat screen

transmission function p; with a round hole, Ref. 6.
As a result of substitution of Eq.(5) to Eq.(6) we obtain

uCxcs, yo) ~ {{t(—m Xy~ YO X, 1o ¥4) x expil ol —py X, —1 ¥4) + 01(—pa Xs, —p2 Y1} ®

® {t*(py 204, i yIPiCpo 4, o ya) exp—iloo(pg X4, 1y ¥a) + 0o ¥4, po )1} +
al . al
+ {tC—wy aq, =g yOPi(po a4 — T, W y) exp i[@o(—py x4 + b,—py ya) + o1(—pp x4+ T, H Dl ®

al . al
® {t*(uy x4, wy ypi (o a4 + T M2y) x exp—iloo(u v+ b, wiya) + oniy v+ 5w uO) ®PLxs, g0, (D)

1. I .. . .
where u; = L1_fi; and p, = 72 are the coefficients of scaling transformation.

From Eq. (7) it follows that if the diameter Dy of
the illuminated area of the mat screen in recording the

I
specklogram satisfies the condition Dy > d(1 + l_; — —1)

then within the limits of the overlap of functions of a
pupil the subjective speckle fields of two exposures are
superimposed that causes their correlation. Besides, for

the even phase function @o(xy, ;) (or its component),
determining axial wave aberrations of the optical
system in a channel of formation of the wave front of
coherent radiation used for illumination of a mat screen
and for maximum value of autocorrelation the
distribution of the field complex amplitude in the
observation plane has the form:

Aoy X4, 1y Y4)
u(xy, ys) ~H1 + eXp—i[ - éu14x41 Zop +

o01(2 X4, W2 Y4) L:| }
X
Ot g

x [H—py x4, —pi ya) ® 5(py a4, 1/4)}®P2(x4r ya), ®

0oLy X4, Wi Y4)

where EE
(o x4, Y1) L
Opz X4
If the period of the function 1+
N '|:8 ool X4, Wi Ya) +5’(P1(III2 X4 My Ys) £:|
eXp —t 8p1 X4 omy Xy a lz

exceeds by one order [7] the size of a subjective speckle
in the observation plane determined by the function

0oy X4, Wy Y4)

b = 9o(py X4 + b, wy y) — ooy X4, 1y Ya),

L
a l_z = o as + ¢ E, w2 ¥a) — 01y X4, Mo ).

PxXxy, yg) width then it can be removed from the
convolution integrand in Eq. (8). Then the
superposition of correlating speckle-fields of two
exposures results in the illumination distribution

ICxyq, yg) ~ {1 + cos[ o 24

. o01(2 X4, W2 Y4) L} }
Oty g a7, >

2
x | t—py g, —py Ya) © (g x4, 1y ys) OPo(xy4, ys) | , 9

from which it follows that the subjective speckle-
structure is modulated by the interference fringes.
The interference pattern is of the form of the lateral
shear in the bands of infinite width, characterizing
the axial wave aberration of the lens L (see Fig. 1a)
and the optical system in a channel of formation of
the coherent radiation wave front wused for
illuminating the mat screen. In this case the speckle-
interferometer sensitivity, as of a holographic

interferometer,?> depends on the distance [; between
the mat screen and the main plane (x,, y») of the lens
Ly. For Iy = 0 it equals zero because of the absence
of an appropriate tilt angle between the speckle-fields
of the two exposures in the photoplate plane.?
Besides, as compared with the sensitivity of a
holographic interferometer, the sensitivity of speckle
interferometer increases by a factor of two for a fixed
value of lateral shear. As in Ref. 1, this is explained
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by the twofold increase in the width of spatial
frequencies spectrum of the waves scattered by the
specklogram.

It should be noted that the phase distortions in
the illumination channel of a mat screen can be
excluded in the case of the Fourier image formation,
when the mat screen is illuminated by coherent
radiation with a diverging spherical wave.® Then the
speckle-interference pattern will be of the form (9) in
the absence of the first component in square brackets.

In the experiment the double exposure recording
of the Fourier specklograms of a mat screen was
performed on the photoplates of Mikrat VRL1 type
using a He-Ne—laser radiation at 0.63 pm
wavelength. The technique of experimental
investigations consists in the comparison of the
results of the double exposure recording of Fourier
hologram with the use of an off-axial reference wave
for shaping the lateral shear interoferogram in the
bands of infinite width? with the results of double
exposure recording of the specklogram for one and
the same value of a lateral shear before the second
exposure of the photoplate. As an example, Fig. 2a
shows the holographic interferogram of a lateral
shear characterizing spherical aberration with
prefocal defocusing of a portion of coherent wave
front used for illumination of the mat screen because
of aberrations of the optical system forming it. It
was recorded in the focal plane of the camera
objective when conducting spatial filtration of the
diffraction field in the hologram plane by means of
reconstruction of hologram using a small aperture
(~ 2 mm) laser beam.? The double exposure recording
of the Fourier hologram was performed by means of a
planoconvex lens with a focal length f; = 250 mm and
the pupil diameter of 28 mm, for /; = 0, [, = 200 mm,
a=230"£10", a=(0.15+0.002) mm. The wave
front diameter in the mat screen plane is 35 mm.

a b

FIG. 2. Holographic (a) and speckle-interferogram
(b) of lateral shear.

The interference pattern in Fig. 2b is formed in
the focal plane of the camera objective when
reconstructing the double exposure lens Fourier
specklogram (see Fig. 1b) without conducting spatial
filtration of the diffraction field in its plane. Before
the second exposure the tilt angle varied by the value
o= 230" + 10” and the photoplate was shifted at
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the distance @ = (0.15 + 0.002) mm. The lateral shear
speckle-interferogram characterizes spherical
aberration with prefocal defocusing of a portion of
coherent radiation wave front used for illumination
of the mat screen, but with the sensitivity increased
by a factor of two that is shown in Fig. 3.
Holographic  interference  pattern  in  Fig. 3
corresponds to the values o and @ before repeated
exposition 5’ + 10” and (0.3 + 0.002) mm.

FIG. 3. Holographic interferogram of lateral shear.

The investigations showed that the contrast of
the speckle-interference pattern is maximum when
the wave front diameter exceeds the lens pupil
diameter (see Fig. 1a) and decreases with the shear
increase, when the diameter of the controlled wave
front is less than the pupil diameter. This is
explained by the background radiation from
nonoverlapping parts of the mat screen for two
exposures.

a b
FIG. 4. Holographic interferograms of lateral shear
characterizing: axial aberrations of the lens and
optical system for used forming the illumination
wave of a mat screen (a) and additional off-axial
lens aberrations (b).

Figure 4a presents the holographic interferogram
of a lateral shear characterizing spherical aberration
with postfocal defocusing of lens and optical system
in the channel of coherent radiation wave formation
used for illumination of the mat screen. Its recording
was performed by spatial filtration of the diffraction
field on the optical axis in the hologram plane.? The
double exposure recording of the lens Fourier
hologram was made for /; = 110 mm; /, = 200 mm.
The wave front diameter in the plane of the mat
screen was 45 mm. Before the second exposure the
tilt angle varied by the value o = 740" £ 10” and
the photoplate shift was ¢ = (0.5 + 0.002) mm. In
contrast to the previous case, spatial filtration of the
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diffraction field in the off-axial hologram plane
(x3 =10 mm, y3 = 0) is accompanied by variation of
the interference pattern (Fig. 4b) because of the off-
axial wave aberrations of the lens L; (see Fig. 1a)
and phase distortions of the coherent radiation wave
front, used for illumination of the mat screen from
another its part.?

When reconstructing the double exposure lens
Fourier specklogram, whose recording was performed
for the same values of o and @, the recorded speckle-
interferogram of a lateral shear is shown in Fig. 5. The
above speckle-interferogram characterizes the axial
wave aberrations of the lens and optical system in the
channel of wave front formation for illumination of the
mat screen but with the twofold increase of the
speckle-interferometer sensitivity. In this case, for the
increase of the contrast of the speckle-interference
pattern it is necessary to perform spatial filtration of
the diffraction field (the diameter of the filtering
diaphragm is 3 mm) in the specklogram plane (see
Fig. 1b) at its reconstruction stage. This is explained
by the fact that when the condition of spatial
invariance of the pulse response of the lens L; does not
hold (see, for example, Fig. 1) for small area in the
specklogram plane with the center at a point, located
outside the optical axis, the field distribution within
the limits of speckles in this area is the result of
diffraction on the lens L{ pupil of a wave propagating
at some angle to the optical axis. At the same time,
vignetting by the lens of the spatial spectrum of waves,
scattered by the mat screen, results in the appearance
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outside it since the subjective speckles are formed by
light coming from non overlapping segments of the
surface diffusely scattering the light.

FIG. 5. Speckle-interferogram of lateral shear.

In Ref. 9 the method is described of forming the
lateral shear interferogram in the bands of infinite
width based on a double exposure recording of the lens
Fourier hologram. In this case, before the second
exposure the mat screen is shifted in the plane of its
location, for example, along the x axis by the value a,
and the tilt angle of the off-axial reference wave varies
by the value sinB = al/1l,.

It is evident that the double exposure recording of
a lens Fourier specklogram in Fig. 1a, when before the
second exposure the mat screen 7 is shifted along the x
axis by the value a, results, at the stage of its
reconstruction, in the formation, in the observation

of decorrelation in speckle structures in a local area plane 3 (see Fig. 1b), of the speckle-interference
with the center on the optical axis and pattern
I« y =114 [5(00(141 Xay Wi Ya) . 001(y X4, W2 Y4) L}
T Y €08 Opy X4 Opz X4 , 4] x
x| t—py 200, = y0) ® *(uy x4, g ya) ®Pos, yo) . (10)

The lateral shear speckle-interferogram
characterizes the combination of the axial wave
aberrations of the lens L; and the optical system in
the channel of illumination of the mat screen with
the twofold increased sensitivity for a fixed value of
the lateral shear. In this case the sensitivity of both
the speckle-interferometer and the holographic
interferometer” to the lens L; aberrations is not equal
to zero for [{ = 0. Besides, phase distortions in the
illumination channel of a mat screen can be excluded
in the case of Fourier-image formation when
illuminating by coherent radiation with a diverging
spherical wave.!® Then the speckle-interference
pattern will be of the form (10) in the absence of the
first component in the square brackets.

Figure Ga presents the holographic interferogram
of a lateral shear characterizing spherical aberration
in the paraxial lens focus and optical system in the
illumination channel of the mat screen. It was
recorded when conducting spatial filtration of the
diffraction field on the optical axis in the hologram
plane,’ whose double exposure recording was made
for L =0, [, = 230, a =(0.4+0.002) mm,

B=6+10". The wave front diameter in the mat
screen plane was 30 mm. Reconstruction of the

hologram outside the optical axis results in the
variation of the interference pattern because of the
off-axial wave aberrations of the lens.”

a b
FIG. 6. Holographic (a) and speckle interferograms
(b) of the lateral shear.

The speckle-interferogram of lateral shear in
Fig. 6b is the result of reconstruction of the double
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exposure specklogram, whose recording was made for
the value of shift ¢ = (0.4 +0.002) mm of the mat
screen before the second exposure. To record the
speckle-interferogram we need not to perform the
spatial filtration of the diffraction field in the
specklogram plane, i.e., the interferometer is insensitive
to the off-axial wave aberrations of the lens L; (see
Fig. 1a), and it characterizes its axial aberrations and
optical system in the illumination channel of the mat
screen with the twofold increase of sensitivity.

In the case of /; > 0, if the wave front diameter in
the mat screen plane exceeds the value d(1 + li; —%
then because of decorrelation of speckle-structures a
necessity appears in conducting spatial filtration of the
diffraction field in the specklogram plane to increase
the contrast of the interference pattern.

Thus, on the basis of the above investigations the
conclusion has been drawn that at the double exposure
recording of the lens Fourier specklogram of a mat
screen, when the screen is illuminated with a coherent
radiation of a converging quasispherical wave, at the
stage of its reconstruction the lateral shear
interferogram is formed in the bands of infinite width
with the twofold sensitivity increase at a fixed value of
the shift. In this case, the speckle-interference pattern
characterizes only axial wave aberrations of the lens
and the optical system in the illumination channel of
the mat screen (or in a particular case the axial wave
aberrations in the illumination channel of the mat
screen). The speckle-interferometer is insensitive to the
off-axial wave aberrations.
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