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This paper deals with the diffraction of light on the slit formed between straight reference edge and
the cylindrical metallic surface. In view of metrological application of diffraction patterns, a series
of experiments with objects of different radii has been performed. A simple model is discussed to
explain obtained experimental data.

1. Introduction

There are numerous suggestions concerning possibility of measurement of small
linear dimensions by means of analysis of diffraction patterns [1], [2]. In particular,
one can measure separation of two objects by observation of the far-field diffraction
pattern resulting from the diffraction of light on a slit aperture formed between a test
and reference object. When the width d of the slit is large in comparison with the
wavelength 2 and its length 1> d, the far-field diffraction pattern intensity
distribution is given by the well-known equation

[ = 10sin/?2/?2 @
where
p = kd/2sm$, @

and 70 is the intensity on the axis, i.e., for the diffraction angle $ equal to zero;
k = 2/7/2 stands for the wavenumber.

For given wavelength, one can determine the slit width by determination
of minima of intensity which (all equal to zero) are defined by £2,= «77
(n= %1, £2, £3,...) so that

dsin#B= n2. ®)

* This paper is a contribution to the Central Research Program CPBP 02.20.
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In practice, at least one of the objects forming the slit has a three-dimensional
structure and can no longer be approximated by a sharp edge. Because of asymmetry
of the slit formed between a straight reference edge and a three-dimensional test
body, one can expect asymmetry in obtained diffraction pattern. This asymmetry,
depending on the geometry of the test object and on the optical properties of its
surface, will affect, in particular, the position of extrema of the far-field intensity
distribution and, in consequence, the accuracy of determination of the slit width. In
view of metrological application a series of diffraction experiments was performed
with a parallel slit between reference edge and metallic cylindrical surface of varying
radius of curvature. To explain obtained experimental results, we propose a simple
theoretical model presented in the following.

2. Experimental

For registration of the far-field intensity distribution, an experimental setup
presented in Fig. 1 has been used. The beam of monochromatic light (A= 0.6328 pm)
from He-Ne laser is guided parallel to the experiment table by a system of beam

F Fo

Fig. 1 Scheme of the measuring system: 1 —slit, 2 —cylinder, 3 —edge, C - inductive indicator, S —
scanning slit, F —interference filters, Fo —photoelement, Fp —photomultiplier,/ —distance of the edge
from the scanning slit, V640, V544 - digital voltmeter, M,, M2 — beam guiders, ZWN 42 — power

supply

guiders Mt, M2. The total intensity of the beam is controlled by the BPYP 30
photoelement. The width of'the examined slit is measured by inductive indicator
Fimetr 200. The intensity distribution in the far-field is measured by means of
photomultiplier M12FS52A. The detector is provided with vertical scanning slit of
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width of 100 jim and can be translated horizontally by means of precision
micrometer screw with optical system of reading.

Additional measurements have been performed to establish the geometrical
properties of the laser beam in the plane of the object. For the diameter of the
Gaussian beam, measured at level 1Je2 we obtained 2w > 2 mm. The divergence
angle of the beam has been also measured and evaluated as 20 < 7.5 x 10“4 rad. By
elementary estimation one can prove that for such parameters of the beam neither
the density distribution across the beam nor the curvature of the wavefront influence
essentially the diffraction pattern, when the slit width is of order of 100-200 pm.

To ascertain that the diffraction we investigate is the Fraunhofer one, the
distance between the object and detector must be chosen sufficiently large. In the
case of parallel slit the criterion of applicability of the Fraunhofer approximation
reads [3]

d2 < fX @

where/is the distance of the point of observation from the aperture. In the presented
above setup, we adopted value of/ = 787.8 mm satisfying the above condition for
d = 140 pm, which is the slit width used in most of our experiments.

The intensity distribution in the diffraction pattern produced by a single slit
formed by two parallel edges is characterized with great dynamics in changes of
intensity in successive striae (the values of respective maxima are in proportion:
1:0.047:0.017:0.008...). To obtain faithful spectral characteristics of the slit it is then
necessary to adopt a detector displaying linear response within wide range of input
signal intensity. The adopted M12FS52A phototube has been tested by its
illumination by laser beam through a set of grey filters. The obtained dependence of
electric signal on number of applied grey filters is presented in Fig. 2

. . , Fig. 2. Phototube linearity test. K denotes number of
1 2 3 U 5 K applied grey filters
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The next stage of experiment comprised the alignment of the optical system. The
photocathode of the phototube has been set perpendicularly to the direction of
propagation of the laser beam. Then, the cylindrical surface of the slit has been
positioned parallel to the blade edge by proper setting of angles a and y (see Fig. 3).

Central position of the cylindrical surface with respect to the edge has been fixed by
means of determination of position characteristics of the blade with the slit being
closed. By shifting the cylindrical surface in z-direction we find this way the
maximum of the blade position while it is in contact with the central generatrix of

the cylinder.

Fig. 4. Diffraction pattern of the planar slit with d = 140 pm. The solid line represents theoretical values
and points denote ,results of experiment. The central line of the spectrum is reduced ten times
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In the described experimental setup a series of diffraction patterns has been
surveyed for different radii of curvature of the metallic cylinder. For verification of
the setup first, an experiment with a single parallel slit formed by two blades has
been done. The obtained results are shown in Fig. 4. Experimental data are there
compared with the theoretical curve representing intensity distribution provided by
Eq. (2). The symmetry of the obtained spectrum as well as proper position of extrema
confirm pertinence of assumptions concerning properties of the incident wave and
applicability of the far-field conditions. It is also evident that the constant
component of the scanning detector signal, resulting from internal noise of the
phototube, does not alter the position of extrema.

For radii of the test object greater than zero, a systematic shift of the intensity
minima has been observed, depending visibly on the radius of the cylinder and
quality of the surface. To explain obtained results, a heuristic theoretical model is
proposed.

3. Theoretical model

According to the Huygens’ principle, each point of the wavefront in an aperture may
be considered as a secondary source of wave. The envelope of such secondary waves
forms another wavefront. In the case of interest, the wavefront of the incident wave
may be assumed as planar in the slit between two parallel thin edges. Instead, when
the slit is formed by three-dimensional bodies with light reflecting surfaces, the
wavefront will be, in general, distorted. In the case of edge-cylinder aperture there is
an Undisturbed plane wavefront parallel to the edge and the reflected wavefront. Our
task is to find the form of this curved wavefront and the density of distribution of
secondary sources on it. Then, to obtain the far-field intensity distribution, one has
to summarize contributions arising from secondary sources of both wavefronts.
Assume that the slit between the edge K and the cylindrical reflecting surface W
(Fig. 5) is illuminated by monochromatic plane wave. Points of the slit lying on the

Fig. 5 Construction of the reflected wavefront
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extension of K may be treated as sources of secondary wavelets, uniformly
distributed and vibrating in phase. The field emitted in the direction defined by angle
9 is given by

VO(9)xA fe ik{x- d)sirmdz )
0

where z is the distance of the secondary source from the cylindrical surface (see
Fig. 5).

As for the reflected wavefront, let us suppose that a ray of light falls on W at
point E, explicitly defined by the angle of incidence if. After reflection at the same
angle if/, the considered ray reaches point B in the same phase as that of the sources
of the slit. Point B belongs then to the wavefront of the reflected wave. If we denote
by r the radius of curvature of the cylindrical surface, one can prove that parametric
equation of the wavefront is of the form

X' = 2rsin3”,
/ = rcos™ (1+2sin2\f) (6)

in Cartesian coordinates of the centre placed in the centre of curvature of cylinder.
The wavefront is thus the epicycloid of modulus equal to 1/2.

In order to calculate the contribution of bent wavefront to the field emanating
towards direction defined by 9, one has to find the phase of secondary wavelets with
respect to the plane P. The phase is related to the optical pathlength from point B to
C, proportional to their distance S. It can be easily shown by elementary
trigonometric calculation that

S = {d—z")sin9 +tcos9 )
where

Z! = r(3cos™—2c0s3" —1) ®
and

t = 2rsin3\j/. ©9

The contribution of the bent wavefront is thus given by
zmax
Ur(9)*AR j e***'»dz" (10)
o

where R stands for reflection coefficient and integration is performed across the
reflected beam. Note that

z7=r(l-cos™), (11)
and the integration can be performed also over variable . The upper limit of

integration is defined by condition expressing the fact of screening of the curved
wavefront F by the edge. As it is seen from Fig. 5, the screening can be expressed by
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relation
ftan$>d—z\ (12)

Because of complex dependence of variables z and t on z" (by means of the angular
variable ij/), explicit determination of z"ax is rather difficult. Although this makes no
matter in numerical calculations, let us make some estimation of z"axvalid for 9 <€ 1
Condition (12) can be replaced by a stronger one, z' > d, which by Eq. (8) gives

(f M 1)

|*2>n (13
Thus, for the incident angle we get the constraint
[2d/(3r)]12. (14)

By Eg. (11) we can write approximately z" » 2, so that
(15)

In order to calculate the total far-field amplitude and intensity, integrals (5) and (10)
have to be added.

4. Results and conclusions

In the experimental setup described above, several measurements have been
performed for slits between the edge and cylindrical surfaces of different radii.
Figures 6 and 7 present results of the experiment for r = 5mm and r = 35 mm,
respectively. The solid lines represent values obtained by means of the presented
theoretical model. In both cases the value of the reflection coefficient of metallic
surface is assumed to be equal to 0.5. As it can be seen from the graphs, in the case of
r = 5 mm the deviation from the diffraction pattern produced by a single plane slit is
of little importance. Nevertheless a characteristic asymmetry occurs, consisting in
shift of minima of intensity, and some change of relative intensities of consequent
striae is visible. This tendency goes deeply in the case of r = 35 mm.

Analysing both diagrams we observe the following characteristic phenomena:

1 The deviation from the diffraction pattern described by Eqg. (1) becomes more
important with increasing radius of the cylindrical surface. In particular, the minima
of intensity are shifted and diffractographic measurement of the slit width is no
longer possible with the use of condition (2) defining minima of the single slit
diffraction pattern.

2. The shift of minima is different on both sides of the diffraction pattern. On the
edge side, the minima occur at lesser values of the diffraction angle than in the case of
the simple planar slit of the same width. On the side of the cylinder, minima are
shifted towards greater values of 9. The greater the radius of curvature of the
cylindrical surface, the greater the shift of the minima is.
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Fig. 6. Diffraction pattern of the edge-cylinder system for d = 140 pm and r =5 mm. The solid line
represents theoretical values and points denote results of experiment. The central line of the spectrum is
reduced ten times

Fig. 7. The same as Fig. 6 but for r = 35 mm
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3. As for the maxima, their relative values systematically change with varying
radius of the cylindrical surface. The striae on the side of the cylinder are weakened,
while those on the edge side are intensified. The effect increases with increasing
radius of the cylinder. As the problem of relative amplitudes of intensity at individual
spectral lines is important in diffractographic detection of linear dimensions by
means of spatial filtering, we present the Table in which values of maxima of
intensity are given.

Experiment Model
" r=0 r=5mm r=35mm r=0 r=5mm r=35mm
-4 0.008 0.011 0.015 0.005 0.008 0.015
-3 0.014 0.015 0.026 0.008 0.012 0.020
-2 0.021 0.024 0.032 0.016 0.021 0.031
-1 0.053 0.056 0.066 0.047 0.054 0.073
0 1.000 1.000 1.000 1.000 1.000 1.000
- 0.053 0.045 0.035 0.047 0.041 0.032
+2 0021 0.016 0.014 0.016 0.013 0.008

As it can be seen, the effect of reflectance on the three-dimensional slit diffraction
pattern is complicated, but variations in positions of minima and intensities of
maxima are regular and relatively easy to explain by simple model. The sensitivity of
the diffraction pattern shape to the variations of the slit width is of the same type as
in the case of simple planar slit. We can therefore say that the application of
diffractographic methods to measurement of the width of three-dimensional slit is
possible if the shape and reflection properties of the object are well defined.
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Ondpakw6! dpayHroepa Ha TPEXMEPHOW LUEN

HacToswas pa6oTa KacaeTcsi fBMeHUs AWGPaKLMW CBETa Ha LWeNu CO3faHHOW NpsMON rpaHblo U
METaN/IMUecKOoin UMANHAPUYECKOI NOBEPXHOCTLIO. VIMes B BUAY METPONOrMYecKoe NMpPUMEHeHVe aHanm3a
napamMeTpoB AW(PaKLMOHHOTO pacnpefeneHns, BbIMOMHEHO P4 U3MEPeHUit Ans pasHbiX 3HAUeHWi
pagnycoB LWUAMHAPOB. MpeAnoXeHa NpocTas TeopeTuyeckas MOfenb Ans 06bACHEHUS MOYYeHHbIX
9KCMEPUMEHTANbHbLIX [AaHHbIX.



