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Geometrical optics in correlated imaging systems
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We discuss the geometrical optics of correlated imaging for two kinds of spatial correlations corresponding,
respectively, to a classical thermal light source and a quantum two-photon entangled source. Due to the
different features in the second-order spatial correlation, the two sources obey different imaging equations. The
guantum entangled source behaves as a mirror, whereas the classical thermal source looks like a phase-
conjugate mirror in the correlated imaging.
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An imaging method called coincidence imagifgprre-  where S(q) is the power spectrum of the spatial frequency.
lated imaging or ghost imagindias drawn much attention For comparison, we show the second-order correlation of the
recently[1-11]. In this imaging system, the object and image entangled beams generated in the lower gain limit of SPDC
are separately illuminated by a pair of correlated beams, andL3],
the image emerges through coincidence detection of the two t t / /
beams. The first coincidence imaging experiments were car- (an(02)2(02)2n(02)3m(0))
ried out using a pair of entangled photons generated in spon- =W* (q)W(gy)8(ds + 92) (s + d3), 2

taneous pa_rametric down-conversig¢§PDQ [.1_3]'. Re- where the subscript® andn indicate the polarizations of the
cently, Gattiet al. [6] found that the ghost imaging can yeams for a type-Il crystal. The spectrii(g) depends on
persist in high-gain SPDC, in which two entangled beamspe ansfer functions of SPDC. The equation is also valid for

contain a large number of photons. Later on, in their furthery type-l crystal, in which the down-converted beams have

study appearing if10], they proposed that the classical cor- ine same polarization, and the subscriptsand n can be
relation of two beams obtained by splitting incoherent ther-gmitted. Therefore, both the thermal light and the entangled
mal radiation can perform the ghost imaging. However, theyhoton pair exhibit transverse wave vector correlation. The
subwavelength interference effect, which was also regardefbrmer shows the self-correlation of transverse wave vectors
as a nonclassical effect related to two-photon entanglemenpetween positive and negative components, while the latter
may have a classical counterpart with a thermal light sourcghows the correlation of a pair of conjugate wave vectors
[10,12,13. satisfying the momentum conservation, within the same spa-
In this paper we focus on the geometrical optics of ghostial frequency component.
imaging for both an entangled photon pair and a classical To show correlated imaging of thermal light, we may use
thermal light source. We find that the correlated imaging ex-a 50-50 beam splitter which divides the input beam into two
hibits distinct aspects that cannot be included in ordinarycorrelated beams. For the sake of comparison with the ther-
imaging. However, the difference in spatial correlation be-mal light, we assume central-frequency degeneracy for the
tween the quantum and classical sources is also reflected iwo-entangled-photon source. Furthermore, the beam splitter
the geometrical optics. In the SPDC of a type-I crystal, thes also applied to the quantum imaging system. This corre-
down-converted beams contain both the quantum entangleponds to the collinear case of SPDC, where the entangled
ment and the classical thermal correlation. When the crystalown-converted photons are spatially divided by a beam
is used as a source, it can form a special dual correlatiogplitter for the coincidence imaging. However, for a type-Il
imaging system, in which an object can simultaneously prophase-matching configuration, the down-converted beam is
duce two correlated images. The system may find potentialivided by a polarization beam splittg2]. We defineF;(q)
application in optical design. (i=1,2) as the two output fields of the beam splitter. For
We consider classical thermal light described byboth classical and quantum sources, the second-order corre-
E(x,z,t)=JE(q)exfiq-x]dq exfi(kz-wt)], in which E(q) lation of the output field$F;(q,)F1(q})F5(q2)F2(g3)) is pro-
is a stochastic variable obeying Gaussian statisticscaisd  portional to that of the input, i.e., Eq&l) and(2). For sim-
the transverse wave vector satisfyig<k. For any thermal plicity, we consider the one-dimensional case. hgk,x’)
statistics, the second-order spectral correlation is written agi=1,2) be the impulse response function for theath in the

(E* (q)E* (q2)E(q3)E(qy)) correlated imaging scheme, then the joint intensity at the two
=(E* (qy)E(q))XE* (d2)E(g))) detective planes is obtained to be
+(E* (qE(a2)XE* (d2)E(qy)) = S(a1)S(dy) (11 (x)15(%0))

X[8ay—-ap)éa,—ay) + 801 - gx) 80— gyl (1)
= J hZ(XL = qphy(xg,—ay) h*z(Xzy = 02)ha(X2,— 03)
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hy(x,Q) = (1/\%)exp<ikz1 iy — |q2—il) . (58

1 kf .
ha(%o,0) = >V T eXP[IK(Zz +23+2f))
e 2L
"\,

XJT p[ ko
(x)ex |2(23—f)

__(kxz qf

i| —+
fo f-2z5

)x] dx (zz#f), (5b)

h,(x )—i 1exp(ik(z+f+2f)+iq—2(f—z)
@ =50 Ny, 2 o ok 2
f

) f
+|f—cx2q)T(— %) (z=1),

wheref and f. are the focal lengths of the imaging leRs

and the collective len$., respectively,z;, and z, are the
FIG. 1. Sketches of correlated imaging fa scheme I, where distances from the source to detedrand lensF, respec-

objectT and the imaging lenE are in the same path aiib) scheme  tively, z; is the distance between objettand lensF, and

I, where T andF are in different pathst; is the collective lens so  T(x) is the transmission function of objett For scheme Il,

that the object and the detector are placed in its two focal planes however, the two impulse response functions are written as

where hi(x,q)=(1/v27) S h(x,x )expigx')dx’. Substitut- hy(x0) = \/E exp<ik(zl L 2f) - izl_qz>
ing Egs.(1) and(2) into Eq.(3), we obtain the joint intensity 2w Vif, 2k
010 = [ S0, P [ S0 - aq < T(X)E”Xp{'i(kf_xc1 ““)X]dx' (62
+ f S(@)hy (x4, ~ Dhy(%, ~ ) 2, (48 halx0) =4 m eXP[ik(ZZ“‘Zs) B ig—;(w fz_afzs)
, - qui - fk’_ézg)] (2% 1), (6h)

((x)12(xp)) =

W(a)hy (X1, — @) ha(x2,0)dq

|k _ X
for the classical and quantum sources, respectively. These ha(x,0) = 2mif eXp('k(22+f)+|k2f2(f ZZ))
results are identical to those in R¢1L0] in which the joint
intensity correlations are evaluated by the impulse functions xa(l—(x2+ q) (zz=1),
h,(x,x") instead ofh;(x,q). Equationsg(4) show macroscopi- f
cally the difference between the classical and quantum Co'iivherezl andz, are the distances from the source to object
related imaging. For the thermal source, the first term of Edand the imaging len§, respectively:z, is the distance be-
(49 reflects the background while the second term expressg§,aen lenss and deteétoDz. In the broadband limity(q)

}:16 cigrrehlate:j vl/m??/:n%ili:—h?r:e?{ﬁ, the r?tlaﬁf"cﬁl cgrrﬁlhat;a ndS(qg) can be regarded as a constant in the integration, and
aging has lower vISIbiiity than the quantum one. FUrner, o - 40 jate the joint intensity using E@4). For both

more, the nature of the wave vector correlations for the clas-

. . . ._schemes, we introduce the correlated imaging equations
sical and quantum sources is also reflected in the correlations

, (4b)

of the two impulse response functions. This will result in 1 1.1 for classical lated imaging. (7

different imaging laws. n-2"12 =3 or classical correlated imaging, (7a)
Now we discuss the two schemes of correlated imaging as

shown in Fig. 1. For simplicity, we assume that the beam 1

splitter is close to the source, so that the beam is divided
immediately from the sourcgl4]. For scheme I, the two
impulse response functions are written as under which the correlated imaging is obtained to be

1 1
+—=— for quantum correlated imaging,(7b)
+zy zz f
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le -Z1 e 22 e Z3 | satisfied.(a) A virtual correlated image is formed for the source

) ) ) ‘ with quantum entanglementh) a real correlated image is formed

condition z;f/(z3—f)—z,>0 are satisfied(a) A real correlated im-
age is formed for the source with quantum entangleméwt;a  positive. But this does not assure a real correlated image.

virtual correlated image is formed for the source with thermal cor-Sincez, is positive by definition, and, could be either posi-
relation. In Figs. 2-5 the objects, the real images, and the virtualive or negative, the former causes a real correlated image
images are indicated by dark, gray, and hollow arrows, respectivelywhile the latter causes a virtual one. In the case f, the
and the intermediate images are indicated by dashed arrows.  condition for a real correlated image mf/(z3—f)-2,>0
(<0) for the source with quantum entanglemeolassical
[ T[x,(f - zg)/f]|? for scheme I, thermal correla_tio)w Fo_r th_e opposit_e condition, how_ever,
5 (8) the correlated image is virtual. A virtual correlated image
[TDGf/(f = 2g)]|* for scheme II. cannot be directly observed in the correlated detection.
Next we consider the case of the object distance less than
Equation(7b) is known for the quantum coincidence imag- the focal lengthzs< f, for which the joint pathz,+z; as the
ing configured in scheme [I2], and we extend it now to jmage distance is negative. This means t#has negative for
scheme II. Note that Eq8) is valid for both the quantum the quantum coincidence imaging and positive for the clas-
and classical cases when the background term is removed fgfcal correlated imaging; therefore, a virtual image in the
the classical case. The correlated imagi@pis independent  ordinary imaging system becomes real in the classical corre-
of positionx, (x,) of detectoD, (D,) for scheme [ll), since  |ated imaging.
detectorD, (D) and lensF. form a collective detection. The correlated imaging can be plotted by the graphics of
However,z; is the object distance for scheme | or the imag-ray optics, by taking into account the correlation of rays
ing distance for scheme IlI, so that E@) gives the same emitted from the source. We first plot the image in the ordi-
magnification as that in the ordinary imaging. nary way. Then, for the source with quantum entanglement,
In the correlated imaging equatiori¥), the joint path  the image is reflected twice, first by the source and then by
2,+7, is the imaging distance for scheme | or the objectthe beam splitter. Obviously, the beam splitter plays the role
distance for scheme I, reflecting the nature of the quantunof a mirror. However, the quantum source emits a pair of
and classical correlations. Although the correlated imagingorrelated rays with opposite transverse wave vectors, one to
equation is similar to the ordinary one, it will cause rich andthe object and the other to the image, so that it also acts as a
even surprising imaging effects that cannot be covered by theirror. For the source with the thermal correlation, the image
ordinary imaging law; for example, a virtual image can be-is reflected only by the beam splitter. This geometry is due to
come real, and vice versa. Let us discuss the two schemes ihe nature of the self-correlation of the wave vectors, so that
detail. the thermal source acts as a phase-conjugate mirror and
Scheme .IWhen the object distance is greater than thehence the image is reflected to itself. According to these
focal lengthzz>f, the joint path image distancg+z; is  rules, we plot the coincidence imaging foy>f in Figs. 2

(h(x)1(xp)) ~ {
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The real correlated images are formed for both the sou¢agegith
b k" d " 211"_" " guantum entanglement arid) with thermal correlation.
S
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- L
f object ! tion source, a real correlated image can be formed through
U the beam splitter without using a lens. This fact is also in-
BS

cluded in the imaging equation by setting an infinite focal
length for lensF. For the classical source, this resultszin
+23=2,>0, and object and real imaging have an equal dis-
tance from the source. As indicated above, the classical ther-
mal source behaves as a phase conjugate mirror which re-
flects an object to itself. This feature manifests the self
 rea correlation of the transverse wave vector for classical ther-
Climage mal light.
Spatial thermal correlatioiil) also exists in the SPDC
virtual correlated image is formeql for the source with quantumgre?\fveesesh ![\r;v(t)ygzglmsspvl\i)i% é?;e?;rin;%rgr?ggggl:rgir,:th? g(:érs
entanglement(b) a real correlated image is formed for the source . . o - o
with thermal correlation. beam with a pa.rtlcular polarization is extracted, it exhlb_|ts
thermal correlation13]. However, the beam generated in
type-1 SPDC may incorporate both quantum entanglement
and 3, andz;<f in Fig. 4. For comparison, we arrange the and classical thermal correlatioii3]. When the gain of
same optical setup for the two sources: the quantum erSPDC is lower, the proportion of the thermal correlation is
tanglement in Figs. (@), 3(a), and 4a) and the classical ther- lower than that of the quantum entanglement, i|&(q)|
mal correlation in Figs. @), 3(b), and 4b). The negative ~<|W(q)|. In the case of strong SPDC couplif§q)| is in-
image distanceg, indicate the virtual images. These figures creased and comparable wit(q)| [12]. Using this source,
verify the above analysis: while the quantum coincidencey dual correlated imaging system can be formed, in which
image is virtual, the classical coincidence image must byo kinds of correlated imaging are created simultaneously.
real, or vice versa. o _ For scheme |, the classical correlated image is real while the
Scheme 1l In this scheme, the joint path,+z, is the  quantum one must be virtual, and vice versa. For scheme I,
object distance while is the image distance. Just as with however, the two images can be both real or both virtual, or

the ordinary imaging law, when the joint pa3+z iS  one real and the other virtual, depending on the values of
greater(lesg than the focal length, the correlated image isgng 2.

real (virtual). Different from scheme |, for the same optical |5 summary, we have derived the correlated imaging
setup with different sources, the quantum and classical cogquation for the classical thermal light source and have
related images can be both real. In Fig. 5, we plot the tWashown the macroscopic differences of quantum and classical
real correlated images fap+2,>f. In the graphics of this correlated imaging. The unusual and rich correlated imaging

scheme, we should move the object to the optical axes of thgffects may provide potential applications in optical designs.
lens. For the source with the quantum entanglement, the ob-

ject is reflected twice, first by the beam splitter and then by The authors thank L. A. Wu for helpful discussions. This

the source, as shown in Fig(e. For the classical correla- research was supported by the National Fundamental

tion, however, the object is reflected only by the beam splitResearch Program of China Project No. 2001CB309310, and

ter, as shown in Fig. (®). the National Natural Science Foundation of China, Project
It can be seen from Figs. 5 that, for the classical correlaNos. 60278021, 10074008, and 10174007.

FIG. 4. Correlated imaging for scheme | in the cage f. (a) A
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