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A shear interferometer based on double—exposure recording of a lens Fourier

hologram of a mat screen

is analyzed. It is shown

both theoretically and

experimentally that spatial filtering in the hologram plane results in the formation of
an interference pattern characterizing the phase distortions of the illuminating
wavefront and wave aberrations due to lens.

The method of double—exposure recording of a lens
Fourier hologram of a mat screen, which can be used to
form shear interferograms in fringes of infinite width using
diffusely scattered fields when performing spatial filtering,
was first implemented in Ref. 1. To do this, the mat screen
placed in the front focal plane of a positive lens was
illuminated by coherent radiation with a quasiplanar
wavefront and the Fourier hologram was recorded during
the first exposure with the use of the off—axis reference
beam. Prior to the second exposure of a photographic plate,
placed in the back focal plane of the lens, the phase changes
induced in the light wave due to the displacement of the
mat screen in its plane were compensated by means of the
change in the tilt angle of a quasiplanar reference
wavefront. As a result, reconstructed subjective speckle
fields of the two exposures appear to be superimposed in the
hologram plane with the total tilt angle between them
determined by the amount of displacement of the mat screen
prior to the second exposure of the photographic plate. On
the one hand, this results in localization of the interference
pattern in the hologram plane because of the phase
distortions of the reference wavefront. On the other hand,
subjective speckle fields of two exposures also coincide in
the Fourier plane of the objective placed behind the
hologram, resulting in the formation of the interference
pattern characterizing the wave aberrations due to lens and
phase distortion of the wavefront illuminating the mat
screen. It then follows that one can distinguish the phase
distortions of the reference wavefront and wave aberrations
due to lens from the phase distortions of the illuminating
wavefront. Formation and recording of the holographic
shear interferograms were extended to the cases of the
Fourier image of the mat screen in the plane of
photographic plate with the use of a positive lens, when the
mat screen was illuminated by diverging and converging
spherical waves.?3 In this case, the well—known in optics
manufacture possible formation of a nonaberrational
spherical wave allows one to control the wave aberrations
due to lens over the field.

Some salient features of reconstruction of the complex
amplitude of the double—exposure field based on the
coincidence of their subjective speckles in the plane of the
photographic plate during the recording of the lens Fourier
hologram of the mat screen illuminated by a quasiplanar
wave are analyzed in this paper.

According to Fig. 1a, the Fourier image of the mat
screen 7 is formed in the plane of the photographic plate 2
with the positive lens L,. It is produced during the first

exposure by an off—axis reference wave (which is not shown
in Fig. 1a). Prior to the second exposure, the tilt angle of
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the wavefront of radiation illuminating the mat screen is
changed by o in the plane (x, z), and the photographic
plate is displaced at an amount @ along the x axis in its
plane. At the reconstruction stage the hologram 2 (Fig. 1b)
is illuminated by a coherent plane wave, and the
interference pattern is recorded in the Fourier plane when
performing spatial filtering in the hologram plane with the
use of the opaque screen P, with a circular aperture.
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FIG. 1. The scheme used for recording (a) and
reconstruction (b) of a double—exposure Fourier hologram
of the mat screen: 1) mat screen, 2) photographic plate—
hologram, 3) recording plane of the interferogram; L, and

L, are lenses; P, is the aperture diaphragm; and, P, is the
filtering diaphragm.

The complex amplitude of a subject field produced
during the first exposure in the plane (x, y) of the
photographic plate in the Fresnel approximation, neglecting
the constant amplitude and phase factors, takes the form

u(xg yy) ~ fffft(x1, yp expio(x,, y,) x
xexp {i & [(x; — 2,)* + (y, — y*1/2 I} x

< Py, yy) expi o)Xy, yy) exp[—i k(x5 + y3) /211
xexp {i x [(x,— x3)? + (g, — y*1/2 f,} da, dy, dx, dy,, (1)

where x is the wave number, t(x1, y1) is the complex
amplitude of transmission of the mat screen and is a random
function of coordinates, ¢ (1, y,) is the deterministic function
characterizing the phase distortions of the quasiplanar
illuminating  wavefront, p (x,, y,) exp ip)(x,, y,) is the
generalized pupil function? of the lens L, with the focal
length f, taking into account the axial wave aberrations,
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and [ is the distance between the mat screen and the
principal plane (x,, y,) of the lens.

By well-known transformations, expression (1) can be
represented in the form

u g, y) ~explin(a?+y2)/2f]x
x{exp [—1 K(X§+y é) l/2 f%]F[K‘XS/fP Kyj/f1]®P1(X3,y3)},(2)
where ® denotes the convolution operation,

Flexy/f, kys/f11=
:fft(x1, yexpio,(x, yJexpl—ix (xxy + y,y,)/f1dx dy,

is the Fourier transform of the transmission function of the
mat screen taking into account the phase distortions of the

illuminating ~ wavefront,  P,(x; y,) = ffp1(x2, Yy) X

x exp i (X, yy) exp [—i x (x, x5 + y, y5)/f11dx, dy, is the
Fourier transform of the generalized pupil function of the
lens L,.

On the basis of expression (2) we have the phase
distribution of the diverging spherical wave with radius
of curvature f, characterized by the quadratic term
exp[ix(x% + y%)/2f1], and the Fourier transform of the

input function. In this case each point of the Fourier
transform spreads to the circle whose diameter is
determined by  the width of the function

expl—i k(¥ + ¥y 1/2 21 ® P (x5 yy)} =

= ff exp [i k(23 +y3) /21 p, (xy, y,) exp i ¢y (X, y,) x

x exp [—i x(x, x4 + ¥, y3)/f,1 dx, dy,, which is the result
of diffraction of the diverging spherical wave with radius of
curvature / by the pupil of the lens L,.

Because the width of the function P (x5, y5) is of the
order of Af,/d, (see Ref. 5), where X is the wavelength of a

coherent light source used for recording and reconstructing
of the hologram and d, is the diameter of the pupil of the

lens L,, we assume that phase change of the converging
spherical wave with radius of curvature f %/ [ in
expression (2) is no more than = within the existence
domain of the function P (x;, y,). In this case we may take
the quadratic phase factor exp[— 11«(9@ + y%)l/ 2f ﬂ outside
the convolution integral of the function P1(x3, ya) for the

region in the plane of the photographic plate whose
diameter D < d f,/I and obtain

u gy, yy) ~expli x (x2+y2) (f, — D/2f3] x
x {F [k x3/f, xy3/[1® P(x, ys)}. (3)

As follows from expression (3), in the above—indicated
region we have the Fourier transform of the input function
convoluted with the function of an amplitude impulse response
of the lens L, multiplied by the quadratic phase factor

characterizing the phase distribution of the spherical wave
with radius of curvature r=/2/(f, — ). Therewith, this
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factor characterizes the phase distribution of the diverging
spherical wave for /< f,, and the Fourier—transform extent
increases in the plane of the photographic plate with the
decrease of the distance / between the lens and mat screen.
When [ =0, D = oo, because the spatial spectrum of the plane
waves scattered by the mat screen is not bounded by the lens
L,. If I, = f,, the radius of curvature r =, and the spatial
extent of the Fourier—transform in the plane of the
photographic plate corresponds to the pupil diameter of the
lens L,. When [, >f,, the quadratic phase factor in
expression (3) characterizes the phase distribution of the
converging spherical wave, and the spatial extent of the
Fourier transform becomes smaller than the pupil diameter of
the lens L, decreasing with further increase of the distance
between the lens and mat screen. In all above—considered
instances the Fourier transform is scaled by one and the same
factor 1/1f;, and the scale of the amplitude impulse response
is identical to that of the Fourier transform of the input
function as opposed to the case of the illumination of the mat
screen by radiation of diverging or converging spherical wave
(see Refs. 2 and 3).

The complex amplitude distribution of the subject
field corresponding to the second exposure in the plane
(x5, y3) of the photographic plate takes the form

sy, y3) ~ ffirft(xr y expi o (x;+b, y,) x

x exp (i & x; sina) exp {i & [(x;— 2,)? + (y, — y,)*1/2 1} x
x P2y, yy) expi o)Xy, yy) exp[—i k(x5 +y2)/2f]x
x exp {ix [(ry— 2y — @)* + (y, — y)*1/2 f,} dx,dy, dx,dy,, (4)

where b is the reference wavefront shear due to change in
the wavefront tilt prior to the second exposure.
If the condition sina =a/f; is fulfilled, then

expression (4) can be brought to a form
uy(xs, y3) ~exp {i k [(xgta)® + y31/2f,} x
x {exp {—i z([(yc3+a)2 + y%] 1/2 f%} x

< AF [k x3/f}, € y3/[1]1 ® O(xy, y3)} ®P (x4, y3)}, (5)

where ®(x4, y,;) = ff expi [¢(x3+h, y3) — 9,(xy, y3)] x

xexp [—i k(x, x5+ y,y5)/f1dx; dy, is the Fourier

transform of the corresponding function.

In the employed approximation the distribution of the
complex amplitude of the reference wave field during the
first and second exposures can be expressed as

ug ~expili x (x2+ y2)/27] + i k2,500 + i ox(as, y3)},

ugy ~ exp i x[(xy +a) +y31/2r +ix(xy+ a)sing +

+i g4y +a, yy},

where 0 is the tilt angle of the spatially bounded reference
beam to the plane of the photographic plate, ¢5(x5, y3) is
the deterministic phase function characterizing the phase
distortions introduced in the reference wavefront by the
aberrations of the illuminating optical system.
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Let us next take the linear dependence of an amplitude
coefficient of hologram transmission on the intensity, and
let the hologram be illuminated by a plane coherent wave in
the direction of propagation of the reference wave (see
Fig. 1b). Then the distribution of double—exposure
diffraction field in the hologram plane takes the form

uCxq, y)~exp—1i o(xs, y) {F [Ray/fy, xy3/[10P (xq, y3)} +
+exp— i oix; +a, y) {F [k x3/f;, xyy/ [ 10015, y)}®

®exp (i kaxy1/f1) P (x5 y}. (6)

The change in the tilt angle of the illuminating
wavefront prior the second exposure results in the shift of
subjective speckles in the focal plane® of the lens L,, which
is compensated by the displacement of the photographic
plate in the above—considered case. Actually because
D(xq, y4) = 8(xy, yy), where 8(xy, y,) is the Dirac delta—
function, it then follows from expression (6) that subjective
speckle fields of two exposures with relative tilt angle
B=al/f? between them coincide in the hologram plane,
and information about the phase distortions introduced in
the light wavefront by the lens L, and about distortions of
the illuminating radiation wavefront is embedded in the
amplitude—phase distribution of an individual subjective
speckle in the hologram plane. It then follows that the
interference pattern due to reference wave aberrations is
localized in the hologram plane.! When the opaque screen
p, (Fig. 1b) with a circular aperture centred on the optical
axis is positioned in the hologram plane and the width of an
interference fringe in the interference pattern localized in
the hologram plane exceeds the diameter of the filtering
aperture, the diffraction field in the plane of spatial
filtering is given by the expression

ulxg, y3) ~ pyg, y) {F [ 23/ [k y3/[11OP (g, y3) +
+F [k xy/ [, & Y5/ [100Cxs, y5)®exp (ixa x4/ [P, (xy, y )} (T)

where p,(x5, y5) is the transmission function of the screen

with circular aperture.”
Let the light field in the back focal plane of the lens
L, (see Fig. 1b) with the focal length f, be represented as a

Fourier integral of the light field in the plane of spatial
filtering. By using the properties of the Fourier transform,
we obtain

u(x4’ y4)~{t (_“‘x/u _“.7/4)p1(_“—x4v _Hy4)EXpi[(P1(—WC4» —H y4)+

+ (PQ(_"J'x47 _Hy4) +i (_Hx4v _Hy4) P1(—P-1‘4 +a l/fy —H y4) X
xXexp i[(p1(—u.x4+b,—HZ/4)+(P2(—LUC4+LZ l/f1y —HZ/4)]}®P2(X4,§4),
(€)]

where p = f,/f, is the scale factor of image transformation,

Py 5 = J S sy gesp - ix Gy )/ f] dy dy

is the Fourier transform of the transmission function of the
screen with circular aperture.

As follows from expression (8), if the diameter D, of
illuminated spot on the mat screen satisfies the condition
D, <d,, then within the region of overlap of images of the
pupil of the lens L, the identical subjective speckles of the
two exposures coincide. It then follows that the interference
pattern is localized in the Fourier plane’ (x,, y,). Indeed, if in
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expression (8) the period of the function expi[ @ (—px;, —py, )+
+ oy (—pxy, —py)l +oexpilo (—pa, + b, —py) +
+ o (—nx,+al/f,, —ny,)] exceeds the size of a speckle in
the recording plane 3 (Fig. 1b) determined by the width of
the function P,(x,, y,), at least by an order of magnitude,®
we may take this function outside the convolution integral.
In this case a superposition of the correlating speckle fields

of two exposures results in the following illumination
distribution:

Iy, y) ~ {1+ cosloy(—uxy, —ny) + o(—nxy, —py) —
— o (—pnx b, —py) — of—ux, +al/f;, —ny)l} x
< |t (cpry, —nyIBPCxy, y P ©

Expression (9)  describes the speckle
modulated by the interference fringes. The interference
pattern has the form of a lateral shear interferogram in
fringes of infinite width and characterizes the axial wave
aberrations due to the lens L, as in Ref. 1, and phase
distortions introduced in the illuminating wavefront. In this
case, in contrast to Refs. 1, 2, and 3, the sensitivity of the
shear holographic interferometer to wave aberrations due to
the lens L, is the higher, the larger is the distance between
the mat screen and the lens, and it is equal to zero at [ = 0.
It is explained by the fact that the tilt angle between the
speckle fields of two exposures coinciding in the hologram
plane is equal to zero at [ =0. If ¢ (—px,+b, —ny,) —
— ¢o,(—px,, —py,) < within the region of overlap of the
images of the pupil of the lens L, the interference pattern

for [ > 0 characterizes the axial wave aberrations due to the

lens L,, as in the particular case of double—exposure

recording of the lens Fourier hologram discussed in Ref. 9.

The displacement of the center of filtering aperture in
the hologram plane along the x axis within the diameter D
results in the formation in the recording plane 3 (Fig. 1b) of
the interference pattern, characterizing additionally the off—
axis wave aberrations due to the lens L, (see Refs. 2 and 3)
caused by diffraction of the off—axis plane wave (propagating
at the angle to the optical axis, for which tany = x,/f,) by the
pupil of the lens, where x, is the coordinate of the center of
filtering aperture along the x axis.

Let spatial filtering of the diffraction field in the
hologram plane be performed on the x axis, when the
distance from the optical axis is more than D/2. Then its
distribution at the exit from the filtering diaphragm takes
the form

uCxs, ys) ~ pylagtag, ys) expli x (03 +y3) 1/2f4] x
xfexp[—i k(x2 + y2) I/2f3F [xxy/ [, ky3/[,]1®

®P,(ary, y b + exp [—ixx 3+ y DI/ 2 FHF Ly /[ wyy/[11®
@Dy, y)®exp (i kaxy1/f?) Pay, y )b .

We represent the light field in the back focal plane of
the lens L, (Fig. 1b) in the form of the Fourier integral of

the light field in the spatial filtering plane
uCxy, y,) ~ Po(xy, y®exp[—i x(x2 + y ) p2/211®

®fexplix(xi+y D) w2/ 200t (—pay, —ny,) x

structure

(10)
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X exp i(P1(_le4: _Uy4)} P1(—LUC4» —H y4) exp i(Pz(_PLx4: _Hy4) +
+{explix(x2 +y2) 2/ 200t (—pxy, —ny,) x
xexpi @ (—px4b, —puy)} p(—nxFal/fi, —pny,) x

xexpi g(—pxtal/f, —ny)h an
where

Po(xy y)= f f polagtag, ydexpl— iagy,tysy,)/f,] drgdys

is the Fourier transform of the transmission function of the
screen with circular aperture whose coordinates are x, 0.

It follows from expression (11) that speckle fields of
two exposures coincide. They are identical within the region
of overlap of the functions of the pupil of the lens L,. Tet
us assume that the period of the function characterizing the
phase distortions of illuminating wavefront and the on—axis
wave aberrations due to the lens L, exceeds the speckle size
in the Fourier plane and for small amount of displacement
pi(—nay, —py) | pl—nx, +al/f, —ny). Then  the
illumination distribution in the plane (x,, y,) (Fig. 1b) can
be written down in the form

ICxy, y) ~ {1+ cos[o(—px,, —ny,) + of—nx, —pny,) —
— o (—px b, —py) — o —nagtal/f,, —nyPly Py x,, y)®
®exp [—i k (x% + yg) w2210 {t (—pxy, —pyy) x

< expl—i k (x % + y D2/ 2 [IOP(x,, y I, (12)

where
el

Py, yp) = f f (=g, —un)explix(ex, + ny,) w?/1] dg dn,

Eu2/n 1 and nu2/2 [ are the spatial frequencies.
Consequently, the interference pattern characterizing
the wave aberrations due to the lens L, is also localized in

the far diffraction zone for the above—considered case of
spatial filtering of the diffraction field in the hologram
plane. In this case wave aberrations due to the lens L, are
caused by diffraction of diverging spherical wave with
radius of curvature L, propagating at an angle to the
optical axis, for which tany = x,/7,.

In the experiment the double—exposure lens Fourier
holograms were recorded on Micrat—VRL photographic
plates with the use of a He—Ne laser at a wavelength of
0.63 um. As an example, the interference pattern obtained
when performing spatial filtering by reconstructing a
hologram with a small—aperture laser beam ~2 mm in
diameter is shown in Fig. 2.

FIG. 2. Shear interferograms recorded when performing
spatial filtering in the hologram plane: a) on the optical
axis, b) off the optical axis.
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The hologram was formed with the help of the lens
with a focal length of 180 mm and a pupil diameter of
27 mm. The diameter of quasiplanar radiation beam, used
for illumination of the mat screen, was 50 mm. The distance
from the mat screen to the lens was equal to 100 mm, and
the curvature radius of a diverging quasispherical wavefront
of a reference beam in the plane of photographic plate was
405 mm. Prior to the second exposure the photographic
plate was displaced by (0.4+0.002) mm and the tilt angle of
the illuminating wavefront was changed by 7'40"+10".

The interference pattern shown in Fig. 2b corresponds
to the case of reconstruction of the double—exposure
hologram at the point located on the axis of displacement of
the photographic plate at a distance of 15 mm from the
optical axis. In this case the image of the mark in the form
of the letter T drawn on the mat screen remains at the same
position, and illumination is produced by the plane wave
bounded by the aperture of the lens L, (Fig. 1a) and

propagating at the angle to the optical axis, for which
tany = x,/f,. As a result, in the case of illumination of the

mat screen by radiation with quasiplanar wavefront the
displacement of the hologram from the laser beam at the
stage of its reconstruction leads to the formation of the
shear interference pattern characterizing on—axis and off—
axis aberrations due to the lens L, which are summed with
the phase distortions of the illuminating wavefront
introduced by the corresponding periphery of the mat screen
and its part bounded by the aperture of the lens L. It

should be noted, for example, that with the use of a
negative lens for the double—exposure recording of the
Fourier hologram!'® different scales of the Fourier
transmission functions of the mat screen and impulse
response of the lens due to vignetting of spatial spectrum of
waves scattered by the mat screen results in recording of the
larger extent of the illuminating wavefront in the Fourier
plane in comparison with aperture size of the lens. That
gives rise to the constant illumination within larger field—
of—view angle.

Figure 3¢ shows the interference pattern when
performing spatial filtering in the hologram plane
characterizing primarily the spherical aberration in the
paraxial focus of the illuminating wavefront within the
aperture of the pupil of the lens L, (see Fig. 1a). In this

case the double—exposure hologram was recorded when the
mat screen was placed adjacent to the plano—convex lens
with a focal length of 250 mm and a pupil diameter of
47 mm, and the radius of curvature of the reference
wavefront in the plane of photographic plate was equal to
the focal distance of the lens. The displacement of the
photographic plate prior to the second exposure was equal
to (0.4£0.002) mm, and the tilt angle of the illuminating
wavefront was changed by 5'30"+10".

FIG. 3. Shear interferograms characterizing: a) phase
distortions of the illuminating wavefront and b) phase
distortions of the reference beam.
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A characteristic feature of this interference pattern is
that it does not alter with displacement of the hologram
from the reconstructing laser beam, except that transition
from the interference fringe, corresponding to the maximum
of the interference pattern localized in the hologram plane
and shown in Fig. 34, to the interference fringe,
corresponding to its minimum, results in the change of
phase in the filtered interferogram by =, as revealed in the
case of formation of the shear interferograms for control of
the wavefront based on the double—exposure recording of
the lensless Fourier hologram.

Thus, the given theoretical and experimental results
demonstrate the formation of the shear interferograms in
fringes of infinite width using diffusely scattered fields
based on the coincidence of speckle fields from two
exposures during recording of the lens Fourier hologram of
the mat screen illuminated by the radiation with
quasiplanar wavefront. In this case the interference pattern
characterizing the wave aberrations due to the lens and
phase distortions of the illuminating wavefront, is localized
in the far diffraction zone and the spatial filtering is
necessary for its recording, while the sensitivity of the
holographic interferometer to the wave aberrations is the
higher, the longer is the distance between the mat screen
and lens.

Vol. 6, No. 9 /September 1993/ Atmos. Oceanic Opt. 609

REFERENCES
1. V.G. Gusev, Opt. Spektrosk. 69, No.5, 1125—1128
(1990).
2. V.G. Gusev, Atmos. Oceanic Opt. 5, No.2, 73-78
(1992).
3. V.G. Gusev, "Formation of  holographic  shear

interferograms during the double—exposure recording of

Fourier hologram,” VINITI, No. 4892—B91, Moscow,
1991, 20 pp.
4. J.W. Goodman, Introduction to Fourier Optics

(McGraw—Hill, New York, 1968).

5. M. Franson, Speckle Optics [Russian translation] (Mir,
Moscow, 1980), 158 pp.

6. C. West, Holographic Interferometry (John Wiley and
Sons, New York, 1979).

7. M. Borne and E. Wolf, Principles of Optics (Pergamon
Press, Oxford, 1970).

8. R. Jones and C. Wykes, Holographic and Speckle
Interferometry (Cambridge University Press, 1986).

9. V.G. Gusev, Izv. Vyssh. Uchebn. Zaved., Priborostr. 34,
No. 3, 60—66 (1991).

10. V.G. Gusev, Opt. Spektrosk. (1993) (in printing).

11. V.G. Gusev, Opt. Spektrosk. 66, No. 4, 921-924
(1989).



