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Spectral anomalies in a Fraunhofer diffraction pattern
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We show that spectacular spectral changes take place in the vicinity of the dark rings of the Airy pattern

formed with spatially coherent, polychromatic light diffracted at a circular aperture.
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Phase singularities of optical waves are the points
where the intensity of a monochromatic wave field has
zero value, and, hence, where the phase of the field
is indeterminate. It has been known for some time
that in the neighborhood of such phase singularities,
the wave field has a rich structure exhibiting, for
example, dislocations and optical vortices.? Studies
of these special regions have gradually developed into
a new branch of physical optics, sometimes referred to
as singular optics.?

In a recent paper,* it was shown that drastic spec-
tral changes take place in the vicinity of intensity ze-
ros in the focal region of a polychromatic, spatially
coherent, converging spherical wave.* In this Letter,
we demonstrate that similar spectral changes occur
in the neighborhood of some special directions, which
we call critical directions, associated with the dark
rings of the Airy pattern in the Fraunhofer region of
a field produced by diffraction of a spatially coherent,
polychromatic wave at a circular aperture. These re-
sults indicate that spectral anomalies are not restricted
to the special fields considered in Ref. 4 but are generic
of spatially coherent polychromatic wave fields in re-
gions where a spectral component of the light has zero
value.

Consider a spatially coherent polychromatic plane
wave, with spectral density S®(w), incident normally
upon a circular aperture A of radius a in an opaque
screen (see Fig. 1). It follows from elementary theory
of Fraunhofer diffraction (Ref. 5, Sec. 8.5.2) that the
spectrum of the diffracted light at a point P, in a di-
rection that makes the angle 6 with the normal to the
aperture plane z = 0, is given, apart from a constant
proportionality factor, by the expression

S(r,0,w) (%)2 [72']1(1“’ sin ) Ts<“(w). (1)

ka sin 0

Here £ = 277 /A = w/c is the wave number associated
with the frequency w, r is the distance from the center
of the aperture to the point P, and J;(x) is the Bessel
function of the first kind and of the first order.
Suppose that the spectrum of the incident field con-
sists of a single line of a Gaussian profile, S®(w) =

0146-9592/02/141211-03$15.00/0

© 2002 Optical Society

exp[—(w — wo)?/20%]. The analysis of Eq. (1) reveals
a peculiar behavior of the spectrum of the diffracted
light in the vicinity of any direction in which the in-
tensity of the diffracted wave has zero value at any
frequency o within the spectrum. Such critical direc-
tions 6. are associated with the positions of the dark
Airy rings at that frequency. As is well known and
as follows at once from Eq. (1), the first dark Airy ring
is in the direction

9C1 = 0.61)\0/(1 . (2)

In Fig. 2, the spectrum of the incident wave is shown,
and in Fig. 3, the spectra of the diffracted light are dis-
played, in the lowest-order (first) critical direction and
in two directions very close to it. We see that in the
critical direction, the spectral line is split into two lines,
whereas in the immediate neighborhood of that critical
direction, it is either blueshifted or redshifted. Physi-
cally, such a behavior of the spectrum is a consequence
of interference of different spectral components of the
light that is diffracted by the aperture. It follows from
the analysis of Eq. (1) that such spectral changes occur
in the very narrow proximity A9 ~ 1072 X 6., of the
critical direction. Further, it is clear from Eq. (1) that
the spectrum remains invariant, up to a scaling factor

A

Fig. 1. Tllustrating the geometry and notation.

© 2002 Optical Society of America



1212  OPTICS LETTERS / Vol. 27, No. 14 / July 15, 2002

1
0.8
0.6

0.4

SO (w) (au)

0.2

0t

096 098 1 1.02 1.04
w (x1015s~1)
Fig. 2. Gaussian spectrum (in arbitrary units) of the inci-

dent wave centered at frequency wo = 10'® s!. The rms
width of the spectral line was taken to be o = 0.01w,.
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Fig. 3. Spectra (in arbitrary units) of the diffracted light
in the far zone in the neighborhood of the first critical
direction 6.1: (a) 8 = 0.996.1, (b) 6 = 0.1, (c) 6 = 1.0161.
r~2, on propagation in any direction specified by the po-
lar angle 6. Such a self-similarity of the spectrum is,
of course, a direct consequence of the fact that in the
far zone, the field propagates as an outgoing spheri-
cal wave. The evolution of the spectrum of diffracted
waves in the far zone in the neighborhood of a critical
direction is illustrated schematically in Fig. 4.

Let us also examine the behavior of the spectrum on
a small circular loop of radius € << r, centered at a
particular critical direction. The spectrum of the dif-
fracted light in the far zone is displayed in Fig. 5(b)
for different values of the polar angle ¢, indicated in
Fig. 5(a).® Itis seen from Fig. 5 that in any critical di-
rection ¢ = 0 (6 = 0.) the spectral line is split into two
lines, one redshifted, one blueshifted, with the magni-
tude of the maximum of the line shifted toward the red
being slightly greater. There is no such asymmetric
splitting in the focusing case.* Further, as one moves
around the circle clockwise, the spectral line that is
shifted toward the blue becomes more and more domi-
nant over the redshifted spectral line, until one crosses
the critical direction again, at ¢ = 7. At this point,
the spectral line has exactly the same profile as the
spectral line in the critical direction ¢ = 0, and from
that point on until the complete turn is made, the spec-
tral line that is shifted toward the red is dominant.
Such a behavior of the spectrum of diffracted waves in
the far zone along a circle crossing a critical direction
is qualitatively different from the behavior of the spec-
trum of focused waves on a circle centered at a singular
point, which was studied in Ref. 4.

We note a condition that is necessary for an ex-
perimental observation of the spectral anomalies in-
duced by Fraunhofer diffraction. The Airy pattern
is formed at a distance z >> a2/A from the aperture
(Ref. 5, Sec. 8.3.3). A simple estimate with A ~ 5 X
107% cm and ¢ ~ 1 mm indicates that one must have
z>>2m.

A

Fig. 4. Schematic illustration of the anomalous behavior
of the spectrum in the vicinity of a critical direction 6, that
points toward the first zero of the Airy pattern at frequency
wo. To illustrate the effect, the angles and distances are
not to scale. In particular, the circles shown by the dashed
lines are in the far zone of the aperture. The spectrum of
the incident light is the same as in Fig. 1.
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Fig. 5. Spectral changes in the neighborhood of a zero at
a point P in the Airy diffraction pattern at frequency w,
of a circular aperture, along a small circular loop of ra-
dius € centered at P, which is at the distance r from the
center O of the aperture. The vector OS points toward
the critical direction that makes the angle 6. with the z
axis. The spectrum is displayed for different values of the
angle ¢. The numerical parameters are chosen so that
€/ro. = 0.005.



In conclusion, we have shown that the Fraunhofer
diffraction of a spatially coherent, polychromatic plane
wave at a circular aperture generates remarkable spec-
tral modifications very close to the dark rings in the
Airy pattern. Studying the spectral behavior of light
with spectral anomalies might be quite rewarding. In
particular, the shift of lines toward the blue end or
toward the red end of the spectrum might perhaps
be used in free-space communication applications. For
example, the shift toward one end of the spectrum
could be associated with a bit of information such as
a “1” say, and the shift in the other direction could be
associated with “0”. The self-similarity of the far-zone
spectrum may make it possible to transmit this infor-
mation over appreciable distances.
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