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We theoretically study ghost imaging with incoherent and partially coherent light radiation by using classical
optical coherence theory. A Gaussian thin lens equation is derived for the ghost image. The equation depends
on both paths. The quality and visibility of the ghost image are influenced by the source’s transverse size,
coherence width, and object characteristics. The differences between ghost imaging formed with incoherent
light radiation and with entangled photon pairs are discussed.
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I. INTRODUCTION

Ghost imaging and interference were first realized by us-
ing entangled photon pairs generated in spontaneous para-
metric down-conversion in 1995f1,2g. The name “ghost”
comes from the fact that an object in one path produces an
image or interference fringes in another path in the measure-
ment of coincident counting rates, and the image or fringes
depend on both paths. Since then, many theoretical and ex-
perimental studies on this subject have been published
f3–12g, due to their great potential applications in quantum
metrology, lithography, and holographyf13–18g. Recently,
there have been discussions about whether quantum en-
tanglement is necessary in ghost imaging and interference
and whether the ghost imaging and interference can be real-
ized with classical sourcef19–25g. Benninket al. presented
their classical ghost imaging and interference experiments
using classical coherent lightf20,21g. Furthermore, Angelo
and Shihf22g claimed that the classical coherent ghost image
is just a shot-by-shot, point-to-point projection. Gattiet al.
first pointed out theoretically that the ghost imaging can be
achieved with truly incoherent lightf23,24g. Cheng and Han
studied the coincidence interference with a complete inco-
herent light and without any lensssimilar scheme with the
quantum ghost interferenced from classically theoryf25g. Re-
cently, Valenciaet al.demonstrated experimentally ghost im-
aging with quasi-thermal lightf26g, and almost at the same
time, Magattiet al. realized ghost imaging and ghost diffrac-
tion with classical quasi-thermal light in an experimentf27g.
We have studied the ghost interference formed with partially
coherent light radiationf28g. In this paper, we present a the-
oretical study of the ghost imaging formed with incoherent
and partially coherent light radiation, and investigate the vis-
ibility and quality of the image using classically optical co-
herence theory. The similarities and differences of the ghost
imaging formed with incoherent light and with entangled
photon pairs are discussed.

II. GHOST IMAGING EQUATION

The scheme for the ghost imaging with incoherent light
radiation is shown Fig. 1. The incoherent light first was split
by a beam splitter and then propagates through paths 1 and 2

to detectors 1 and 2, respectively. In path 1, between the
beam splitter and detector 1, there is an objectsmaybe a
double slitd with transmission functionHsvd. In path 2, there
is a lens with focal lengthf between the beam splitter and
detector 2, and the distance between the source and detector
2 is divided into l1 and l2. The coincident counting rate is
proportional to the second order correlation function
Gs2dsu1,u2d.

According to optical coherence theory, the second order
correlation function between the detectors obeys the follow-
ing integral formula for the incoherent lightf23,24g:

Gs2dsu1,u2d = kEsu1dEsu2dE*su2dE*su1dl

=E
−`

` E
−`

` E
−`

` E
−`

`

h1sx1,u1dh1
*sx4,u1d

3h2sx2,u2dh2
*sx3,u2dkEsx1dEsx2dE*sx3d

3E*sx4dldx1dx2dx3dx4

= kIsu1dlkIsu2dl + uGsu1,u2du2, s1d

whereEsxd andEsud are the electric fields of the light in the
source plane and in the detection plane, respectively.
h1sx1,u1d andh2sx2,u2d are the response functions of the two
paths through which the radiation light passes, and

FIG. 1. The scheme for ghost imaging with incoherent light
radiation with the lens in path 2.
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HerekIsuidl is the first order correlation function at the same
space pointsthe intensity at theith detectord, and depends
only on theith path, whileGsu1,u2d is the first order cross
correlation function at two different points, which is related
to both detectors and depends on both paths.kIsu1dl ,kIsu2dl,
and Gsu1,u2d have contributions to the coincident counting
rates. To obtain Eq.s1d, the source field fluctuations have
been assumed to be a Gaussian random process and to obey
Gaussian statistics. Equationss2d ands3d are valid for optical
systems under the condition of linearly shift invariance and
paraxial regime.

The first order correlation function for a completely inco-
herent source can be expressed as

kEsx1dE*sx2dl = Isx1ddsx1 − x2d, s4d

whereIsx1d is the intensity distribution of the source. In this
section we assume that the source’s size is infinite and the
intensity distribution is uniform, and thenIsx1d can be ex-
pressed as a constantI0.

With the help of Collins’ formula, which is the general-
ized Fresnel integral formula for treating the light propagat-
ing through complex optical system by use of a convenient
matrix method f29g, we can obtain detailed information
about the two pathsh1sx1,u1d and h2sx2,u2d. Substituting
them into Eqs.s1d–s3d, we obtain

kIsu1dl =
I0

l2z1z2
E

−`

` E
−`

` E
−`

` E
−`

`
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3expF−
ip
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2 − 2x1v1 + v1
2dG

3expF ip

lz1
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3expF−
ip

lz2
sv1

2 − 2v1u1 + u1
2dG

3expF ip

lz2
sv2

2 − 2v2u1 + u1
2dGdx1dx2dv1dv2

=
I0

lz2
E
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uHsv1du2dv1 = const, s5d
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wherea2,b2,c2, and d2 are the optical transfer matrix ele-
ments between the light source and detector 2,

Sa2 b2

c2 d2
D = S1 l2

0 1
DS 1 0

− 1/f 1
DS1 l1

0 1
D

=11 −
l2
f

l1 + l2 −
l1l2
f

−
1

f
1 −

l1
f

2 . s8d

If we set the Gaussian thin lens equation in Eq.s8d,

1

l1 − z1
+

1

l2
=

1

f
, s9d

we have
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Substituting Eq.s10d into Eq. s7d, we obtain

uGsu1,u2du2 =
I0
2
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−
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=
I0
2
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`

dSv1 −
u2

a2
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ip
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I0
2

lz2ua2u
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DU2
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where the integral formulas1/2pde−`
` expsiqxddx=dsqd has

been used. It is clear thatGsu1,u2d represents the image of
the object with an amplification ofa2.

Now we consider the case where the lens is located in
path 1ssee Fig. 2d, which is the same as the quantum image
scheme inf2g. Similarly, by substituting Eq.s4d and detailed
information about the two pathsh1sx1,u1d andh2sx2,u2d into
Eq. s3d, we obtain

uGsu1,u2du2 =
I0
2

l3z1z2ub1uUE−`

` E
−`

`

Hsv1dexpF−
ip

lb1
sa1x1

2

− 2x1v1 + d1v1
2d −

ip

lz2
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2 − 2v1u1 + u1
2dG

3 expF ip

lz1
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2 − 2x1u2 + u2dGdx1dx2dv1U2

,

s12d

wherea1, b1, c1, andd1 are the optical transfer matrix ele-
ments between the light source and detector 1,

Sa1 b1

c1 d1
D = S1 l2

0 1
DS 1 0

− 1/f 1
DS1 l1

0 1
D

=11 −
l2
f

l1 + l2 −
l1l2
f

−
1

f
1 −

l1
f

2 . s13d

If we set the Gaussian equationfEq. s9dg in Eq. s13d, and
then substitute Eq.s13d into Eq. s12d, we obtain

uGsu1,u2du2 =
I0
2ua1u
lz2

uHsu2a1du2, s14d

which is the image of the object with an amplification of
1/a1.

From Eqs.s11d ands14d, we find thatGsu1,u2d represents
the ghost image of the object if the Gaussian lens equation
s9d is satisfied, no matter whether the lens is located in path
1 or path 2.

Comparing the Gaussian lens equation Eq.s9d with the
corresponding equations for the quantum ghost imagef2g,
the following differences can be found.s1d l1+z1 in the im-
aging formation equation for the quantum case is replaced by
l1−z1 for incoherent light radiation.s2d For l1.z1, we have
an inverted and enlarged image withl2.2f or an inverted
and reduced image with 2f . l2. f; for l1,z1, we have an
erect and reduced image with 0, l2, f. The differences
come from the classical and quantum nature of the correla-
tion functions. In the quantum case, the cross correlation
function is Gsx1,x2d~ k0,0uEsx1dEsx2duCl due to the en-
tanglement, while in the classical casesno entanglementd it is
Eq. s3d where we haveE*sx2d instead of Esx2d and
h1sx1,u1dh2

*sx2,u2d instead of h1sx1,u1dh2sx2,u2d f23,24g.
The complex conjugate gives the minus sign in Eq.s9d.

Assume the object to be a double slit whose transmission
function is given by Hsvd=1 for −d/2−a/2,v,−d/2
+a/2 andd/2−a/2,v,d/2+a/2, and 0 otherwise, where
a is the slit width andd is the slit distance of the two slits. In
Fig. 3, we show how the image of the objectsa double slitd is
formed, when we varyl2 from satisfying to not satisfying Eq.
s9d.

Equationss11d ands14d give perfect images of the object.
However, the coincident counting rate is proportional to
Gs2dsu1,u2d. Although the backgroundkIsu1dlkIsu2dl is a con-
stant, it does not affect the quality of the image, but deter-
mines the visibility of the classical ghost image. We define
the visibility of the image as

V =
uGsu1 = 0,u2du2max

Gs2dsu1 = 0,u2dmax
. s15d

From Eqs.s5d ands6d, we can find thatkIsu1dlkIsu2dl=`,
that is to say, the visibility of the ghost image is zero. To
have an observable ghost image, we need to consider how to

FIG. 2. The scheme for ghost imaging with incoherent light
radiation with the lens in path 1.
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increase the visibility while to keep good quality of the im-
age, which can be realized by adjusting the size of the
source, and/or the incoherence of the source.

III. THE FORMATION OF A VISIBLE GHOST IMAGE

In the above calculation and discussion, we have assumed
the surface size of the light source to be infinite and the light
source to be completely incoherent. In the practical case,
completely incoherent light and infinite surface size do not
exist. What are the influences of finite surface size and par-
tial coherence on the quality and visibility of the ghost im-
age?

We assume the light source to be a typical partially coher-
ent source—a Gaussian Schell-model source. In this model
the first order correlation function in the source plane can be
expressed asf30g

kEsx1dE*sx2dl = G0 expF−
x1

2 + x2
2

4sl
2 −

sx1 − x2d2

2sg
2 G , s16d

whereG0 is a constant and set to unity in the following text,
sl represents the source’s transverse size, andsg is the
source’s transverse coherence width.

We only consider the case in which the lens is located in
path 2 as shown in Fig. 1. Substituting Eq.s16d and detailed
information abouth1sx1,u1d andh2sx2,u2d into Eqs.s1d–s3d,
we obtain

kIsu1 = 0dl =
p
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−`
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with
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with
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1
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ipa2
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−

1

4B1sg
4;

uGsu1 = 0,u2du2 =
p2

l3z1z2ub2uC1C2
*E

−`

`

Hsv1d

3exp3S2ip

lz1
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4
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C1l2b2
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with

C1 =
1

4sl
2 +

1

2sg
2 −

ipa2

lb2
, C2 =

1

4sl
2 +

1

2sg
2 +

ip
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−

1

4C1sg
4 .

Substituting Eqs.s9d ands10d into Eqs.s17d–s19d, we can
numerically study the ghost image formed with partially co-
herent light radiation. In Figs. 4 and 5 we show the normal-
ized coincident counting for different transverse sizes and
transverse coherence widths of the light source, respectively.
The parameters for the following figures arel=702 nm,a
=0.01 mm,d=0.03 mm,z1=10 mm,z2=40 mm, f =10 mm,
l1=30 mm andl2=20 mm. From Fig. 4, we can find that
whensl increases, the quality of the image increases, while
the visibility decreases. From Fig. 5, we can find that when
sg decreases, the quality of the image increases, while the
visibility decreases. Our results are coincident with the re-
sults of Refs.f23,24g. The coherence width of the source
decides the resolution length of the imaging system; hence
the resolution length increases with the increase of the co-
herence width, and while the image quality decreases. The
coherence width is inversely proportional to the transverse
size; thus the transverse size has opposite influences on the
visibility and quality of the imagef23,24g.

FIG. 3. The image pattern of a double slit with incoherent light
for different l2. sad 20 simaging cased, sbd 20.5, andscd 21.5 mm
with l=702 nm, a=0.01 mm, d=0.03 mm, z1=10 mm, z2

=40 mm, f =10 mm, andl1=30 mm.
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Now we study the dependence of the visibility and quality
of the image on thesg andsl in detail. We define a quality
factor for the image,

Q =

E
−`

` U uGsu1 = 0,u2du2

uGsu1 = 0,u2du2max

−
uHsu2du2

uHsu2du2max
Udu2

E
−`

`

uHsu2du2du2

. s20d

A small Q value corresponds to high image quality. The de-
pendences of the visibility and quality of the image of a
double slit aperture onsg are shown in Figs. 6 and 7, respec-
tively. It is clear from Figs. 6 and 7 that the visibility of the
ghost image increases with decrease ofsl or increase ofsg,
while the quality increases with the increase ofsl or de-
crease ofsg. High quality is accompanied by poor visibility,
and good visibility accompanied by low quality. In order to
observe the classical ghost image with partially coherent

light radiation, the selection of suitable transverse size and
transverse coherence width is essential.

By comparing our result with that for the quantum ghost
imagef1,2,9g, we find that in the quantum ghost image, good
quality and high visibility can be achieved simultaneously
f1,2g, but it is impossible in a ghost image with incoherent
light radiation. In the quantum case, the visibility and quality
of the image are strongly influenced by the biphoton pump
source; the narrower the size of the pump source, the more
separable is the biphoton wave function and the less en-
tangled is the field, and therefore the lower the visibility and
worse quality of the ghost imagef9g; while in the classical
incoherent case, the visibility and quality of the image are
controlled by the incoherent light radiation source, the nar-
rower the size of the incoherent source, the more coherent is
the light, and therefore the higher visibility and worse quality
of the ghost image.

In the above calculations, we have assumed the object to
be double slits. To learn about the influence of the object’s
features on the quality and visibility, in Fig. 8, we calculated
the ghost images of different objects. It is clear from Fig. 8
that with the increase of the number of the slitssthe object
becomes more complexd, the visibility of the image de-
creases, while the quality is not influenced. To learn about
the influence of the slit width on the visibility of the image,
in Fig. 9, we calculated the image of a slit with different slit

FIG. 4. The ghost images of a double slit aperture for different
sl sad 0.1, sbd 0.5, andscd 5 mm with sg=0.005 mm.

FIG. 5. The ghost images of a double slit aperture for different
sg sad 0.001,sbd 0.005, andscd 0.01 mm withsl =5 mm.

FIG. 6. Dependence of the visibility of the image of a double slit
aperture versussg for different sl: sad 1, sbd 5, andscd 10 mm.

FIG. 7. Dependence of the quality of the image of a double slit
aperture versussg for different sl: sad 1 andsbd 5 mm.
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width. It is clear from Fig. 9 that the visibility of the slit
decreases with the increase of the slit width. This indicates
that the backgroundkIsu1dlkIsu2dl increases more rapidly
than the cross correlation functionuGsx1,x2du2 with the in-
crease of the slit width or the number of the slits, which leads
to a decrease of the visibility.

IV. CONCLUSIONS

Ghost imaging can be produced with incoherent and par-
tially coherent light radiation. The equation for formation of
the image is derived with some differences from that for the
quantum image. The dependence of the quality and visibility
on the two parameters the sizessld and the coherencessgd of
the source are studied. The larger the surfacessld is, the
better the quality, and the smaller the visibility of the image.
The larger the coherence between two points in the source
planessgd is, the worse the quality, and the higher the vis-

ibility. Perfect imaging is impossible, because they are com-
panied by zero visibility. In order to have observable visibil-
ity of the ghost image or interference fringes, we need to
reduce the quality of the imagesimperfect imagingd by
choosing suitable size and coherence for the source. The vis-
ibility and the quality of the image also depend on the char-
acteristics of the object or the slitssthe number of the slits
and width of the slitsd. The nature of the ghost imaging is
due to the entanglement in quantum case and is due to the
Hanbury-Brown-Twiss effectslow coherence with fluctua-
tions but not completely no coherenced in the classical inco-
herent case.

In the above discussion, the temporal correlation time is
assumed longer than the response time of the detectors. A
partially coherent source with long coherence time can be
produced from a laser beam scattered by rotated ground glass
f24,26,27g. More recently, ghost image experiment with
blackbody radiation was reportedf31g; the blackbody radia-
tion is a typical partial coherent radiation with high tempera-
ture corresponding to low coherencessmall sgd.
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