Simultaneous display of all the Fresnel diffraction patterns
of one-dimensional apertures
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An optical setup is implemented for observation and analysis of diffraction phenomena. The device
provides a two-dimensional ordered continuous display of all the diffraction patterns of any
one-dimensional signal. This result allows a direct comparison between the observed light intensity
and the prediction of diffraction theory, both in the near-field and the far-field regions. The
arrangement is built with conventional laboratory optical components plus a single ophthalmic
progressive lens. Experimental results for typical diffracting apertures are showpooi@merican
Association of Physics Teachers.
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[. INTRODUCTION t(xo) being the amplitude transmittance function of the ob-

ect. Due to the 1D nature of the input function, each indi-

Calculations of Fresnel and Fraunhofer diffraction pattem%/idual diffraction pattern presents no variations along the
of uniformly illuminated one-dimension&lD) apertures are vertical axisy. Our aim here is to find a 2D display of tixe

standard topics in undergraduate optics courses. These th§ggies of all these patterns versus the propagation distance
retical predictions are calculated analytically for some typi-

cal apertures or, more frequently, they are computed numeri-°
cally. The evolution of these diffraction patterns under . ! ) .
propagation can be visualized in a two-dimensidaa)) dis-  91Ven by the Fourier transform of the input, but with an
play of gray levels in which one axis represents the trans'—nflnlte magnl_flcatlon. Besides, since thatural parameter
verse coordinate—pattern profile—and the other axis is re®f the diffraction phenomenaRy—is not bounded, a repre-
lated to the axial coordinate—evolution paramétéfhis ~ Sentation of light intensity as a function of the parameky's
kind of representation allows the students to realize, for exandx requires a display of infinite extension in both dimen-
ample, how the geometrical shadow of the object transformgions. Therefore, it is evident that we need to perform a
by propagation into the Fraunhofer diffraction pattern, and'eparametrization of the diffraction patterns and to impose
also that the Fraunhofer diffraction is simply a limiting caseon them certain convenient scale factors. Additionally, for
of Fresnel diffraction. Due to the pedagogical interest ofkeeping the physical insight of the display, the above re-
such kinds of representation, it is clear that an optical setuparametrization must also be an order-preserving function of
designed to obtain them experimentally will be an excellenRo-
complement to the theoretical predictions. In this paper, we In consequence, our first step must be to find an adequate
discuss a simple and inexpensive setup for obtaining afxial parameter and a transverse scale factor that provide a
axial/transverse display of diffraction patterns for 1D objects finite mapping for every value d®,. To this end, we recall
The device only uses conventional optical elements plus &e well-known fact that if the parallel illumination in Fig. 1
single ophthalmic progressive lens in a simple arrangemenis replaced by a convergent cylindrical wave front—for ex-
This simplicity makes the proposal easy to implement and t@mple, by use of a single positive cylindrical lens—the dif-
use, providing a useful tool for teaching scalar diffractionfraction patterns previously obtained f@p e [0,) are now
theory of the electromagnetic field. confined in a spatial volume axially limited by the object

plane and by the plane of the lens focal Iin@pecifically, if

the distance from the focal plane to the object-issee Fig.

Note that whenRy,—«, the observed intensity profile is

ll. CHARACTERIZATION OF DIFFRACTION 2—the diffraction pattern defined b, in Eq. (1) is now
PATTERNS obtained at a distand® given by
Let us consider the irradiance distribution of the light dif- zR,

2

fracted by a 1D object over a transverse plane at a distance R=
Ry, when it is illuminated by a monochromatic plane wave

of wavelengthh—see Fig. 1. According to the Fresnel— pt affected by a scale factor that can be expressed as
Kirchhoff approximation, this irradiance pattern is given by

Z_RO,

1 o _ R _ z
|o(X:Ro)=W‘ J:xt(xo) M_R_O_Z—Ro' &
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2 In this way, the new irradiance distribution obtained at a
; (1) distanceR from the object can be expressed, except for a
multiplicative factor, as




1D input

Diffraction

Plane wave

Fig. 1. Optical diffraction by a 1D object under plane-wave illumination.
The distance from the objedR,, is a parameter that completely character-
izes a single diffraction pattern.

Fig. 2. Diffraction patterns of a 1D object generated by a convergent cylin-
drical wave front. The pattern represented in Fig. 1 is now obtained at a
R) distanceR from the input. In this case, two parameters are needed to char-

X
I(x;R,z)=1 O(M; M (4) acterize a single pattern, nameR,andz

Note that now wheiR,— o, the scale factoM tends to zero,

providing a suitable compensation for the increasing size of

the far-field diffraction patterns. On the other hand, for largehorizontal infinitesimal strips of these distributions and to

values of Ry the distanceR is bounded by the valu®  juxtapose them in a single transverse output plane.

= —z. Therefore, the use of convergent illumination allows The optical arrangement that we propose is sketched in

every diffraction pattern to be physically obtainable simplyFig. 3. As can be seen in this picture, we can define 1D

by shifting continuously a screen along the optical axis behorizontal strips of infinitesimal width on every transverse

tween the object and the cylindrical lens focus. plane—each one at a different heightR,)—to be used as
However, we are looking for a 2D single display in which axially distributed diffraction channels. The lehsaccesses

the profiles of these patterns are laid out side by side in arach channel independently, in order to image all of them at

ordered fashion. The achievement of this result is analyzethe same output plane simultaneously. Due to the axial dis-

in the next section. persion of these diffraction channels, to obtain the desired
display the optical power of this lense—should be differ-

IIl. SIMULTANEOUS 2D DISPLAY OF 1D ent for each of them, thus varying continuously with the

DIEERACTION PATTERNS vertical coordinatey, as is deduced as follows.

Let us select the diffraction channel characterized by the

As stated in Sec. Il, all the diffraction patterns of the inputnatural parameteR, and an associated heigh(R,). This
object are obtained, with convergent illumination, as transchannel is located at a distanBefrom the object plane ac-
verse irradiance distributions located between the objectording to Eq.(2). It is straightforward from the Gaussian
plane and the focal plane of the illuminating wave. Providedens equation that, if we fix the distaneé from L to the
that these patterns present no variations along the verticalutput plane, the required optical power for this channel is
axis y, to achieve our goal we need a technique to selectiiven by

Fig. 3. Setup for the simultaneous vi-
sualization of all the Fresnel diffrac-
tion patterns of 1D apertures. The
varifocal (progressivg lens images an
infinitesimal strip of every individual
pattern between the input and the focal
line in a single output plane.
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Fig. 4. Normalized transverse locatignth, and normalized lateral magni-
fication, My/mg, in the output plane of the setup in Fig. 3 for different
values ofR;.
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Fig. 5. Experimental results for two double slita) Slits of 0.18 mm width

! bemg the distance from the input pIaneLtoIn Eq. (5), the separated by 1.3 mm an{t) slits of 0.3 mm width separated by 0.65 mm.

dependence oRy, is implicit through Eq.(2). Note that the
choice of the functiony(R,) fixes the dependence of the
required optical power of on the vertical coordinatg. An ) ] )
arbitrary selection of it can lead to a functigr(y) hard to  Whereais dzefmgd in terms of the system parametersvas
achieve in practice. However, the functional formygR,) = (¥n— o). Itis straightforward to show that the function
can be chosen to matef(y) with the variation of the optical Y(Ro) selected in this way is a monotoniimcreasing func-
power of an ophthalmicprogressive—also known as tion of Ry. Therefore, the final reparametrization of the dif-
varifocal—lens. In this class of lenses there is a continuoudraction patterns in terms of thg coordinate in our final
almost-linear transition between two optical powesand  display provides a convenient order-preserving mapping of
¢, corresponding to the so-callewar portionanddistance ~ the diffracted field of the object.

portion, respectively’ In mathematical terms, such a lens

presents a variable optical power that can be expressed as

o=y, ©) 100

whereh is the extent of the so-callgatogression zoneThis
choice of the varifocal lens, besides being inexpensive—
progressive ophthalmic lenses cost no more than a medium
quality laboratory lens—provides an output in which the dif-
fraction channels are ordered from the near field to the far
field if we choose the proper boundary conditions. These
constraints are obtained by requiring thatyer 0 the output
displays the image of the channel correspondindR¢e- R 0.25
=0—image of the object(xy)—while for y=h the output

provides the image of the channel correspondingRp

—o, i.e., R=—2z. In this way, any other particular diffrac- 0.00
tion channel is obtained, as can be deduced from ys(5)

and(6), in the horizontal strip of the output plane located at

the coordinate/(R) satisfying

0.75

0.50

Normalized irradiance

y(R ) Rn/a Fig. 6. Cross section of Fig.(B) showing the intensity profile near the
o) _ 0 (7) Fraunhofer region. For comparison purposes, the theoretical sinc envelope
h 1+Ry/a’ of the Young fringes is also shown by the dotted line.
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=5.75D. We used the following values for the distances:
=426 mm, | =646 mm, anda’=831mm. Figure 5 illus-
trates the experimental results registered by a charge-
coupled-device camera using two double slits of different
widths and different separations as input objects. With these
inputs we obtained a nice representation of the evolution by
propagation of the interference phenomena. It can be seen
that the Fraunhofer region of the diffracted field clearly
shows the characteristic Young fringes modulated by a sinc
function. In order to compare the theoretical and experimen-
tal results, a cross section of Figbbfor values ofy/h close
0.0 0.2 0.4 0.6 0.8 1.0 to 1 is represented in Fig. 6.
Another classical example in diffraction theory is the

YRo)/ study of diffraction by periodic objects. The self-imaging
phenomena—such as the Talbot effect—are interesting and
stimulating effects that usually attract the attention of the
students. In Fig. 7 we present the experimental result ob-

On the other hand, it is relevant to obtain the scale factoFained with a Ronchi grating of 3.25 lines/mm, in which

M (R, that affects the final image of each diffraction chan-Scveral self-imaging planes can be identified. It can be
ne(i(w(i)t)h fespect to thee profile gf the original diffraction  CIe2rly seen that, due to the finite extent of the grating at the
pattern described in Eq1). This scale factor is obtained by Ln;;llg(’j waelkt]gfrfnggécc?‘ Talbot images is limited by the so-

the product of the magnification resulting from the use of '

convergent illumination-M in Eq. (3)—and the lateral mag-

nification provided by the varifocal lens, this latter given by V. CONCLUSIONS

Fig. 7. Experimental result for a Ronchi grating of 3.25 lines/mm.

!

—a We proposed a simple experimental setup to obtain a si-
ML(Ro)= I-R’ ®) multaneous display of the whole set of diffraction patterns of
. S 1D apertures. The design was based on the fact that the use
where, again, the dependence Rgis implicit through Eq.  of a converging wave front for illuminating the input trans-
(2). Making explicit this variation, we obtain finally parency provides all its diffraction patterns continuously dis-
— tributed along a finite segment of the optical axis. The 1D
Mo(Ro)=Mo(1+Ro/a), © nature of thegse patterns gllowed us to CF())nsider infinitesimal
where mg is the magnification of the image of the object strips of them as axially dispersed diffraction channels and to
plane. The functional forms of Eq$7) and (9) are repre- use a varifocal lens as a selective imaging element to juxta-
sented in Fig. 4. As can be seen for value®gfcorrespond- pose them in a single 2D display. The proposed optical
ing to the near-field diffraction patterns, the variation of theimplementation used simply a commercially available oph-
normalized coordinatg/(Ry)/h with R, is fast enough to thalmic progressive lens, resulting in an inexpensive experi-
provide a fine sampling of the diffracted field precisely nearmental setup. Some examples of classical diffraction patterns
the object, where the diffraction patterns change faster. Oghow the didactic potential of our proposal.
the other hand, for values d®, corresponding to the far
field, the variation ofy(Rg)/h is slower and the sampling is ACKNOWLEDGMENTS
coarse, according to the fact that in the far field the patterns

change slowly withR,. The opposite occurs with the nor-  This work was supported by Project No. GV99-100-1-01
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In the next section, we present some typical experimental
results that show the performances of the proposed opticajSee, for example, Fig. 7 in A. Dubra and J. A. Ferrari, “Diffracted field by
setup. an arbitrary aperture,” Am. J. Phy61, 87—-92(1999.
2). D. Gaskill, Linear Systems, Fourier Transforms, and Optitsiley,
New York, 1978, Chap. 10.
IV. EXPERIMENTAL RESULTS 3M. Jalie, The Principles of Ophthalmic Lensekh ed.(The Association of
. . . . Dispensing Opticians, London, U.K., 198€hap. 13.
The system in Fig. 3 was assembled with an ophthalmic‘a. ~ w. Lohmann, Optical Information Processing 3rd  ed.
progressive lens characterized hy,=2.75D and ¢, (OPTIK+INFO, Uttenreuth, 1986 Val. I, Chap. 18.
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