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We derive expressions for the far-zone correlation of intensity fluctuations (the Hanbury Brown-Twiss effect) that
occurs in electromagnetic beams that are generated by quasi-homogeneous sources. Such sources often have a
radiant intensity pattern that is rotationally symmetric, irrespective of the source shape. We demonstrate how
from the far-zone correlation of intensity fluctuations the spectral density distribution across the source plane
may be reconstructed. © 2014 Optical Society of America
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1. INTRODUCTION

In the mid-1950s Hanbury Brown and Twiss (HBT) deter-
mined the angular diameter of radio stars by analyzing their
correlation of intensity fluctuations [1,2]. Since then such cor-
relation measurements have proven to be a powerful tool that
can be applied across all branches of physics, see for example,
[3-6]. The original description of the HBT effect, which as-
sumes a scalar wave field and is described in [7], was later
generalized to electromagnetic beams, see [8] and [9-12].
One major class of partially coherent electromagnetic beams
are those generated by so-called Gaussian Schell-model
sources [13]. Quite recently two studies were dedicated to
the occurrence of the HBT effect in beams of this type
[14,15]. Another important class of partially coherent sources,
which partially overlaps with those of the Gaussian Schell-
model type, is formed by quasi-homogeneous sources. In
the space-frequency domain, scalar, secondary, planar
quasi-homogeneous sources are characterized by a correla-
tion function, the so-called spectral degree of coherence
19 (py,ps, ) that, at each frequency w, depends on the source
points p; and p, only through their difference p, —p;, see
Fig. 1. In addition, these sources have a spectral density
SO (p, w) that varies much slower with p than the modulus
of the spectral degree of coherence varies with py; — p;. The
properties of quasi-homogeneous sources and those of the
far-zone fields they generate, are related by two reciprocity
relations. One connects the spectral density of the far field
to the spatial Fourier transform of the spectral degree of co-
herence in the source plane. The other connects the far-zone
spectral degree of coherence to the spatial Fourier transform
of the spectral density of the source [16-23]. Quite recently,
the notion of quasi-homogeneity has been extended to electro-
magnetic sources, and reciprocity relations have been derived
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for the beams that they generate [24]. These relations were
then used to illustrate how fundamental field properties, such
as the spectrum, polarization, and state of coherence in the far
zone, typically differ from those in the source plane. In the
present paper we apply these novel reciprocity relations,
under the assumption of Gaussian statistics, to study the
HBT effect. We derive general expressions for the correlation
of intensity fluctuations of the far-zone field, and illustrate our
results with several examples. Quasi-homogeneous sources
can produce a radiant intensity that is rotationally symmetric,
even when the source distribution lacks any symmetry. We
demonstrate that the HBT correlations, in contrast to the ra-
diant intensity, provide information about the source shape.
For example, in certain cases the aspect ratio of the source
can be recovered. Since HBT correlations are obtained from
intensity measurements, rather than phase measurements,
this provides a reconstruction scheme that is relatively robust
to signal degrading factors such as turbulence.

2. CORRELATION OF INTENSITY
FLUCTUATIONS OF PARTIALLY
COHERENT ELECTROMAGNETIC BEAMS

Let us consider a stochastic, wide-sense stationary, electro-
magnetic beam propagating close to the z direction into the
half space z > 0 (see Fig. 1). The source is taken to be the
plane z = 0. The vector p = (x,y) denotes a position in a
transverse plane. Let E,(p, 2, w) and E,(p, 2, w) be the Carte-
sian components of the electric field at frequency w along two
mutually orthogonal x and y directions, perpendicular to the
beam axis. The intensity of a single realization of the beam at a
point (p,z) at frequency @ can be expressed as

I(p.z.0) = |E,(p.z.0)* + |E,(p.2. o). ey
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Fig. 1. Illustrating the notation. The origin O of a right-handed Car-
tesian coordinate system is taken in the source plane 2 = 0. The trans-
verse two-dimensional vector p = (x,¥) indicates the position of a
source point. The position vector r of a point in the far zone makes
an angle 6 with the positive z axis. Also, » = |r|, and s is a directional
unit vector.

From now on, we suppress the dependence on the frequency
w in our notation. The intensity is a random quantity, and its
variation from its mean value is

Al(p.2) = 1(p.2) - (I(p.2)). @

where the angular brackets denote an ensemble average. The
statistical properties of such a beam at a pair of points in a
cross-sectional plane z are described by the 2 x 2 cross-
spectral density matrix, which is defined as [25]

W (pl,pz,z) Wx (ﬂ1,p27z)i|
W, . po. _ xx Y . 3
1.p2.2) |:Wyx(ﬂ1‘ﬂz7z) Wyy(01,02,2) @

It follows from this definition that the ensemble-averaged
intensity can be expressed as

(I(p.2)) =TrW(p.p.2). ©)

where Tr denotes the trace. The correlation of intensity
fluctuations at points p; and p, in the same cross-sectional
plane z is defined as

Clpy.p2.2) = (Al(py.2) Al (p3. 2)). ®)

We assume that the random fluctuations of the source are
governed by a Gaussian process. It then follows, by use of
the Gaussian moment theorem, that the correlation of inten-
sity fluctuations may be expressed in terms of elements of the
cross-spectral density matrix as [8]

Clp1.p2.2) = Y _Wilpr.p2, )2, (Lj=xy). (6)
ij

3. QUASI-HOMOGENEQOUS, SECONDARY
PLANAR ELECTROMAGNETIC SOURCES

In this section we establish our notation and briefly review
some recently derived reciprocity relations.

The elements of the cross-spectral density matrix in the
source plane can be written in the form [7]

W (p1.02) = /S (0)S (p2)y (02— p1).

(i.j =2.9).
(M
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where SEO) (p) = (|E;(p)|?) denotes the spectral density associ-
ated with the Cartesian component E; of the electric field vec-
tor in the plane z = 0. Its two-dimensional spatial Fourier
transform is defined as

S0 = —— / S (p) exp(=if - p)dp. ®
=0

(2”)2 2=

We also introduce the function

S0 = VS ()Y (). ©)

and its Fourier transform

S50 = g [ VS0 @ expiit o, (10

Similarly, the spatial Fourier transform of the four correlation
coefficients ;410) (p) is given by the expression

W0 = [ wescit patan

(@n)?

In [24] it was derived that for a planar, secondary quasi-
homogenous source, the elements of the cross-spectral den-
sity matrix in the far zone, labeled by the superscript (o),
are connected to the source properties, labeled by the super-
script (0), through the reciprocity relations

ek (ry=r1)

W (r181,7989) = (27k)?% cos 0, cos O,
Ty

x SOk (5o, - s1.) A k(2 + 811)/2],

(12)
ik(ra—11)
WS (r181,7585) = (27k)% cos 6, cos 6, e
Trary
x S lk(s21 — s1)Viky Pelsay + 511)/2],
(13)
. elk(ra=11)
W(yif) (1181, 7283) = (27k)? cos 6, cos 6,
oy
x 8 e(say. — s1.))iky “Te(say + s11)/2],
(14)
ik(ry-11)
Wi (r181,7585) = (27k)? cos 6, cos 0, e
a1y
3O 0(s s — ZOLs, 9
xSy [k(sa1 = S1.0) ity [k(S21 + 811)/2],
(15)

where k = 27/ is the wavenumber associated with wave-
length 4, and s,;, = (sin 6, cos ¢,,sin 6, sin ¢,) is the two-
dimensional projection of the directional unit vector s, onto
the xy plane (a = 1, 2). Furthermore, 6, is the angle between
s, and the positive z axis, and ¢, is the azimuthal angle in
the xy plane.
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The radiant intensity of the beam is defined as [8]

J(rs) = 72 Tr W (s, rs), (16)

= 2k cos 0)*SY ()i (ksy) + S (0)iigy (ksy)].  (17)

It is seen from Eq. (17) that if the functions [450,2 (ks;) and
/}S,)y) (ks;) are both rotationally symmetric, i.e., if they only
depend on |ks, |, then the radiant intensity is rotationally sym-
metric about the normal to the source plane, irrespective of
the spectral density distribution of the source. As we will see
in Section 6, it is possible to construct sources whose radiant
intensities have rotational symmetry, but whose correlation of
intensity fluctuations lack such symmetry.

4. BEAM CONDITIONS FOR QUASI-
HOMOGENEOUS SOURCES

In order that the field generated by a quasi-homogeneous
source is beam-like, the radiant intensity J(rs) must be neg-
ligible except when the unit vector s lies in a narrow solid
angle about the 2z axis. It follows from Eq. (17) that this will
be the case when both

52 (ks )| = 0, (18)

|y (ks )| ~ 0, (19)

unless s < 1. To illustrate these two conditions, we consider
a quasi-homogeneous source whose diagonal correlation
coefficients are both Gaussian, i.e.,

2
W) = e (- 7). 20)
XX
)N _ P
Hyy (p) = exp o2 ) ey
vy
In that case,
- 52 52 k2s?
i (ksy) = 22 exp (-5 ), (22)
2 2
52 82, k2s?
~(0) _ vy _Yyyv oL
s, = 2 exp( : ) 23)

Equations (18) and (19) are clearly satisfied if both

A
Oy > ——, 24
w > 24
A
Oy > ——. 25
vy ”\/E ( )

These two beam conditions are a generalization of the result
for scalar fields that was derived in [8].

5. CORRELATION OF INTENSITY
FLUCTUATIONS

On substituting from Eqs. (12)-(15) into Eq. (6), we obtain for
the correlation of intensity fluctuations in the far zone the
expression
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Fig. 2. Two farzone observation points r; and ry that are symmet-
rically located with respect to the z axis.

C) (1181, 7383) = [ v

x (ISP (521 — si) Vit k(sas + s10) /211

+2185 e(sos — 1)1y (s, + 1) /2]

+ 1SS l(s0 — sy Vg e(sz1 + s11) /2],
(26)

(27k)? cos 6, cos 02}2

We introduce a normalized correlation of intensity fluctua-
tions, labeled by the subscript N, by defining

C (751, 758,)

O rsrs) = o o sy 27
where
(I (r,8,)) = TrWE) (1,8,.7,8,)
= (M)Z[S;O) ()R (ks,..)
+ 80 iy (ksew)]. (@=1.2). (28)

From now on we consider pairs of observation points that are
located symmetrically with respect to the z axis (see Fig. 2),
ie, wesetr =1y, =7;8, =-S; = -5, and 6; = 0y = 0.

Since the four correlation coefficients ,u%n are “fast” func-
tions of their argument, their Fourier transforms ﬁg.)) will be
“slow” functions. Hence, we may write

~(0) |:k(52J. + Su)]

fiyg (ks11) ~ iy (kso) = iy 5 =fi; (0).  (29)

On making use of these approximations in Eq. (27), we find for
the normalized correlation of intensity fluctuations the
formula

O (rs1. 1) = {ISY (2ks A2 (0) + 21S%) (2ks )iisy (0)
+ 185 @ks ) ()7}
x [SP 02 (0) + S5 ()i ()],
(ri =7y =17;81, = -S3; = -5,). 30

We will employ Eq. (30) to investigate the HBT effect for
different kinds of sources.

6. EXAMPLES

Let us first consider an unpolarized, quasi-homogeneous
source with an arbitrary shape. In that case we have
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SP(p) = S (p) = SO (p), 639)
15 (p) = 0. (32)

We note that for an unpolarized source it is not necessary to
have ,u(o) P) = pyy )(p), see also the discussion in [26]. Substi-
tution from Egs. (31) and (32) into Eq. (30) yields the
expression

B2 O] + |7y (0)
(SO O P2 ©) + 4% ©0)

O (rsy,7s5) = 1S @2ks))I”. (33)

This result shows that for any planar, secondary quasi-
homogeneous, unpolarized source the normalized correlation
of intensity fluctuations between two symmetrically located
far-zone points is proportional to |§(0)(2ks l)|2, ie., to the
squared modulus of the Fourier transform of the source
spectral density at spatial frequency 2ks .

Next, we consider the case of a disk-shaped source of ra-
dius a with two (possibly different) uniform spectral densities,
and with Gaussian correlation coefficients, i.e.,

(0) _ :
S (p) = AZ circ(p/a), (34
where the circle function

1 iflp| <1,

cire(p) = {0 ol > 1 (35)

and

2
o =nen(—gg)  Gi=zo @

The assumption of quasi-homogeneity implies that a > 5, for
all ¢,j. The parameters A;, B;;, and 6; are independent of
position, but may depend on the frequency w. They cannot

be chosen arbitrarily. In particular [7],

By =By, =1, 60!
B, = B, (38)
IBay| < 1, 39
Bry = Sy (40)

To ensure that the source generates a beam-like field, the two
correlation lengths J,, and §,, must satisfy the conditions (24)
and (25). Finally, in order for the source to be physically
realizable, its cross-spectral density matrix must be positive
definite. This implies that [27]

|63 + &5
%S 51y <

[Note that although Eq. (41) is derived in [27] in the context of
Gaussian Schell-model sources, it only depends on the proper-
ties of the correlation coefficients and not on those of the

(4D
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spectral density of the source. It therefore applies to our ex-
ample.] In the present case the relevant Fourier transforms
are

242
3O = %Jlé;f ) 42)
2
S = Al (13)
2 2 £2
jiyg (£) = ”5” exp (‘ 5ié ) (44)

where f = |f| and J; is the Bessel function of the first kind
and first order. On substituting from Egs. (42)-(44) into
Eq. (30), we find that

o J1(2ka sin 6)12
C;V )(7'51,7'52) = M[W (45)
with
ZiJA2A2 |B’ij|Z 5 (46)

(A28, + AL y)z ’

and where we have made the use of the fact that |s, | = sin 6.
From Eqgs. (45) and (46) it is seen that C}V“’) (rs;,rsy) is
rotationally symmetric about the z axis. We notice that the
off-diagonal coefficient B, only appears in the numerator
of the function D. That means that an unpolarized, quasi-
homogeneous source with |B,,| = 0 has a weaker correlation
of its intensity fluctuations than a partially polanzed source
with |B,,| # 0. This is shown in Fig. 3 where CN (7s1,7s2)
is plotted for selected values of |B,,|. When this parameter
is nearing its upper value (blue curve), which can be calcu-
lated from Eq. (41), the maximum value of C](\,°°) (rs;,7s;) al-
most reaches unity.

Another parameter that significantly influences the far-zone
correlations is the ratio of the two spectral amplitudes A, and
A,. Examples are shown in Fig. 4. When A, > A,, ie., ap-
proaching the case of a y-polarized source, the correlation

(o0)
C, (rs,rs))
1.0 ¢

0.8
0.6
0.4

0.2

2,10  4.10°  6.10°  8.10°  1.10°

Fig. 3. Variation of the normalized correlation of intensity fluctua-
tions in the far zone, as a function of the observation angle 0 for differ-
ent values of |B,,|. From top to bottom: |B,,| = 0.9 (blue), 0.6
(purple), 0.3 (olive), 0 (green). In this example a =3 cm,
Oy = 0.4 mm, 5, = 0.51 mm, 5,, = 0.6 mm, A, =2, A, =1, and
A = 632.8 nm.
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(o0)
CN (rs,rs,)
1.0

0.8
0.6
0.4

0.2

N 0
2.10° 4.10° 6. 10° 8. 10 1.10°

Fig. 4. Variation of the normalized correlation of intensity fluctua-
tions in the far zone as a function of @ for different values of the spec-
tral amplitude A, with A, kept fixed at 1. From top to bottom: A, = 20
(blue), 2 (purple), 1 (olive), 0.7 (green). In this example, A, =1,
a =3 cm, 8, = 0.4 mm, §,, = 0.51 mm, §,, = 0.6 mm, |B,,| = 0.6,
and 1 = 632.8 nm.

reaches its maximum value of unity at @ = 0°. The curve de-
creases with decreasing A, until this spectral amplitude
reaches about 0.7. For lower values the correlation of inten-
sity fluctuations rises again, as the source becomes more and
more like a linear polarized source, but now with its main
polarization along .

3107 4
5, 01
3107 1
3107 0 310°
SX
3107
s 0
y
-310° 1
3107 0 3107
N

X

0.4

0.2

0.6

0.4

0.2

o0
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Let us next consider a source with a rectangular shape,
with sides a and b, with two uniform spectral densities,
and with Gaussian correlation coefficients. In that case we
have

SV (p) = AZrect(w/a)rect(y/b), (CY))
with the rectangle function
(1 it <1/2.
rect(x) = {0 i > 1/2. (48)
and
© P
W) =By e (- 7). 49)
i

The assumption of quasi-homogeneity implies that a > 6;; and
b > o, for all ¢,j. The parameters A;, By, and §;; satisfy the
same constraints as in the previous example. The pertinent
Fourier transforms are now

30y = a2 sine (T2 sine (L2°
S;7 () = ab(zﬂ) smc( 5 )smc( 5 )

(50)

3107
s, 01
3107 1
310° 0 3107
s)(
3107 4
5, 04
-310” |
-310° 0 310°
S

X

Fig. 5. Contours of the normalized correlation of intensity fluctuations of beams generated by rectangular sources with sides a and b. The sides are
chosen as (a) b =a, (b) b =2a, (¢c) b=4a, and (d) b =8a. In these examples A, =2, A, =1, B,, = 0.2, 5, = 0.4 mm, 5,, = 0.6 mm,

Oy = 0.75 mm, @ = 2 cm, and 4 = 632.8 nm.
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N o~y

where f = (f,,.f,). On substituting from Egs. (50)-(52) into
Eq. (30), we find for the far-zone correlation of intensity
fluctuations of a rectangular source the expression

08 Cz(vm) (rsy,7sy) = Dsinc?(kas,)sinc? (kbsy), 5B3)

04 with the function D defined by Eq. (46), and with the two
02 directions of observation set to s = (S;.Sy.S.),
Sy = (-Sy, —S,.S,). Examples of the correlation function for
rectangular sources with different aspect ratios a/b are shown
) in Fig. 5. Clearly, these patterns indicate the symmetry proper-

51071 ties of the four sources along the s, and s, axes.( )
510 0 10~ It is interesting to compare the contours of Cy” (rsy,7sy)
s with those of the radiant intensity. From Eq. (17) we have that

x

Fig. 6. Contours of the normalized radiant intensity of beams gener- 2

abk . c 2 12062 | (2 /¢
ated by rectangular sources. The parameters are the same as in Fig. 5. J(rs) = e (1-s2- sf,)[AVZw(Sfme“ﬁsz (satsy)/2
= 7

+ AZ6Z, 0k i) 2], (54)

S%) (f) = ab f;ZAZ sinc (%) sinc (f%b) ; (1) The normalized radiant intensity J (rs) /J (0) is plotted in Fig. 6.
(27) This far-field radiation pattern has rotational symmetry, and is

B.& 242 independent of the aspect ratio a/b of the rectangular source:

70 (f) = vy exp (_ i) (52) it contains no information about the shape of the source or
v 2 its spectral density distribution. This is in contrast to the

2

@ 107 (b)

Fig. 7. Retrieval of a simulated spectral density from its normalized correlation of intensity fluctuations in the far-zone. (a) The spectral density of
a partially coherent Laguerre—Gauss beam in the source plane. In this example 1 = 632.8 nm and o, = 15 mm. (b) The normalized correlation of
intensity fluctuations in the far zone. (c) The initial guess for the source spectral density that is used to start the algorithm: a completely random
pattern with rotational symmetry and with values between 0 and 1. (d) The result of the reconstructed source spectral density after 80 iterations.
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correlation of intensity fluctuations C}V‘”) (rsy,7sy), which, as
can be seen from Eq. (30), provides the modulus of the spatial
Fourier transform of the spectral density distribution in the
source plane in this particular case. There is a large body
of literature devoted to phase retrieval, i.e., the reconstruction
of an object by knowledge of the modulus of its Fourier trans-
form, see [28] and the references therein. We demonstrate the
feasibility of using the correlation of intensity fluctuations for
this purpose with a simple example. Consider a partially co-
herent Laguerre-Gauss beam, with Gaussian correlation
coefficients. Let two linear polarizers that only transmit
x-polarized fields cover the intensity detectors. The relevant
spectral density and the autocorrelation coefficient are then

S (p) = AZp? exp(-p*/202), (55)
12 (p) = exp(—p?/28%,), (56)

with o, the effective width of the spectral density, and 6,
the effective correlation length. The assumption of quasi-
homogeneity implies that ¢, > §,,. Under these assumptions
Eq. (30) reduces to the form

1S (2ks ) |”
ISP ()

(ry=ry =781, = -$31 = -8,). (GY))

C](Vw)(rsl, rSy) =

Since
SY(F) = (2 - f202)0rA% exp(~f20%/2) /22, (58)
we obtain the expression
C§) (rsy,7sy) = (1-2k26% sin? 0)2 exp(~4k202 sin 0).  (59)

The iterative method proposed in [29] was used to reconstruct
the spectral density distribution across the source plane from
Eq. (59). The principal constraint for each iteration being that
the object is nonnegative. The contours of the spectral density
Sg)) (p) and those of the correlation of intensity fluctuations
C}Vw)(rsl, 7s) are plotted in panels (a) and (b) of Fig. 7. From
the shape of the correlation function it is seen that the source
is rotationally symmetric. The initial “guess” that is used to
start the iteration process is therefore taken as a random
pattern with rotational symmetry, shown in panel c. The re-
constructed source spectral density after 80 iterations is
shown in panel d. It is seen to be very similar to the original
spectral density of panel a. By rotating the two linear
polarizers that cover the detectors, the distribution of
Sg))(p) can be reconstructed in a completely similar way.

Previously proposed methods to reconstruct the source
spectral density of quasi-homogeneous sources rely on far-
zone measurements of the spectral degree of coherence,
see [8]. However, such interference experiments are quite
difficult to carry out. On the other hand, measuring the
correlation function C](Vm) (rs1, rsy) involves intensity measure-
ments that are typically more robust to noise. The inversion
scheme as described above may therefore offer a more prac-
tical approach for inverse imaging problems.
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7. CONCLUSION

We have studied the correlation of intensity fluctuations in the
far zone that occurs in electromagnetic beams generated by
quasi-homogeneous sources. The influence of the different
source parameters was investigated numerically. We found
that the aspect ratio of rectangular sources with a homo-
geneous intensity may be determined from the correlation
of intensity fluctuations. We also showed that the spectral
density distribution in the source plane can be reconstructed
from measurements of the HBT effect. This approach may find
application in remote sensing and imaging.

ACKNOWLEDGMENTS

G. W. would like to thank the China Scholarship Council and
the Priority Academic Program Development of Jiangsu
Higher Education Institutions for their support.

REFERENCES

1. R. Hanbury Brown and R. Q. Twiss, “A new type of interferom-
eter for use in radio astronomy,” Philos. Mag. 45(366), 663—-682
(1954).

2. R. Hanbury Brown and R. Q. Twiss, “Correlation between pho-
tons in two coherent beams of light,” Nature 177, 27-29 (1956).

3. G. Baym, “The physics of Hanbury Brown-Twiss intensity
interferometry: from stars to nuclear collisions,” Acta Phys.
Pol. B 29, 1839-1884 (1998).

4. A. Ottl, S. Ritter, M. Kohl, and T. Esslinger, “Correlations and
counting statistics of an atom laser,” Phys. Rev. Lett. 95,
090404 (2005).

5. M. Schellekens, R. Hoppeler, A. Perrin, J. V. Gomes, D. Boiron,
A. Aspect, and C. I. Westbrook, “Hanbury Brown-Twiss effect
for ultracold quantum gases,” Science 310, 648-651 (2005).

6. D. Kuebel, T. D. Visser, and E. Wolf, “Application of the Hanbury
Brown-Twiss effect to scattering from quasi-homogeneous
media,” Opt. Commun. 294, 43-48 (2013).

7. E. Wolf, Introduction to the Theory of Coherence and Polariza-
tion of Light (Cambridge University, 2007), Chap. 7, Chap. 9,
Chap. 9.4.2.

8. L. Mandel and E. Wolf, Optical Coherence and Quantum Optics
(Cambridge University, 1995), Chap. 8, Sect. 5.2, Sect. 5.3.3,
Sect. 5.6.4.

9. T. Shirai and E. Wolf, “Correlations between intensity fluctua-
tions in stochastic electromagnetic beams of any state of coher-
ence and polarization,” Opt. Commun. 272, 289-292 (2007).

10. S. N. Volkov, D. F. V. James, T. Shirai, and E. Wolf, “Intensity
fluctuations and the degree of cross-polarization in stochastic
electromagnetic beams,” J. Opt. A Pure Appl. Opt. 10, 055001
(2008).

11. A. Al-Qasimi, M. Lahiri, D. Kuebel, D. F. V. James, and E. Wolf,
“The influence of the degree of cross-polarization on the Hanbury
Brown-Twiss effect,” Opt. Express 18, 17124-17129 (2010).

12. T. Hassinen, J. Tervo, T. Setidld, and A. T. Friberg, “Hanbury
Brown-Twiss effect with electromagnetic waves,” Opt. Express
19, 15188-15195 (2011).

13. F. Gori, M. Santarsiero, G. Piquero, R. Borghi, A. Mondello, and
R. Simon, “Partially polarized Gaussian Schell-model beams,” J.
Opt. A 3, 1-9 (2001).

14. Y. Li, “Correlations between intensity fluctuations in stochastic
electromagnetic Gaussian Schell-model beams,” Opt. Commun.
316, 67-73 (2014).

15. G. Wu and T. D. Visser, “Hanbury Brown-Twiss effect with par-
tially coherent electromagnetic beams,” Opt. Lett. 39, 2561-2564
(2014).

16. E. Collett and E. Wolf, “Beams generated by Gaussian
quasi-homogeneous sources,” Opt. Commun. 32, 27-31 (1980).

17. Y. Li and E. Wolf, “Radiation from anisotropic Gaussian
Schell-model sources,” Opt. Lett. 7, 256-258 (1982).

18. E. Wolf and W. H. Carter, “Fields generated by homogeneous
and by quasi-homogeneous planar secondary sources,” Opt.
Commun. 50, 131-136 (1984).



G. Wu and T. D. Visser

19.

20.

21

22.

23.

W. H. Carter and E. Wolf, “Inverse problem with quasi-
homogeneous sources,” J. Opt. Soc. Am. A 2, 1994-2000
(1985).

K. Kim and E. Wolf, “Propagation law for Walther’s first gener-
alized radiance function and its short-wavelength limit with
quasi-homogeneous sources,” J. Opt. Soc. Am. A 4, 1233-1236
(1987).

J. T. Foley and E. Wolf, “Radiometry with quasi-homogeneous
sources,” J. Mod. Opt. 42, 787-798 (1995).

W. H. Carter and E. Wolf, “Coherence and radiometry with
quasi-homogeneous planar sources,” J. Opt. Soc. Am. A 67,
785-796 (1977).

T. D. Visser, D. G. Fischer, and E. Wolf, “Scattering of light from
quasi-homogeneous sources by quasi-homogeneous media,” J.
Opt. Soc. Am. A 23, 1631-1638 (2006).

24.

25.

26.

27.

28.

29.

Vol. 31, No. 10 / October 2014 / J. Opt. Soc. Am. A 2159

S. B. Raghunathan, T. D. Visser, and E. Wolf, “Far-zone proper-
ties of electromagnetic beams generated by quasi-homogeneous
sources,” Opt. Commun. 295, 11-16 (2013).

E. Wolf, “Unified theory of coherence and polarization of ran-
dom electromagnetic beams,” Phys. Lett. A 312, 263-267 (2003).
T. D. Visser, D. Kuebel, M. Lahiri, T. Shirai, and E. Wolf, “Unpo-
larized light beams with different coherence properties,” J. Mod.
Opt. 56, 1369-1374 (2009).

F. Gori, M. Santarsiero, R. Borghi, and V. Ramirez-Sanchez,
“Realizability condition for electromagnetic Schell-model
sources,” J. Opt. Soc. Am. A 25, 1016-1021 (2008).

J. R. Fienup, “Phase retrieval algorithms: a personal tour,” Appl.
Opt. 52, 45-56 (2013).

J. R. Fienup, “Reconstruction of an object from the modulus of
its Fourier transform,” Opt. Lett. 3, 27-29 (1978).



	XML ID ack1

