CHIN.PHYS.LETT.

Vol. 21, No. 7 (2004) 1268

Anomalous Behaviour of the Spectra in Young’s Double-Slit Interference

Experiments
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It is shown that an anomaly of the spectrum takes place in the interference field when Young’s double-slit

interference experiment is illuminated by spatially coherent polychromatic light. Specifically, drastic spectral
changes (i.e. the spectral shifts exhibit a rapid transition) occur in the vicinity of the dark fringes. The potential

applications of this spectral anomaly are also considered.

PACS: 42.25.Hz, 42. 25. Kb, 42. 25. Fx

In recent years, the points in an optical field at
which the intensity has zero value have attracted great
interest, because the phase at the points becomes un-
determined and the structure of the field in the neigh-
bourhood of such points has a rather complex struc-
ture: for example, exhibiting dislocations and opti-
cal vortices.['=3] Studies of the phenomena associated
with phase singularities have gradually developed into
a new branch of physical optics, referred to as singu-
lar optics.l3l Most of the publications concerned with
singular optics have dealt with monochromatic waves.
Recently Wolf and his co-workers showed that dras-
tic spectral changes take place in the vicinity of in-
tensity zeros in the focal region of the polychromatic
scalar field,*% and experimental studies of the singu-
lar behaviour near the singular points were also car-
ried out.l] These spectral anomalies also occur in the
vicinity of the dark rings of a Fraunhofer diffraction
pattern.l”) It seems that a close link exists between
the spectral anomalies near the singular points and
the spectral switches.[8~1% The spectral anomalies re-
lated to the spectral switches have been investigated
in Refs. [11,12].

Young’s interference experiment is one of the most
fundamental experiments in all physics, and is widely
applied to physical optics and quantum optics. In
the past decade, great care has been taken to exam-
ine spectral properties in Young’s interference exper-
iment in which the incident light is of polychromatic
partially coherent light.[13~15]
for illumination by partially coherent light, the points
at which the field amplitude has zero value vanish.
This means that the singular points disappear. In this
case, some interesting phenomena of the spectra may
be erased. In this Letter we demonstrate that when
Young’s double-slit interference experiment is illumi-
nated by spatial completely coherent polychromatic
light, the anomalous behaviour of the spectra occur

It is well known that
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in the interference field. Specifically, spectral anoma-
lies also take place in the critical directions, associated
with the dark fringes for a fixed frequency.

Let us first consider that a monochromatic wave of
frequency w, with spectral density S(O)(w), is incident
upon double slits, as shown in Fig. 1. The separation
of the two slits is equal to 2a, and the widths of both
the slits are equal and are very small compared to the
separation, so that the amplitude transmission func-
tion of the plane in which the two slits are located
is

SO W)z —a) +d(z +a)], (1)

where § is a delta function. The transverse coordi-
nates at the z = 0 plane are denoted as x and y. The
distance of the observation point from one slit is R
or Rs.

z2=0 z

Fig.1. A schematic for Young’s two-slit interference
experiment.

It is assumed that the observation plane is located
at the far field, denoted as the z plane. The field at a
point @ beyond the screen is given by

ik \1/2
E(u,z,w) = (f ;—k> exp(ikz)/E(x,z =0,w)
Tz
- exp ( - zk—uac) dz, (2)
z
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where k = w/c with ¢ being the speed of light in vac-
uum. The transverse coordinates at the z plane are u
and v.

Substituting Eq. (1) into Eq.(2) and after direct
integral calculation, we obtain the field in the obser-
vation screen, i.e.

ikS©) (w)

2mz

)1/2 exp(ikz) cos(kba).
(3)

In Eq. (3), we have made the approximation 6 ~ u/z,
which is the observation angle, viewed from the cen-
tral point O of the two slits.

The spectral intensity in the interference field is

|2 _ wS(O) (w)

yer4

E0,zw) = 2(—

S(0,w) = |E(0,z,w) [1 4 cos(2wba/c)].

(4)
It is supposed that the spectrum of the incident
field on Young’s double-slit experiment consists of a

single line of Gaussian profiles, centred at frequency
wp and with the rms width T, i.e.

S(O)(w) = So exp{—(w — wo)?/2I'?}, (5)

where Sy is a constant.

It is readily found from Eq. (4) that the direction
0 at which the zero intensity occurs at the central fre-
quency wy is given by

0,=(2n—1)0;, n=0,+1,42,+3..-, (6)

where
TC

0, =

2woa

(7)

is the direction angle of the first-order dark fringe for
the frequency wy, which is called the first-order crit-
ical direction. The dark fringes corresponding to the
direction angle 6,, = (2n — 1) are just the positions
at which the phase is singular for the frequency wyg,
and the angle 6,, is referred to as the nth-order criti-
cal direction.

The incident spectrum is a single Gaussian line (see
Eq. (5)) with wg = 107" s™! and I' = 0.01wy, which
is plotted in Figs. 2 and 3. The spectra in the interfer-
ence field in the first critical direction and the other
two directions (very close to the first critical one on the

left and right) are displayed. We find that in the first
critical direction, the spectrum is split into two lines,
whereas in the immediate neighbourhood of the criti-
cal direction, it is either redshifted or blueshifted with
respect to the spectrum of the incident light. This
spectral anomaly is the consequence of the interfer-
ence of different spectral components of the light.
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Fig. 2. Gaussian spectrum of the incident wave with cen-
tral frequency wo = 10'® s~1. The rms width of the spec-
tral line was taken to be I' = 0.01lwg.

Let us also examine the behaviour of the spectrum
on a small circular loop of the radius ¢ < z, cen-
tred in the first-order critical direction. In Fig. 4, the
spectrum is plotted for different values of polar an-
gle ¢ as is indicated in Fig.1. We can see that when
¢ = 0, the spectrum is split into two lines, one with
redshift and the other with blueshift. The magnitudes
of the maximum of the line shifted towards the blue
are slightly greater. When ¢ = 7/8 and ¢ = 7/2, the
spectrum is blueshifted with respect to the spectrum
of the incident light, whereas when ¢ = m, the spec-
trum is just the same as that in the case of ¢ = 0.
When ¢ = 37/2 and ¢ = 157/8, the spectrum is red-
shifted with respect to the spectrum of the incident
light. From the spectral changes indicated above, we
find that the spectral line towards the blue is domi-
nated. Such behaviour is different from the spectrum
of the focused wave on a circle centred at a singular
point 3 or the critical diffraction angle in the Fraun-
hofer diffraction.!”]
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Fig. 3. Spectra of the interference field in the far zone in the vicinity of the first critical direction 6;1: (a) 6 = 0.996:, (b)
0 = 1.061, (c) @ = 1.010;. The spectrum of the incident light is a single Gaussian line, with wg = 10'%s~! and I' = 0.01wy.
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Fig. 4. Spectral changes in the neighbourhood of the zero point @ of the first-order dark fringe of the interference pattern
at frequency wgp. The spectrum is displayed for different values of the angle ¢, denoted in Fig. 1. The numerical parameters
are chosen so that €/z01 = 0.005. The dotted curve represents the spectrum of the incident light, which is a single Gaussian
line, with wg = 1015 s~1 and I' = 0.01wyp.
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Fig.5. (a) The contour plot of the mean frequency @(6)
of the spectrum in the far zone of the interference field as a
function of the direction angle 6 and v with v being one of
the transverse coordinates in the z plane. (b) The change
of value @(0)/wo — 1 as a function of the direction angle
0, corresponding to Fig.5(a). Other numerical parameters
are the same as in Fig. 3.

The spectral anomaly can be characterized by the
mean frequency for different observation angles, which

is defined as
/ ! !
w(e):wa(G,z,u,J)d(j) ()
[ 56,z w)dw
The mean frequency is plotted as a function of the
direction angle 0 in Fig.5 for wy = 107 !%s~! and
I' = 0.0lwy. The contour in Fig.5(a) is more black
and more white as the spectrum is more redshifted or
blueshifted, respectively. The change of @(0)/wo — 1
with respect to the direction angle 6 is displayed in
Fig.5(b), corresponding to Fig.5(a). It is seen that
although there are some changes of the spectrum at
any direction angle, the most drastic spectral changes
occur at the critical angles given by Eq. (6). These
drastic changes arise from the intensity zeros in the
interference fringes for the central frequency wq.
In conclusion, we have shown that when a spatial
completely coherent polychromatic light is incident

upon Young’s double slits, spectral anomalies occur
in the critical directions, at which the dark fringes for
the centred frequency wg take place, of the far-zone of
the interference field: i.e., at these critical directions,
a single Gaussian spectrum is split into two lines, and
on one side of the vicinity of these directions, the
spectrum is redshifted, and on the other side of the
vicinity the spectrum is blueshifted. Such a spectral
anomaly may have applications in free-space commu-
nications, in which the blueshift could be associated
with logic gate 1, and the redshift could be associated
with 0. As is well known, the interference phenomena
in Young’s double-slit experiment will keep the self-
similarity in the far-zone of the interference field. It
is this self-similarity of the far-zone of the interference
field that can make it possible to transmit this infor-
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mation over quite long distances. Further investiga-
tion on the spectral anomalies and their applications
in the free-space communications will be carried out.
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