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In this paper, we analyze the multiwavelength thermal ghost imaging with the spatial light modulating system
(SLMS) and rotating ground glass plate (RGGP), respectively. We find that the multiwavelength ghost imaging
dramatically enhances the signal-to-noise ratio (SNR) of ghost imaging for all types of objects. The N-wavelength
ghost imaging with SLMS produces N? ghost images incoherently added together to form one ghost image whose
SNR is N? times the one of single-wavelength ghost imaging. The N-wavelength ghost imaging with RGGP
produces N ghost images incoherently added together to form one ghost image whose SNR is N times the one
of single-wavelength ghost imaging. We find that a quantum effect is involved in the thermal light, although in a
specific scenario at present. Moreover, the color ghost image obtained by the multiwavelength ghost imaging is
better than the monochromatic ghost image in our observation.
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I. INTRODUCTION

Ghost imaging is a transverse imaging modality that
exploits the cross correlation between two photocurrents,
arising from the detection of two distinct but highly correlated
optical beams. It is called ghost imaging because the photons
that provide the spatial information regarding the object have
never directly interacted with the object to be imaged.

The two light fields used in ghost imaging need not have the
same wavelength [1-4]. Nondegenerate-wavelength quantum
ghost imaging has already been demonstrated experimentally
[2,4], although most thermal ghost imaging experiments have
been carried out for the single-wavelength situation. Moreover,
we can only obtain a monochromatic ghost image by the
single-wavelength ghost imaging (SGI). However, the color
ghost image obtained by ghost imaging with a multiwavelength
source is better than the monochromatic ghost image in
observation.

An important feature of ghost imaging is its significant
application value [5-9]. How to enhance the image quality to
match the classical optical imaging has become the focus of
the study. The signal-to-noise ratio (SNR) shows how well the
image of the object is distinguishable from the contrast and
the resolution. Previous works [9—13] have investigated the
method of calculating the SNR of ghost imaging with thermal
and quantum sources. Especially, Ref. [14] has presented a
technique called differential ghost imaging that dramatically
enhances the SNR of ghost imaging. Most important, this
method has been applied [15]. The SNR of differential ghost
imaging becomes highly efficient when the object is a highly
transparent object, but if the object is a highly absorbing object,
the SNR of differential ghost imaging and conventional ghost
imaging are quite similar.

In view of this, we present theoretically the multiwave-
length ghost imaging with a spatial light modulating sys-
tem (SLMS) and a rotating ground glass plate (RGGP),
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respectively. We find that the multiwavelength ghost imaging
dramatically enhances the SNR of ghost imaging for all
types of objects. At the same time, we first propose the
concepts of autochannel and cross channel in ghost imaging.
For simplicity, we shall utilize two quasimonochromatic light
beams (red and green) to expound our work.

II. GHOST IMAGING WITH SPATIAL LIGHT
MODULATING SYSTEM

In order to study the properties of multiwavelength ghost
imaging, we consider the setup depicted in Fig. 1 (with SLMS).
For thermal ghost imaging, two laser beams pass through
the SLMS and then generate two light beams by a 50:50
beam splitter. In nondegenerate-wavelength thermal ghost
imaging, the spatial correlations between the two beams can be
produced by the amplitude mask that generates random spatial
patterns following Gaussian statistics. Thus, two light fields are
rendered spatially incoherent but in a correlated fashion [1].

In the ghost imaging setup, the two light beams are the
signal, which interacts with the object [T'(p)] and then is
measured by a bucket detector, and the reference, which is
directly measured by a charge-coupled device (CCD) camera.
The ghost imaging comes from the average intensities of
light received by the bucket detector and the CCD camera,
from the intensity cross-correlation function. Suppose that
the photodetector response time is short compared with the
correlation time of the optical field [16—18]. So we have

R IR
C(p1)=71f dt i, (n)is(1), (1)

7,/2
where [9, 19,20]
I (1) =q/duf dpl £}, (0,w) Epi(p,u)
A/l!

+ Bl (p,10) Ena(p, )l p(t — w), 2)

are the photocurrents produced by the two detectors, for
m =r,s, with g being the electron charge, A,, being the
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photosensitive region of bucket detector and CCD camera, T}
being the duration of the averaging interval, and % p(¢) being
the finite electrical bandwidth of the detectors.

Enu(p.t) = X
[V T(p) Ei(p,t) +
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The signal and reference beams are generated by the beam
splitter. The field operators appearing in these photocurrent
operators are

[V/7 Ei(p,t) + VT =1 Evac1(p, OVt (p)m = 7
1= nIT ()12 Evaci(p,)hmi(p)sm = s,

3)

where m,l = (s,r),(1,2), {Evacql(p,t)} are the vacuum states. 7 is the quantum efficiency of the detectors. The function 4,,;(p) is
the Huygens-Fresnel Green’s function that describe propagation through the object and reference arms,

hml(p) =

ket (L+pP/2L)

i2n L

, “4)

k; = w;/c is the wave number associated with the frequency. The C(p;) measurement yields an unbiased ensemble-average

equal-time photocurrent cross-correlation function,

(C(pn)) = (1)) = g* A / dp / du, / duy hp(t — u)hp(t — u)(E! (pr,u)Eni(pr,u)El (0,12) Eqi (p,12))
A,

+(EL (1) Ena(p1,u) EL(p,u) Exa(p,u2)) + (E (p1,un) Ei(p1,u) EL(0,u2) Esa(p,u2))
+(EL (o1, u) Ena(or,u) EL (p,u2) Ei (0,u2))). (5)

The signal and reference field operators obey the canonical
commutation relations [9—-11,21,22]

[En(p1.11), Ee(pa2,12)] = 0;
[E,(p1,11), E)(2,12)] = 8¢ 8(p1 — p2)8(t — 12),  (6)

for m,¢ = s,r. The four fourth-order moments can be ex-
pressed in terms of second-order moments by moment-
factoring theorem for Gaussian-state optical fields [9-11,21].
Since this procedure is straightforward but tedious, we shall
confine our discussion here to a detailed description of the
simplification procedure, rather than a lengthy derivation.

First, we use the commutator relations (6) to put the
integrand into normal order. Then, the Gaussian-state moment-
factoring theorem is applied to each term, replacing higher-
order moments with expressions that depend only on the
second-order moments of the fields. Finally, we subtract the
zero terms and the background terms [9,10,23-25]. Thus, we
obtain the background-free ghost image,

(Cpn) = ¢* A, / dp / du, f dus hp(t — u)hp(t — uy)
A,

X (CES (pr,u) Egi (p,u2)) 2

FUE (1) E(p,un)) 2

+UE! (pr,un) Ea(pun))?
+HEL(prunEsi(0,u))?). )

For thermal source, the phase-insensitive cross correlation
has maximum value, which is given by [9-11,21]

<Ejl(p1,ll)ﬁr1(02,lz))
2P\ (oo ai— 02— /203
=n|T(p)| P e 0 o, (8)
0

where P = [y, dp(E),(p,0)E¢(p,t)) is the photon flux
[9-11], ao is the e~? attenuation radius of the transverse

intensity profile, and py is the transverse coherence radius.
Substituting Eq. (8) into Eq. (7), we obtain the multiwave-
length ghost image with SLMS,

. 2\’
(Clp) = 4’0 A, (—2>
ma,

0

“ / dp|T(p)|2e20m oy ai—lpa=p1 s}
A

x (P} + P} + P, + P;)
= (C (o) + (Co(p1)) + (Co(o1) + (Ch(p1)),  (9)

where r,g,b represent red, green, and blue, respectively.

Equation (9) shows that the two-wavelength ghost imaging
with SLMS produces four ghost images (i.e., one red ghost
image, one green ghost image, and two blue ghost images).
Each ghost image is the same as the ghost image achieved
by the single-wavelength ghost imaging [11,21]. The second-
order thermal ghost imaging with two-wavelength yields four
ghost images, whose nature is the correlations of degenerate-
wavelength and nondegenerate-wavelength. Furthermore, we
investigated the N-wavelength ghost imaging with SLMS, and
found that the N? ghost images could be obtained.

Bucket
detector Cf\@
R R object =
EI Ez :
|
RERCT R . p3—

DM SLMS PBS CCD
or RGGP

Laser beams

FIG. 1. (Color online) Setup for multiwavelength thermal ghost
imaging with SLMS or RGGP. DM: dichroic mirror; PBS: polarizing
beam splitter.
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It is noted that the two-wavelength ghost imaging with
SLMS not only produces the red and green ghost images,
but also produces two blue ghost images. The two blue ghost
images come from the cross correlations between E. and E,,,
E,», and E}l (i.e., nondegenerate-wavelength correlations),
while the red and green ghost images come from the cross
correlations between the E 1 and Eﬂ, E o and Exz (.e.,
degenerate-wavelength correlations). Since the red, green, and
blue are the three primary colors, according to the color
additive law [26], the red, green, and blue ghost images are
incoherently added together to form one color ghost image.

For simplicity, we assume that the photon flux P are all
the same for different wavelengths. When the intensity radius
ap is much larger than the object’s transverse extent, the
entire object is uniformly illuminated on average. Moreover,
to simplify our results, we shall assume that py is sufficiently
small to resolve all features in 7'(p). Thus, we reduce Eq. (9)
to

. 2\’
(C(pn) =q2n2AsAr<—2> 7o T(P)P(4P?).  (10)
Tag

We will use the method that is given by Erkmen et al. [9-11]
to obtain the signal-to-noise ratio of multiwavelength ghost
imaging. The ghost image’s SNR is defined as

2 2
SNR = (CloD” (11)

(AC2(py))’
where Aé(p) = C’(p) — (C’(p)), i.e., it is the ratio of the
squared strength of the ghost image component of the
photocurrent cross correlation divided by the variance of that

cross correlation. Following the method, we obtain the SNR’s
expression of the two-wavelength ghost imaging with SLMS,

HT(P)I*T;/ To

SNR = 3 P
Al + \T(p)|2 + 45| T (p)I* + V1 QTops| T ()
\/27'[,02 3AsnT 167247212
= 4(SNRSG1)7 (12)

where Z = PTypi/aj is the brightness of source, Qp is the
baseband bandwidth of the detector, Tj is the coherence time,
and A = [dp|T(p)|*.

It is surprising that the SNR of two-wavelength ghost
imaging with SLMS is four times the SNR of single-
wavelength ghost imaging [10,11]. We also analyzed the SNR
of N-wavelength ghostimaging with SLMS, and found that the
SNR of N-wavelength ghost imaging with SLMS is N2 times
the one of the single-wavelength ghost imaging, which is very
useful in application. This method is effective for all types of
objects including the highly transparent and highly absorbing
objects, as the ratio between the SNR of multiwavelength ghost
imaging and single-wavelength ghost imaging is a constant
that is independent of the object.

III. GHOST IMAGING WITH ROTATING
GROUND GLASS PLATE

Let us consider in detail the analysis of multiwavelength
ghost imaging with RGGP. In degenerate-wavelength thermal
ghost imaging, typically a rotating ground glass plate is used
to create two correlated copies of the spatially incoherent light
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beams. However, for nondegenerate-wavelength light fields,
this method is not suitable for creating spatial correlations
between the two fields [1]. The field operators appearing in
the photocurrent operators are the same as those in Eq. (2).
Substituting Eq. (2) into Eq. (1), we obtain

(C(p) = (B1(D(1))
= CIZAS/ dp /dul /duz hp(t —uphp(t — us)
A,

X (E] (pr,u) Eri(pr,un)EL (0,u2) Ei (p,ur))

+(EL(p1.u) Ena(pr,un) EL(0,u2) Esa(p,12))).
(13)

Here there is no cross correlation between the nondegenerate-
wavelength light fields. Based on the above analysis, we obtain
the two-wavelength ghost image with RGGP,

. 2 \*
(Clp)) = @’ Ay ( 2) /me(p)F
ma A,

0
x =201 PHpP)ai—lp=p P/6i (P2 4 P2). (14

Equation (14) shows that two ghost images (one red
ghost image, and one green ghost image) are obtained by
the two-wavelength ghost imaging with RGGP, which is
similar to the red and green ghost images obtained by the
two-wavelength ghost imaging with SLMS (i.e., degenerate-
wavelength correlation). When the ghost imaging is achieved
by the three-wavelength (red, green, and blue), we can also
obtain the color ghost image, which effectively solves the
problem that the monochromatic ghost image is not conducive
to observation.

We obtain the SNR of two-wavelength ghost imaging with
RGGP by the same method,

2|T(p)*T;/ To

SNR = - - 5
Al + |T(p)\2 + 4 pg T (p)I* + Va2 Tops| T ()
Jszo 3AT 16v/2A,72T?
= 2(SNRSG1)~ (15)

We also found that the SNR of N-wavelength ghost imaging
with RGGP is N times the one of the single-wavelength ghost
imaging.

IV. MULTICHANNEL ENHANCMENT
OF SIGNAL-TO-NOISE RATIO

The inhibition of noise of multiwavelength ghost imaging
with SLMS and RGGP can be explained by the extra channel
of communication theory. We assume that one signal (ghost
image) is transmitted by N information channels. Thus, the
output signal of the ith channel can be expressed as

a; =s+n,;, (16)

where n; is the noise of the Nth channel. Generally, the noise
of each channel is different. s is the signal that is the same for
all channels. Therefore, we obtain the total output signal

N 2
(Z a,-> : (17)
i=1
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FIG. 2. (Color online) (a) The channels of multiwavelength
ghost imaging with SLMS. Since the SLMS allows the light
fields to have degenerate-wavelength and nondegenerate-wavelength
correlations, the N-wavelength ghost imaging with SLMS has N2
channels. (b) The channels of multiwavelength ghost imaging with
RGGP. The RGGP makes the multiwavelength ghost imaging have
only degenerate-wavelength correlation, but has no nondegenerate-
wavelength correlation, so the N-wavelength ghost imaging with
RGGP has N channels.

where E{. ..} represents the average. Substituting Eq. (16) into
Eq. (17), we obtain

N N
A = N%s> + 2N ZE{ni} + Z E{min;}.  (18)

i=1 ij=1

Since the noise is completely random, E{n;} = 0. More-
over, the different noise uncorrelated, i.e.,

0, i #j;

2

L 19)
o, 1=],

E{nin;} =

where o is the noise variance. The total output signal can be
rewritten as

A = N%s*> + No?. (20)

Equation (20) shows that the SNR of the single channel is
sz/oz, while the SNR of N channels is st/az. Thus, the
SNR can be enhanced N times by N information channels.
The twowavelength ghost imaging with SLMS [Fig. 2(a)]
has two autochannels obtained by the degenerate-wavelength
correlation [ie., (C,) and (C ¢)] and two cross channels
obtained by the nondegenerate-wavelength correlation [i.e.,
(Cp)1, while the twowavelength ghost imaging with RGGP
[Fig. 2(b)] has only two autochannels. So the SNR of the mul-
tiwavelength ghost imaging with SLMS is larger than the case
of RGGP. The autochannel is similar to the classical channel.
However, the cross channel is a pure quantum behavior. The
cross channel is obtained by the nondegenerate-wavelength
correlation that is similar to the biphoton obtained by the
spontaneous parametric down conversion (SPDC) [1,4,27].
The cross channel enables the ghost imaging to have the power
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of obtaining the ghost image by the nondegenerate-wavelength
source. There will be no cross channel without nondegenerate-
wavelength correlation, which is different from the classical
channel. Therefore, the cross channel does not show in the
classical optical imaging.

Experimental demonstration of ghost imaging, reported
in 1995 [4], utilized the orthogonally polarized signal and
idler beams produced by type-II phase-matched spontaneous
parametric down conversion(SPDC). Consequently, the ghost
imaging was claimed to be a quantum effect because an
entangled-state light source was employed in its generation.
Then the ghost imaging with pseudothermal source [28] and
pure thermal source [29] were successively reported. There
soon appeared a very passionate debate about whether the
nature of ghost imaging or two-photon correlation is a quantum
or classical effect. The classical statistical interpretation has
been widely accepted at present. However, our research work
shows that the viewpoint of Shih ez al. may be correct, i.e.,
the nature of ghost imaging or two-photon correlation is a
quantum effect.

Probably, the channel theory can contribute to this debate.
The cross channel obtained by the nondegenerate-wavelength
correlation can be seen as a good evidence to illustrate the
quantum nature of ghost imaging. Reviewing the development
of ghost imaging, previous ghost imaging including the quan-
tum ghost imaging [4], computational ghost imaging [18,30],
and other imaging scheme [7,14] based on the conventional
ghost imaging can be divided into two classifications: the ghost
imaging obtained by the classical light source (except the
two-color ghost imaging with thermal source [1]), which can
be described by the autochannel, shows a more classical effect;
on the contrary, the ghost imaging obtained by the quantum
light source (include the two-color ghost imaging with thermal
source), which can be described by the cross channel, shows
a quantum effect. The cross channel can be obtained by the
thermal source, which shows that the pure quantum effect
really exists in the thermal light field, although in a specific
scenario at present.

Liu et al. [31] studied the Nth-order coherence of thermal
light and have shown that the Nth-order coherence or corre-
lation is quantum effect. The result of this paper supports the
quantum interpretation of coherence or correlation of thermal
light. The two blue ghost images obtained by the cross channel
correspond to the “one way” and “another way” to trigger the
joint detection event when A; # A respectively. The red and
green ghost images obtained by the autochannel correspond to
the two ways to trigger the joint detection event when A ; = A,
respectively. At the same time, the interpretation also supports
the channel theory of this paper. Furthermore, Ragy et al. [32]
show that the quantum correlations exist even in “classicallike”
thermal light sources. Consequently, the viewpoint of Shih
et al. may be correct.

V. CONCLUSION

In this paper, the multiwavelength thermal ghost imaging
with spatial light modulating system and rotating ground
glass plate have been investigated. Our research work shows
that the multiwavelength ghost image dramatically enhances
the SNR of ghost imaging, which is effective for all types
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of objects. The N-wavelength ghost imaging with SLMS
yields N? ghost images incoherently added together to form
one ghost image whose SNR is N? times the one of the
single-wavelength ghost imaging. The N-wavelength ghost
imaging with RGGP yields N ghost images incoherently added
together to form one ghost image whose SNR is N times
the single-wavelength case. Since the multiwavelength ghost
imaging has more channels than the single-wavelength ghost
imaging, the SNR of multiwavelength ghost imaging is larger
than that of single-wavelength ghost imaging. Moreover, the
SLMS allows the nondegenerate-wavelength field correlations
to exist. Thus, the cross channel of multiwavelength ghost
imaging with SLMS further enhances the signal-to-noise ratio.

The cross channel that is different from the classical channel
shows that the quantum effect is involved in the thermal light.

PHYSICAL REVIEW A 88, 053842 (2013)

Therefore, the nature of ghost imaging may be the quantum
effect, which supports the viewpoint of Shih et al.

Fortunately, the color ghost image can be obtained by
multiwavelength ghost imaging with SLMS and RGGP.
These two methods effectively solve the problem that the
monochromatic ghost image is not conducive to observation
in practice. We believe that this work will improve the image
quality of ghost imaging.
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