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Some experiments in the Fresnel region
of double diffraction systems
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The contrast change of the intensity distribution in the Fresnel diffraction field of
two axially separated linear gratings with lines mutually rotated is experimentally
observed and physically explained. Spatially coherent plane wave illumination is
used. The effect is due to spatial superposition of the multiple of Fresnel diffraction
fields of one of the gratings without observing high frequency interference patterns.

1. Introduction

The pure diffraction-interference imaging process of periodic objects is well
known as the self-imaging phenomenon [1-4]. Object replicas or its modified
versions are formed along the illumination direction without using any optical
elements. Optical properties of diffraction images depend on the wavefront cur-
vature of the spatially coherent light beam, object period, light wavelength
and the observation plane localization. Amongst the general class of self-imaging
objects [5] the linear diffraction grating plays the most important role, because
of its possible applications.

In the studies of the self-imaging phenomenon the single beam illumination
is usually assumed. However, some attempts have been made to investigate
properties of the Fresnel diffraction field of the so-called double-diffraction
systems [6-8]. These systems are composed of two diffraction gratings separated
in space along the illumination direction. The configurations with grating lines
mutually parallel [6, 7] or slightly inclined [8] have been considered. Since the
general mathematical description and physical interpretation in the Fresnel
region behind the second structure are very complex, only some special cases
have been discussed [6-8].

In this paper we would like to present some properties of the Fresnel field
of double-diffraction systems not yet described in the literature. In contrast
to the former studies [6-8], where gratings with parallel or slightly inclined
lines have been assumed, we investigate the change of the Fresnel field param-
eters as a function of a large inclination angle between the lines of two gratings.
The obtained effect of spatial superposition of multiple self-imaging of one grat-
ing is physically explained. Two cases are treated separately, namely: the,
first grating illuminated by the light beam with respect to the second stationary
and vice versa.
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2. Experimental work and physical interpretation

The optical configuration under investigation is shown schematically in Fig. 1.
Spatially coherent plane wave illuminates the first diffraction grating GI.
The second grating 02 is placed at the finite distance elfrom 01, the obser-
vation is performed in the Fresnel diffraction plane located at the distance z2

Pig. 1. Geometry of the double-grating diffraction system. G1 and G2 —linear rulings form
ming the double-diffraction configuration, (53 — linear ruling for detecting the Presne
field behind the grating G2

from the grating 02. Grating 03, placed in the observation plane, will be called
the detection grating, since it facilitates visual observation of the diffraction
field (at the distance z2) by means of the Moire fringe technique. All gratings
used in our experiments were of amplitude type binary rulings with the same
spatial period. The possible variations of the gratings parameters will be discuss-
ed below.

2.1. Rotation of the first grating G|

The detection grating 03 was placed in one of the self-image planes of the
grating 02, and a very slight tilt between the grating lines introduced. Grating
01 was not yet placed in the optical system. In this way as the beat product
between the self-image of 02 and grating 03 the Moiré fringes have been obtained.
They are shown in Fig. 2. Additionally, the spatial frequency intensity distri-
bution (harmonic content) has been observed in the back focal plane of a lens
placed behind the detection grating 03. Figure 3 shows the intensity distribu-
tion corresponding to the situation just mentioned. Monitoring of the changes
occurring in this plane as a function of the changes of mutual position of gratings
in the double diffraction system (gratings 01 and 02) will allow us to explain
easily the system performance.

Thereupon, the grating Gl was inserted in front of 02 at the finite distance zx
In the following, the cases when the lines of gratings G1 and 02 are parallel
or nearly parallel will not be studied, as the properties of Moiré fringes produced
in these cases have been discussed in detail in paper [8]. Our observations were
made for larger inclination angles at which the moire patterns, analysed in
paper [8], cannot be distinguished.



Some experiments in the Fresnel region... 377

Fig. 2. Moiré fringes observed in the plane of the detection
gTating 03 due to the beat phenomenon between the
self-image of G2 and grating <73

Fig. 3. Central part of the spatial frequency distribution
of the pattern shown in Fig. 2

By rotating gradually the grating 01 (Fig. 1) we observed the change in
contrast of Moire fringes detected in the observation plane G3 (see Fig. 2).
The fringes vanish and appear again retaining their spatial period and lateral
position. This means that the contrast of the self-image of 02 is detected by
the changes of 03 as a function of the rotation angle of 01. The effect observed
is independent of the axial distance zx between Ox and 02, i.e., the variation
of zx does not introduce any change into the moire fringe contrast determined
by the chosen rotation angle of 01.

To explain the physical origin of the effect the self-suggesting approach
is to treat the Fresnel field behind the grating 02 as a coherent superposition of
many Fresnel fields, generated by each diffraction order of 01 playing the role
of the illuminating beam. Rotation of 01 changes the plane incidence of the
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illuminating orders with respect to the plane normal to the lines of 02. The
analysis of the second structure in the Fresnel region would lead to complex
mathematical calculations, as their final stage would require a proper procedure
for the selection of terms.

Here we will present a simple heuristic explanation of the effect using the
approach mentioned above, our argumentation being, however, based on the
observations made in the spatial frequency plane. These observations are suf-
ficient for interpretation of the system performance. For this purpose, spatial
frequency distributions for the rotation angles: 30°, 60° and 90° of Gl (with
respect to the stationary gratind G2) are shown in Fig. 4. Let these photographs
be compared with that in Fig. 3. It may be comprehended that the presence of
Gl results in the multiplication of Fresnel fields behind G2. The number of fields
is, of course, much greater than that of diffraction orders of Gl illuminating the
grating G2, because of the cross-products appearing due to the interaction
of the periodic illumination with the periodic object structure. The multipli-
cation is visualized by the multiplied number of groups of the optical diffrac-
tion spots corresponding to Moiré fringe frequencies (see Figs. 3 and 4). All
constitutive Fresnel patterns (self-images) form Moiré fringes in the plane of G3.
Their lateral disposition, however, depends on the incidence angle of the illumina-
ting beams [9]. In our system these angles are determined by the angle of ro-
tation of GI. This last statement is confirmed by the photographs in Fig. 4.
Vertical distance between the groups of Moiré diffraction spots (harmonics) chang-
es with the rotation of GI. We can expect, therefore, that for some values of
the rotation angle of Gl the spatial coincidence of self-images will occur at the
selected distance z2of self-image observation. In such a case well-defined Moiré
fringes will be observed in the plane of grating G3, for other angular positions
of Gl the Moiré fringe contrast will be degraded.

The interpretation given above is supported by additional experimental
observations. For example, the following experiment has been performed.
In order to let only some selected Moiré-spot groups spatial filter was placed
in the frequency plane. The following features have been observed:

i) When the filter lets through one of the stationary groups (not changing
its position with the rotation of Gl, these groups correspond to the ones shown
in Fig. 3 and are formed by the zero diffraction order of Gl, they constitute
the central, almost horizontal line of Moiré-spots in Fig. 4), then the Moiré
fringes do not change their contrast and position in the observation field with
the rotation of the grating GI.

ii) When the filter lets through one of the Moiré-spot groups lying above
the line of stationary Moiré groups, mentioned in i), then the fringes move
laterally with the rotation of GI. The same occurs when letting through the group
lying under the line. In this case, however, the direction of fringe movement is
opposite. The same is observed when all the frequencies occupying one half
of the frequency plane and lying above or under the stationary groups pass
through the filter.
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Fig. 4. Intensity distribution in the spatial frequency plane
for different values of the rotation angle of grating Gl -with
respect to grating 62: (a) 30° (b) 60° (c) 90°
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iii) The passage of one stationary and one moving group with the rotation
of Gl leads to stationary Moiré fringes with their contrast changing as a function
of the rotation angle. It seems that the stationarity is imposed by a higher
intensity of the stationary moire group, whereas the contrast change is due
to the mutual lateral displacement of the stationary and moving patterns.
The same behaviour is observed, when one stationary and two moving groups
lying on the opposite sides of the stationary one are let through. When only
the two latter ones are let through, two fringes fields moving in opposite direc-
tions are observed. Similar features are noted when the number of groups let
through the filter is appropriately increased.

The described observations confirm the concept of spatial superposition
of Fresnel patterns introduced before. With the rotation of GI the incidence
angles of the beams illuminating G2 are resulting in the lateral displacement of
multiple Fresnel fields (with exception of the field generated by the zero diffrac-
ticn ordtr of GI and producing the stationary Moiré-spot groups). For some
pcsitkns cf Gl the i>atterns are overlapping and when the detection grating
G3 is in the self-image plane of G2, good contrast Moire fringes are observed.
Obviiuslv, when G3 is placed in the middle between the self-image plane (the
plane of uniform intensity, in the case of single beam illumination of the Ronchi
lype him ry amplitude grating used in our experiment)no well-defined Moire fring-
es cm be seen, irrespectively of the rotation angle of GI. It follows from the
above d’seussion that the conditions of spatial superposition of Fresnel fields
in a given observation plane are influenced only by the incidence angles of the
illuminating beams. This is why the change of the distance z1between gratings
Gl and G2 does not influence the observed effect. Moreover, the grating Gl
does not have to be of the same spatial period as grating G2 ; when it is of a high-
er spatial frequency the change of contrast with the rotation angle occurs
faster.

More general remark is worthy to be mentioned. All plane beams present
behind the grating G2 interfere with each other due to the spatially coherent
illumination. However, only the low spatial frequency patterns can be visually
observed —these are the Fresnel diffraction patterns of G2 (being displayed in
the ferm of Moiré fringes in the plane of grating G3). Other interference patterns
formed, for example, by the interference of harmonics belonging to the adjacent
Moiré groups are of high spatial frequency and cannot be resolved. This is why
the described effect can be treated as a multiple superposition of self-imaging
under spatially coherent illumination. Another mechanism of multiple super-
position of self-imaging, using spatially incoherent illumination of the double-
diffraction system, has been recently described [10].

Finally, it can be assumed that the amplitude type grating GI can be replac-
ed by a phase grating, since its only role is to provide a spatially periodic
illumination of Gfl. Moreover, because of the observed spatial superposition
of multiple Fresnel fields without, as explained above, interference effects
(to be expected under spatially coherent illumination) it can be inferred that
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spatially incoherent periodic illumination may be used, as well. This can be
done, for example, by moving laterally the grating 01 or by employing ultra-
sonically produced progressive phase grating [7,11,12].

The grating G2 can be of the amplitude or of phase type; in the latter case
the best visibility diffraction patterns are observed in the planes lying in the
middle between the self-image planes of amplitude grating [10].

2.2. Rotation of the second grating G2

Next, the following experiment has been performed. The grating G3 was placed
in one of the self-image planes of the grating (?1 (the grating G2 being removed).
The lines of G1 and G3 were set almost parallel, the moire fringes observed
by us were similar to the ones shown in Fig. 2. Next, the grating G2 was inserted
between the gratings Gl and G3. It has been noted that irrespectively of the
axial localization of G2 (i.e., when setting arbitrary values of the distances z1
or z2, Fig. 1) the Moiré fringes detected in the plane G3 change their contrast
with the rotation of the grating G2. Moiré fringes retain their spatial period
and lateral localization depending on the rotation angle. On the other hand,
when the angular position of G2 is fixed then the Moiré fringe contrast changes
with the axial displacement of this grating. If the grating G3 is not placed in
one of the self-image planes of GI, the maximum contrast Moire fringes can never
be obtained, irrespectively of the axial and angular positions of the grating G2.
Other experimental observations with spatial filtering in the frequency plane
coincide with the ones described in the previous section.

The physical interpretation of the performance of this system can be based,
as before, on the concept of spatial superposition of Fresnel fields. The grating
G2 acts now as the splitter (divider) and, therefore, as the multiplier of the
Fresnel field of the first grating GIl. This Fresnel field propagates behind the
grating G2 in the directions corresponding to the directions of diffraction orders
of this grating, as well as in the directions corresponding to the cross-products
(beats between the diffraction orders of Gl and G2). When the field-splitter
grating G2 rotates, the angular separation between the multiplied Fresnel
fields changes (we do not show here the situation in the spatial frequency plane,
since it is analogical to the one shown in Fig. 4). As the result the mutual lateral
displacement of the fields in the observation plane is changed. This displace-
ment is additionally a function of the distance z2between the splitter-grating G2
and the observation plane G3. Therefore, it is clear that in the observation
plane the spatial coincidence of the multiple of Fresnel patterns of the first
grating GI can be obtained either by angular rotation or by axial shift of the
grating G2. Well-defined patterns (and, consequently, Moiré fringes in the plane
of the detection grating G3) are obtained when the self-images of Gl are overlap-
ped. This is why our observations have been performed in the self-image plane
of the first grating.
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The additional observations resulting from the spatial filtering experiments
explaining the stationarity and movement of Fresnel fields belonging to selected
propagation direction behind 02 are identical to the ones decribed in Section 2.1.
They provide a closer look on the origin of the effect under investigation and
prove the correctness of our heuristic explanation.

As before, it is easy to understand that the rotating grating can be of ampli-
tude or phase type, its spatial period does not have to be equal to the period of
stationary (self-imaging) grating. Its only role is to provide multiple angular
separation between the Fresnel fields. It follows from the last statement that
the progressive grating, i.e., ultrasonically produced phase grating can be used
for this purpose.

The grating Oi can be of amplitude as well as of phase type, in the latter
case the best visibility diffraction patterns are observed in the planes lying in
the middle between the self-image planes of the amplitude grating [10].

3. Conclusions

The effect of spatial superposition of multiple self-imaging in the Fresnel region
of double-grating optical systems under spatially coherent plane wave illumina-
tion has been obtained and physically explained. This effect takes place when
one of the gratings is rotated about the optical axis and the angle between lines
of the two gratings is sufficiently large to avoid Moiré effects. The Fresnel
fields of the stationary gratings are overlapped and can be visually observed.

When the grating being rotated stands in front of the stationary one, then
its role is to provide the periodic beam illumination of the stationary grating
with continuously changeable values of the incidence angle. For some angular
positions the spatial coincidence of the Fresnel fields (in-registry condition in
selected observation plane) is encountered. The axial separation distance be-
tween the two gratings does not influence the parameters of the Fresnel field.

When the axial order of the gratings in reversed then the grating being ro-
tated acts as the optical field splitter (multiplier) of the Fresnel diffraction field
of the first grating. The in-registry condition in a given observation plane de-
pends on the rotation angle of the splitter, grating and on the axial distance
between this grating and the observation distance.

From the above described roles performed by the grating being rotated
it may be inferred that this grating can be of amplitude as well as of phase
type. The same remark concerns the stationary grating. Spatial periods of the
two gratings in the double-diffraction system under study do not have to
be in a fixed ratio, in contrast to the previously described systems [6, 7].
The grating being rotated can be also replaced by the progressive spatial periodic
modulation, but then the spatial coherence between its diffraction is destroyed.
This fact, however, plays no role in the multiple superposition of self-imaging
described, since for that purpose no interference effects are required.
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All investigations presented in this paper were concerned with the plane beam
illumination of double-diffraction system. They can be extended, however,
in a straightforward manner to the case of spherical [3]or Gaussian beam illumi-
nation [13]. The analysis of these configurations together with the mathematical
description of the presented case of plane beam illumination will be the subject
of the following paper.
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HekoTopble 3KCNepUMeHTbl B 06n1acTu ®peHenss ¢ ABYMS AU(PAKLMOHHBLIMU CUCTEMaMU

TeMoii paboTbl ABASETCA U3MEHEHWE KOHTpacTa pacnpefeneHnss MHTEHCUBHOCTM B AUPaKLMOHHOM none
®peHens ABYXOCHO pPa3ABMHYTbLIX SIMHENHbIX PELUETOK C BpallaeMbiMU ApYr Apyra JMHWSIMU, KOTOpOe
HabNoanoch 3KCMEepUMEHTAIbHO WM WHTEPNpPeTMPOBanoch (manyecku. [MpPUMEHEHO OCBeLleHue Npu
NMOMOLLY MPOCTPAHCTBEHHO KOTEPEHTHOW NNOCKOW BOMHbIL. S(eKT NPOMCXOAUT OT MPOCTPAHCTBEHHOTO
HaN0XeHNs KPaTHOCTW (hpeHeneBbIX MOoMei OfHOW peLueTku, NpuyeM He HabMAANNCL UHTEPEPEHLIMOH-
Hble (Urypbl BbICOKOI 4acTOTbI.



