PHYSICAL REVIEW E 71, 056607(2005

Ghost imaging with incoherent and partially coherent light radiation
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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 to detectors 1 and 2, respectively. In path 1, between the
. . . . . beam splitter and detector 1, there is an objgoaybe a
. Ghost imaging and mt(_erference were first realized by YSHouble spli) with transmission functioi(v). In paﬁnz,ythere
ing entangled photon pairs generated in spontaneous para- . .
metric down-conversion in 199FL,2]. The name “ghost’ IS a lens with focal Igngtﬁ between the beam splitter and
comes from the fact that an object in one path produces ige_tectp r 2, a_nd the distance between the source and de.tector
image or interference fringes in another path in the measuré- Is divided intol; andl,. The coincident counting rate is

ment of coincident counting rates, and the image or fringegOport'on"’II to the second order correlation function

(2
depend on both paths. Since then, many theoretical and ex- (ul’UZ).' .
perimental studies on this subject have been published According to optical coherence theory, the second order

[3-17], due to their great potential applications in quamumcorrelation function between the detectors obeys the follow-

metrology, lithography, and holographit3—1§. Recently, ing integral formula for the incoherent ligh23,24:
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- G2y, Up) = (B(UDE(U)E (LE (uy)

ized with classical sourcgl9—-25. Benninket al. presented R Y B .

their classical ghost imaging and interference experiments :f f f J hy (X, uphy (X, Uy)
using classical coherent ligh20,21]. Furthermore, Angelo e e

and Shil22] claimed that the classical coherent ghost image X y(Xg, Up) (X3, Up)(E(X1) E(X) E” (X3)
is just a shot-by-shot, point-to-point projection. Gadtial. .
first pointed out theoretically that the ghost imaging can be XE (x4))dxgdxp0x5dxy
achieved with truly incoherent lighi23,24). Cheng and Han = (1(up) )1 (Up)) + |T'(ug,up)
studied the coincidence interference with a complete inco-

herent light and without any lensimilar scheme with the

quantum ghost interferencom classically theory25]. Re-  whereE(x) andE(u) are the electric fields of the light in the
cently, Valencieet al. demonstrated experimentally ghost im- source plane and in the detection plane, respectively.
aging with quasi-thermal ligh26], and almost at the same h,(x,,u,) andh,(x,,u,) are the response functions of the two

time, Magattiet al. realized ghost imaging and ghost diffrac- paths through which the radiation light passes, and
tion with classical quasi-thermal light in an experimg2i].

We have studied the ghost interference formed with partially . 1erent light

27 (1)

U,

coherent light radiatiofi28]. In this paper, we present a the- radiation source . biect
oretical study of the ghost imaging formed with incoherent Beam split ovlee Dy
-— > —>
and partially coherent light radiation, and investigate the vis- n &
ibility and quality of the image using classically optical co- D
herence theory. The similarities and differences of the ghost L il
imaging formed with incoherent light and with entangled x -
photon pairs are discussed. L,
+ Uy G(Z)(uuuz)
D,

II. GHOST IMAGING EQUATION

The scheme for the ghost imaging with incoherent light
radiation is shown Fig. 1. The incoherent light first was split  FIG. 1. The scheme for ghost imaging with incoherent light
by a beam splitter and then propagates through paths 1 andr&diation with the lens in path 2.
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<|(Ui)>:f f_ hi(X:Laui)h?(XZ:ui)<E(X1)E*(X2)>dX1dX21

i=1,2, (2

F(Ul,Uz):f f (E(x0)E" (X2))h1(Xq, Up) hp(Xp, Up) dXg .

()

Here(I(y;)) is the first order correlation function at the same
space poinfthe intensity at thath detectoy, and depends
only on theith path, whilel'(u;,u,) is the first order cross
correlation function at two different points, which is related
to both detectors and depends on both pailts,)),{I(u,)),
andI'(u;,u,) have contributions to the coincident counting
rates. To obtain Eq(l), the source field fluctuations have
been assumed to be a Gaussian random process and to obey
Gaussian statistics. Equatiof® and(3) 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

(E(xq) E (%)) = 1(xq) 8(xq = (4)

X2),

wherel(x;) 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 thel{x;) can be ex-
pressed as a constalgt

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[29], we can obtain detailed information

I'(upuy))?= —5——
| (1 2)| )\32122|b2|
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I(uy)) =—— (X1 — X
(I(up) = AbLﬁxf (1= %)
i
xexp{ — (@ - 2xqUy + dzug)]
b,
i 5 5
Xex E(azxz - 2X2U2 + dzuz) XmdX2
2

I o0
=2 dx=cx, (6)

Aby ),
ijﬁ(xl_XZ)H(Ul)

i
xXexpl — _(Xi_ 2X1111+ l)i)
\Z;

T, 5 5
-—(@w7—-2v.u; tu
Vi 14

2

Xex% b (a2X2 2X2U2 + dzug):| XmdXZdU]_
2

[ [ e

Xexp — — (X7 — 2Xq +
P[ )\21(1 1U1 Ul)

X 2122| by|

i
- _(U:L —2vjup Ul)]
Az,

2

Xex% b (a2X1 2X1U2 + dzUz):| XmdXZdU]_
2

()

about the two pathdy(xy,u;) and hy(xp,Up). Substituting  wherea,,b,,c,, andd, are the optical transfer matrix ele-

them into Eqs(1)—(3), we obtain

\2 OzJ_w J_m f_w f_w 204 =)

(l(up) =

ments between the light source and detector 2,

& )= 2 Do

i l2 11l
[ _2 _ 1z
xXexp ‘)\_Z(Xi_levl"‘vi)] ~ 1 f i+, f )
: [
Xexp )\_(Xz 2%up + U%)]H(Ul)H*(Uz) f
Z
xexp| - )\_(Ul_ 2v.Up + ul)} If we set the Gaussian thin lens equation in E),
L 2
Xexp )\—(v2 - 2u Uy + ul)}dxldxzdvldvz 1 . 1_ }’ )
2 Il - Zl |2 f
I
=2 |H(v1)|2dv1:const, (5)
N\ ), we have
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Incoherent light u, whereay, by, c;, andd; are the optical transfer matrix ele-
radiation source  Beam split, 1, 0biect D, ments between the light source and detector 1,
L > [ | —t—
| . U i c; O 0 1/\-1f 1/\0 1
* I, 41,
1- n [, +1,- e
. ;| G®uyu;) = (13)
D 1 [,
2 R 1- ?
f

If we set the Gaussian equati¢kqg. (9)] in Eq. (13), and

FIG. 2. The scheme for ghost imaging with incoherent lightthen substitute Eq13) into Eq.(12), we obtain
radiation with the lens in path 1.

2 _ |(2)|a1| 2
<a2 b2>_<1 |2> 11 L 0 (1 Il) |F(U1,U2)| - )\22 |H(u2a1)| ’ (14)
¢ dp) \0o 1/|- -~ 1]\0 1 C . . , e
-z | which is the image of the object with an amplification of
1/a;.
__L _zle From Egs(11) and(14), we find thatl'(u,u,) represents
- -2 -2 (10) the ghost image of the object if the Gaussian lens equation
211 o (9) is satisfied, no matter whether the lens is located in path
L -z L, 1,-z 1 or path 2.
o ) ) Comparing the Gaussian lens equation E3).with the
Substituting Eq(lO) into Eq. (7), we obtain corresponding equations for the quantum ghost im@le

2 U, the following differences can be foun(l) |;+z in the im-
f f H(vyex <U1_ _)Xl aging formation equation for the quantum case is replaced by

|F(U1,u2)| )\32 z |b |
12%2 I,-2, for incoherent light radiation(2) For |, >z, we have

a

i 2 an inverted and enlarged image wit>2f or an inverted
—)\—vf— )\—(vl—2v1u1) dx,dv, and reduced image withf2-1,>f; for |, <z;, we have an
4 22 erect and reduced image with<Q,<f. The differences

u2 come from the classical and quantum nature of the correla-
f H(vl) tion functions. In the quantum case, the cross correlation

)\22|a2| function is T'(xq,%,) (0, 0E(X.)E(x,)|¥) due to the en-
T, im 2 tanglement, while in the classical ca®® entanglemeiit is
xexp - viT )\_Z(Ur 201Uy) |dvy Eq. (3) where we haveE'(x,) instead of E(x,) and
. 2 hy(X1,Up)hy(Xo,Up) instead of hy(xy,up)hy(Xo,u,) [23,24.
13 up |2 The complex conjugate gives the minus sign in B).
- Nz, H<a_2) ' (12) Assume the object to be a double slit whose transmission

function is given byH(v)=1 for —d/2-a/2<v<-d/2
where the integral formuldl/2m) [~ expligx)dx=48(q) has  +a/2 andd/2-a/2<v<d/2+a/2, and O otherwise, where
been used. It is clear that(u;,u,) represents the image of ais the slit width andl is the slit distance of the two slits. In
the object with an amplification dd,. Fig. 3, we show how the image of the objéatdouble slitis
Now we consider the case where the lens is located ifiormed, when we vary, from satisfying to not satisfying Eq.
path 1(see Fig. 2, which is the same as the quantum image(9).
scheme i 2]. Similarly, by substituting Eq4) and detailed Equationg11) and(14) give perfect images of the object.
information about the two paths(x;,u;) andhy(x,,u,) into  However, the coincident counting rate is proportional to

Eg. (3), we obtain G@(uy,uy). Although the background (u;)){I(u,)) is a con-
o o i stant, it does not affect the quality of the image, but deter-
IT(upu)fP= 5——— f J H(vl)exp[ (ax§ mines the visibility of the classical ghost image. We define
Nz,2,|by| Aby the visibility of the image as

i
- 21 + d?) - )\—Zz(vi - 20Uy + ui)] _ IT(uy = O,u2)|2max
G@(uy = 0,Up) max
, From Eqgs.(5) and(6), we can find thatl(u;)){l(uy))=cc,

that is to say, the visibility of the ghost image is zero. To
(12 have an observable ghost image, we need to consider how to

(15
i 2

X expl — (& = 2X,Up + Up) |dxgdxodu,
\Zy
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—(a)
_ : 1.0+ ---g ﬂ ::?i_.- F Xexp{)\—Zlvz vz}dvldvz, 17
3 % dii with
T o I HHE
g A P SR S AN S S
= 04- AfE Y40 202 Nz’ TP 40t 202 Nz AAOY
S o029 o Dyl 2im i 2
S . A I L b TR R -t
E gobent” E u R SRR IIVILTS T (le t Blo'z)\bzu2>
, , , , (I(up) = ————=ex .
010 005 000 005  0.10 A |b,[VB,B, 48,
u(mm)
xexp{— 5 2u§}, (18)
FIG. 3. The image pattern of a double slit with incoherent light Bi\b;
for differentl,. (a) 20 (imaging casg (b) 20.5, and(c) 21.5 mm with
with  A=702 nm, a=0.01 mm, d=0.03 mm, z;=10 mm, 2z,
=40 mm,f=10 mm, and;=30 mm. B. = 1 N 1 ima, B, = 1 1 |7Ta2 1
V40P 202 Nb, P 40,2 202 \b, 45103’
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. - w
— 2
|F(u1 O,U2)| )\32122|b2|C1C2 f_mH(vl)
IIl. THE FORMATION OF A VISIBLE GHOST IMAGE =
2im i 2
In the above calculation and discussion, we have assumed (7\_2101_ m‘h)
the surface size of the light source to be infinite and the light xXexp e
source to be completely incoherent. In the practical case, L 4C,
completely incoherent light and infinite surface size do not 2 5 5
exist. What are the influences of finite surface size and par- Xexp - c )\zbzuz exp - !
tial coherence on the quality and visibility of the ghost im- -T2 1
age? 2
We assume the light source to be a typical partially coher- i
ent source—a Gaussian Schell-model source. In this model - —vi] doq| , (19
the first order correlation function in the source plane can be 22
expressed ag30] with
, X +X5 (X = Xp)? _ 1,1 i 1,1, = 1
(E()E () = Go exp[— e IR S A b vl e A A e
o 20'g | g I g9 1%g

whereGy is a constant and set to unity in the following text,
o) represents the source’s transverse size, apds the
source’s transverse coherence width.

Substituting Egs(9) and(10) into Egs.(17)—(19), 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

We only consider the case in which the lens is located irtransverse coherence widths of the light source, respectively.

path 2 as shown in Fig. 1. Substituting Ef6) and detailed
information about;(x;,u;) andhy(x,,Uu,) into Egs.(1)—3),
we obtain

((u;=0) = N lez\AlAzf_wJ Hw)H (vp)

(Zm i )2
- -5 U
)\Zl o1 A]_O'é)\zl 2
X exp A
i 2
i i
xexp - ——=v5 |ex ——vz——vz}
" a2 2} p[ TACIvAL

The parameters for the following figures are702 nm,a
=0.01 mm,d=0.03 mm,z;=10 mm,z,=40 mm,f=10 mm,
;=30 mm andl,=20 mm. From Fig. 4, we can find that
when gy increases, the quality of the image increases, while
the visibility decreases. From Fig. 5, we can find that when
o4 decreases, the quality of the image increases, while the
visibility decreases. Our results are coincident with the re-
sults of Refs.[23,24]. 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 imagé23,24l.
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1.0
1.00 0.35
0.95 0.304
0.90
1.05; 0.85 0.25+4
1.00 0.80 2 0.20-
0.851 0.75 2 0.154
0.90 0.70 () £ 015
0.85. 0.5k i - i : 0.10-
§ 1.05; 0.80] 0.04 -0.02 000 002 0.04 0.05] :
N 1.001 751 o
IoT" 0.95] 0. (b) 0.00-
g: 0.90+ 0.65 0.000 0.002 0.004 0.006 0.008
%i g:ig: 004 002 000 002 0.04 o (mm)
3" 0.75]
¥ 0.70] (a) FIG. 6. Dependence of the visibility of the image of a double slit
& 0659 aperture versusy for differentoy: (a) 1, (b) 5, and(c) 10 mm.
%o 060

004 002 000 002 004
u,(mm) light radiation, the selection of suitable transverse size and
transverse coherence width is essential.
FIG. 4. The ghost images of a double slit aperture for different By comparing our result with that for the quantum ghost
o (& 0.1,(b) 0.5, and(c) 5 mm with ¢;=0.005 mm. image[1,2,9], we find that in the quantum ghost image, good
quality and high visibility can be achieved simultaneously
Now we study the dependence of the visibility and quality[1,2], but it is impossible in a ghost image with incoherent
of the image on thery and o in detail. We define a quality light radiation. In the quantum case, the visibility and quality

factor for the image, of the image are strongly influenced by the biphoton pump
source; the narrower the size of the pump source, the more
I0(uy = 0,u)2 IH(uy)[2 separable is the biphoton wave function and the less en-

f - > > | du, tangled is the field, and therefore the lower the visibility and
Q=1 IT(u1=0,Ux)|“max  [H(U)| nax (20  Worse quality of the ghost imad®]; while in the classical
* 5 | incoherent case, the visibility and quality of the image are
f [H(uy)|*du, 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
A small Q value corresponds to high image quality. The de-of the ghost image.
pendences of the visibility and quality of the image of a |n the above calculations, we have assumed the object to
double slit aperture onry are shown in Figs. 6 and 7, respec- be double slits. To learn about the influence of the object’s
tively. It is clear from Figs. 6 and 7 that the visibility of the features on the quality and visibility, in Fig. 8, we calculated
ghost image increases with decreaserbr increase ofrg,  the ghost images of different objects. It is clear from Fig. 8
while the quality increases with the increase agfor de-  that with the increase of the number of the sliise object
crease ofry. High quality is accompanied by poor visibility, becomes more complgxthe visibility of the image de-
and good visibility accompanied by low quality. In order to creases, while the quality is not influenced. To learn about
observe the classical ghost image with partially coherenthe influence of the slit width on the visibility of the image,
in Fig. 9, we calculated the image of a slit with different slit

1.05,
1.00]
0.95 0.14-
0.90]
0.85] 0.124
0 (@)
o 0.10-
ofro
5 1.00 o065~ 0.08 4
3 0.984 _\-004[-0%2 000 002 004 o
S .96/ X 0.06 - (b)
I 4 (b)
g, 0.944 : 0.044
2 0.92] o4 lo02 000 002 0.04
S 0.024
= 0.9 p (a)
g, ossl 0.004— . . . -
861 . T T , 0.0000 0.0005 0.0010 0.0015 0.0020
004 -002 000 002 004
u,(mm) csg(mm)

FIG. 5. The ghost images of a double slit aperture for different FIG. 7. Dependence of the quality of the image of a double slit
gy (8) 0.001,(b) 0.005, andc) 0.01 mm withg;=5 mm. aperture versusy for differentoy: (a) 1 and(b) 5 mm.
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1,00 §1.0
0.95/ =
2 o9
0.90{ m_ (©)
1.00 3208
85 g
0.95 O
00] 4] © =07 (b)
§ 1.04 0.85- 7 . I \, : T T ?' 0.6
= 0.80] 004 402 000 002 004 = (@)
S 09 : & 05
5’: 0.751 (b) ) . i i .
% %% 0.70] 002 -001 000 001 0.2
3 o7, 404 002 000 002 0.04 u,(mm)
m_
& 08 (a) FIG. 9. The ghost images of a slit in the scheme of Fig. 1 for
o 05 different slit widthsa= (a) 0.005,(b) 0.01, and(c) 0.02 mm with
" 004 002 000 002 004

A=702 nm, =10 mm, z,=40 mm, f=10 mm, ;=30 mm, |,

g(mm) =20 mm,¢;=5 mm, andoy=0.002 mm.

FIG. 8. The ghost images of different objects in the scheme of
Fig. 1. (a) Single slit with slit widtha=0.01 mm,(b) double slits  ibility. Perfect imaging is impossible, because they are com-
with slit width a=0.01 mm, distance between two slitd panied by zero visibility. In order to have observable visibil-
=0.03 mm,(c) triple slits with slit widtha=0.01 mm, distance be- ity of the ghost image or interference fringes, we need to
tween two nearby slitel=0.015 mm withA=702 nm,z,=10 mm, reduce the quality of the imag@mperfect imaging by
2,=40 mm, =10 mm, |;=30 mm, [,=20 mm, 5;=5 mm, andoy choosing suitable size and coherence for the source. The vis-
=0.003 mm. ibility and the quality of the image also depend on the char-
acteristics of the object or the slitthe number of the slits
width. It is clear from Fig. 9 that the visibility of the slit and width of the slits The nature of the ghost imaging is
decreases with the increase of the slit width. This indicategue to the entanglement in quantum case and is due to the
that the backgroundl(u,))(I(u,)) increases more rapidly Hanbury-Brown-Twiss effectlow coherence with fluctua-
than the cross correlation functidi(x;,x,)[2 with the in-  tions but not completely no coherende the classical inco-
crease of the slit width or the number of the slits, which leadd1€rént case.

to a decrease of the visibility. In the above discussion, the temporal correlation time is
assumed longer than the response time of the detectors. A
V. CONCLUSIONS partially coherent source with long coherence time can be

produced from a laser beam scattered by rotated ground glass

Ghost imaging can be produced with incoherent and parf24,26,27. More recently, ghost image experiment with
tially coherent light radiation. The equation for formation of blackbody radiation was report¢@1]; the blackbody radia-
the image is derived with some differences from that for thetion is a typical partial coherent radiation with high tempera-
quantum image. The dependence of the quality and visibilityure corresponding to low coheren@nall o).
on the two parameters the siég) and the coherendery) of
the source are studied. The larger the surfagg is, the
better the quality, and the smaller the visibility of the image.
The larger the coherence between two points in the source This work was supported by RGQGrant No. CA02/
plane (o) is, the worse the quality, and the higher the vis-03.SC0} and FRG of Hong Kong Baptist University.
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