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We analyze the coherence properties of a partially coherent field emerging from two pinholes in an opaque
screen and show that the spectral degree of coherence possesses phase singularities on certain surfaces in the
region of superposition. To our knowledge, this is the first illustration of the singular behavior of the spectral
degree of coherence, and the results extend the field of singular optics to the study of phase singularities of
correlation functions. © 2003 Optical Society of America
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Recent research relating to Young’s interference
experiment with partially coherent light (Ref. 1,
Sec. 7.3.1) has revealed numerous new effects. For
example, in Ref. 2 it was predicted that if the pinholes
are illuminated with broadband light, substantial
spectral changes may occur in the region of super-
position. Such spectral changes may in turn be
used to determine the spectral degree of coherence
of the light at the two pinholes.3 These predictions
have been verif ied experimentally (see, for example,
Refs. 4–8). Furthermore, it has been shown that the
spectral degree of coherence of the light also exhibits
unexpected behaviors. In a recent article9 it was
predicted that there are regions in the f ield where the
light at a pair of points is fully coherent, regardless
of the state of coherence of the light at the pinholes,
and the spectral degree of coherence of the light in the
region of interference was analyzed in Ref. 10. In
the latter article, pairs of points were found at which
the spectral degree of coherence has zero value,
implying the existence of phase singularities of the
coherence function. In this Letter we present a de-
tailed analysis of the spectral degree of coherence and
show that it possesses surfaces, defined by pairs of
points, on which the phase is singular. The behavior
of the field in the vicinity of these phase singularities
is investigated.

Suppose that two pinholes located at Q1 and Q2 in a
plane opaque screen A (see Fig. 1) are illuminated by
partially coherent light. Under the assumption that
the angles of incidence and diffraction are small, it can
be shown that the cross-spectral density of the light
(Ref. 11, Chap. 2.4.4) at two field points, P1 and P2, at
frequency v is given by the formula10
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Here k � v�c is the wave number associated with fre-
quency v, c is the speed of light in vacuum, A is the
area of each pinhole, S�v� is the spectral density at
Q1 and Q2, m12 is the spectral degree of coherence of
the light at the two pinholes, and Kij � exp�ikRij ��Rij ,
where Rij is the distance from the pinhole Qi to the
point Pj �i, j � 1, 2�.

The spectral density of the light at a point Pi in
the region of superposition is given by the diagonal
elements of the cross-spectral density, i.e., S�Pi, v� �
W �Pi, Pi, v�. In most cases of practical interest d ,,
Rij , and then R1i � R2i and the spectral density has
the simple form
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where b is the phase of m12.
The spectral degree of coherence at frequency v of

the light at two field points is given by the expression
(Ref. 11, Chap. 4.3.2)

m�P1,P2,v� �
W �P1,P2,v�p

S�P1,v�
p
S�P2,v�

, (3)

Fig. 1. Illustration of the notation relating to Young’s in-
terference experiment with partially coherent light.
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https://core.ac.uk/display/15460037?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


June 15, 2003 / Vol. 28, No. 12 / OPTICS LETTERS 969
with W �P1, P2, v� and S�Pi, v� given by Eqs. (1) and
(2), respectively.

We now consider pairs of points in the far zone for
which the phase of the spectral degree of coherence
m�P1, P2, v� becomes singular; this happens at pairs
of points for which m�P1, P2, v� � 0. One should note
that m�P1, P2, v� exhibits an additional singular be-
havior when S�Pi, v� � 0. We exclude such cases from
our consideration because the approximate form of the
spectrum given by Eq. (2) suggests that it will not have
zero value provided that the light is not spatially fully
coherent at the pinholes, i.e., provided that jm12j , 1.
We take the pinholes to be located on the x axis, situ-
ated symmetrically with respect to the origin and sepa-
rated by a distance d. We assume that the use of the
far-zone approximation for the factors Kij does not sig-
nificantly alter the behavior of the singular points, an
assumption that is supported below by numerical cal-
culations. In the far zone, the factors Kij have the
approximate form

Kij �
exp�ik�Rj 2 r̂j ? di��

Rj

. (4)

In expression (4), Rj is the distance from the origin to
the observation point, Pj ; r̂j is the unit vector pointing
in the direction OPj ; and di � 6�d�2�x̂, where the pos-
itive or negative sign is taken accordingly as i � 1 or
i � 2, respectively, and x̂ is the unit vector in the posi-
tive x direction. On substituting from expression (4)
into Eq. (1), it readily follows that the cross-spectral
density may be expressed in the form
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where ui is the angle between r̂i and the positive x
direction. It can readily be seen that Eq. (5) implies
the existence of phase singularities, i.e., the existence
of pairs of points at which the cross-spectral density,
and consequently the spectral degree of coherence, has
zero value. In particular, W �P1, P2, v� � 0 at points
for which the expression in the braces vanishes. This
expression is independent of the distances R1 and R2
and, in fact, depends only on the directions of observa-
tion. It follows that a given zero of the cross-spectral
density requires that observation points P1 and P2 both
lie on conical surfaces cos ui � constant. A sketch of
such surfaces is given in Fig. 2.

One can readily determine the behavior of the phase
of m in the immediate vicinity of such surfaces by not-
ing that the expression in the braces of Eq. (5) is real
valued, so the only possible phase change of this factor
on changing angles u1 and u2 is a change in sign. This
change corresponds to a jump in phase of 6p, and this
is the only possible singular behavior across the singu-
lar surfaces.

We have studied the spectral degree of coher-
ence in the region of superposition numerically by
using Eqs. (1) and (3). Let r1 � �x1, y1, z1� and
r2 � �x2, y2, z2� specify the position of observation
points P1�r1� and P2�r2�, respectively. Note that the
cross-spectral density is computed from Eq. (1), not
the approximate form, Eq. (5). By varying x2 and y2
while keeping z2 and r1 f ixed, we studied the behavior
of the phase, fm�P1, P2, v�, of the spectral degree of
coherence in a plane parallel to the screen containing
the apertures. An example is shown in Fig. 3. The
vertical line indicates the location of a phase singu-
larity, i.e., a set of points P2 (with P1 fixed) for which
m�P1, P2, v� � 0 and hence the phase of the spectral

Fig. 2. Schematic illustration of surfaces on which points
of observation P1 and P2 in the far zone are located
for which m�P1, P2, v� � 0, i.e., at which the phase of
m�P1, P2, v� is singular. P1 and P2 lie on opposite cones.

Fig. 3. Contours of equal phase of the spectral degree of
coherence m�P1, P2, v� near a singularity of its phase in a
plane parallel to the screen. In this example k � 0.333 3
107 m21, d � 0.1 cm, m12 � 0.8 1 0.3i, r1 � �0, 0, 1.5� m,
and z2 � 1.5 m. (The significance of the points A–E will
be discussed in connection with Fig. 5.)
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Fig. 4. Real and imaginary parts of the spectral degree of
coherence m�P1, P2, v�, with P1, y2, and z2 kept fixed while
x2 is varied. y2 � 0.9 mm; all other parameters have the
same value as in Fig. 3.

Fig. 5. Spectral interference pattern formed along the
x direction by combination of the light from pinholes P1
and P2 in a second Young’s interference experiment. The
observation plane was taken to be at z � 1.5 m, and
the spacing of the pinholes was taken to be d � 0.1 cm.
The positions of points P2 (namely A–E) are illustrated
in Fig. 3. S0 is a spectral intensity normalized by the
value of the spectral intensity on the curve C. All other
parameters are the same as in Fig. 3.

degree of coherence is singular. It can be seen from
the figure that the phase has a discontinuity of p

across the singularity.
A detailed example of the behavior of the spectral

degree of coherence is given in Fig. 4. Point P1 and
coordinates y2 and z2 are kept fixed while x2 is varied.
The real and the imaginary parts of m�P1, P2, v� are
seen to change sign at the phase singularity, in accor-
dance with a p phase jump.

Observing this phase change requires interfering
the light from the vicinity of the pair of points P1 and
P2. One can do this, for instance, by bringing together
the light from these points by means of another Young’s
interference experiment and observing the behavior of
the interference fringes produced at frequency v by
this additional experiment as point P2 is moved across
the phase singularity. Figure 5 shows the fringe pat-
tern that would be observed in this second experiment
for selected points P1, P2. Point P1 was chosen as in
Fig. 4, and point P2 was taken along a line of constant
phase at several points in the vicinity of the phase sin-
gularity. The choices of P2, namely A–E, are illus-
trated in Fig. 3. It can be seen from Fig. 5 that the p
phase change results in the minima of the secondary
fringe pattern’s becoming maxima, and vice versa, in
accordance with the spectral interference law (Ref. 11,
Sec. 4.3.2).

To summarize, we have demonstrated the existence
of phase singularities of the spectral degree of coher-
ence of the field at pairs of points in the region of
superposition in Young’s interference experiment with
partially coherent light. The phase of the spectral de-
gree of coherence is found to make a 6p jump across
such singularities. This phase jump can be observed
by means of a second Young’s interference experiment.
To our knowledge, this study is the first extension of
the f ield of singular optics to the realm of correlation
functions.

This research was supported by U.S. Air Force
Office of Scientif ic Research grant F49620-03-1-0138,
by the Engineering Research Program of the Off ice
of Basic Energy Sciences at the U.S. Department
of Energy under grant DE-FG02-90 ER 14119, by
Defense Advanced Research Project Agency grant
MDA9720110043, by the Dutch Technology Founda-
tion (STW), and by the European Union within the
framework of the Future and Emerging Technolo-
gies-SLAM program. T. D. Visser’s e-mail address is
tvisser@nat.vu.nl.

*Present address, School of Optics/Center for Re-
search and Education in Optics and Lasers, University
of Central Florida, Orlando, Florida 32816.

References

1. M. Born and E. Wolf, Principles of Optics, 7th (ex-
panded) ed. (Cambridge U. Press, Cambridge, 1999).

2. D. F. V. James and E. Wolf, Opt. Commun. 81, 150
(1991).

3. D. F. V. James and E. Wolf, Opt. Commun. 145, 1
(1998).

4. H. C. Kandpal, J. S. Vaishya, M. Chander, K. Saxena,
D. S. Metha, and K. C. Joshi, Phys. Lett. A 167, 114
(1992).

5. H. C. Kandpal, J. S. Vaishya, M. Chander, K. Saxena,
and K. C. Joshi, Phys. Lett. A 167, 120 (1992).

6. V. N. Kumar and D. N. Rao, J. Mod. Opt. 48, 1455
(2001).

7. L. Basan, P. Ottonelloa, G. Rottigni, and M. Vicari,
Opt. Commun. 207, 77 (2002).

8. M. Santarsiero and F. Gori, Phys. Lett. A 167, 123
(1992).

9. H. F. Schouten, T. D. Visser, and E. Wolf, “New effects
in Young’s interference experiment with light of any
state of coherence,” Opt. Lett. (to be published).

10. S. A. Ponomarenko and E. Wolf, Opt. Commun. 170, 1
(1999).

11. L. Mandel and E. Wolf, Optical Coherence and Quan-
tum Optics (Cambridge U. Press, Cambridge, 1995).


