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Effects of light intensity on reflective ghost imaging
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In this letter, we analyze the effects of light intensity on reflective ghost imaging with thermal source. We
find that the brightness of reflective ghost image can be changed by modulating the light intensity of the
source and the splitting ratio of the beam splitter. The signal-to-noise ratio will be improved by increasing
the light intensity of the source. More important, we can obtain the reflective ghost image with high image
quality by adopting a low light intensity signal beam and a high light intensity reference beam, which is
better than the classical optical imaging, because it can reduce the effects of light on the object.
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Ghost imaging is a procedure for forming the image of
an object indirectly, by means of correlation between two
light beams to image an object without spatially resolv-
ing measurements of the light beam that has undergone
object interaction. Ghost imaging is so-called because
the photons that provide the spatial information regard-
ing the object have never directly interacted with the ob-
ject to be imaged. Recent work[1] shows that the ghost
imaging has significant meanings in understanding the
quantum correlations. So the ghost imaging may be ap-
plied in the quantum information in the future.

An important reason of concerning about the ghost
imaging over the last decade is its potential applica-
tions in many areas[2−11]. For example, biomedical
imaging[9,11] and optical encryption[10]. In the previ-
ous works, many factors affecting the image quality of
ghost imaging, such as the source[12,13], lens[14], and at-
mospheric turbulence[15−18], were theoretically and ex-
perimentally analyzed in transmission-type ghost imag-
ing system[19−21]. Yet remote sensing[25,26] applications
require that the objects can be imaged in reflection. Re-
cently, many works have also demonstrated the feasi-
bility of reflective ghost imaging[6,15,22−26]. In this let-
ter, we analyze the effects of light intensity on reflective
ghost imaging with thermal source in brightness, image
contrast, and signal-to-noise ratio (SNR). Certainly, the
transmission case can also be obtained based on our anal-
ysis.

We consider the reflective ghost imaging configura-
tion in Fig.1. A laser beam passes through a rotat-
ing ground-glass (RG) to produce spatial incoherent sig-
nal and reference beams whose temporal bandwidths are
much lower than those of the bucket detector and high
spatial-resolution detector (charge-cuupled device (CCD)
array). The signal beam interacts with the object, but
the reference beam does not interact with the object.
Cross correlating the currents from the two detectors
yields the ghost image, whose physical origin lies in the
perfect correlation between the spatial fluctuations im-

posed by the source plane on the signal and reference
beams.

Two optical beams generated by a laser beam, a signal
field ÊS(ρ, t)e−iω0t and a reference field ÊR(ρ, t)e−iω0t,
that are scalar, positive-frequency, paraxial field opera-
tors normalized to have units

√

photons/m2s units. The
quantities ρ and ω0 are the transverse coordinate and
center frequency, respectively. The commutation rela-
tions for the base-band field operators are given by[27],

[Êm(ρ1, t1), Êℓ(ρ2, t2)] = 0, (1)

[Êm(ρ1, t1), Ê
†
ℓ (ρ2, t2)] = δm,ℓ δ(ρ1 − ρ2)δ(t1 − t2) , (2)

where m, l = 1, 2, δml is the Kronecker delta, and δ(·) is
the unit impulse.

The currents from the bucket detector and each pixel
on the CCD are sent to a correlator with coincidence
measurement, whose output for the CCD pixel located
at transverse coordinate ρ1 is given by

Ĉ(ρ1) =
1

TI

∫ TI/2

−TI/2

dt ı̂1(t)̂ı2(t) , (3)

where TI is the average time and we have suppressed an
L/c time delay in ı̂1(t) that is need to account for the

Fig. 1. Setup of the reflective ghost imaging.
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delay incurred by the reflective light from the object.
indent We consider two ideal detectors that are assumed
to have identical subunity quantum efficiencies and finite
electrical bandwidths with no dark current or thermal
noise contributing to the output current. The output
currents corresponding to the following quantum mea-
surements are given by[28,29]

ı̂m(t) = q

∫

dτ

∫

Am

dρ Ê†
η,m(ρ, τ)Êη,m(ρ, τ)hB(t − τ),

(4)
where A1 and A2 denote the area of one pixel in the ref-
erence arm and the photosensitive surface of the bucket
detector; q is the electron charge; hB(t) is a real im-
pulse response to model the real detector’s finite electri-
cal bandwidth.

Êη,m(ρ, t) ≡
{ √

η Êm(ρ, t) +
√

1 − η Êvac,m(ρ, t), m = 1

√
η T (ρ) Êm(ρ, t)+

√

1 − η|T (ρ)|2 Êvac,m(ρ, t), m=2,
(5)

where
√

η is the detector’s quantum efficiency, and

Êvac,m(ρ, t) is a Vacuum-state field operator. The func-

tion Êη,1(ρ, t) represents the reference light detected by

the CCD array, and the function Êη,2(ρ, t) represents the
light field detected by the bucket detector.

Ê1(ρ, t) =

∫

dρ
′

Êr(ρ
′

, t)hl(ρ
′ − ρ), (6)

Ê2(ρ, t) =

∫

dρ
′

Ê
′

2(ρ
′

, t)hl(ρ
′ − ρ)T (ρ

′

), (7)

Ê
′

2(ρ
′

, t) =

∫

dρ
′′

Ês(ρ
′′

, t)hl(ρ
′′

− ρ), (8)

where hl(ρ) is the Huygens-Fresnel-Green’s function:

hl(ρ) =
k0e

ik0(L+ |ρ|2

2L
)

2iπL
, (9)

k0 = ω0/c is the wave number associated with the center
frequency, T (ρ) is the object’s field-reflection coefficient.
We have neglected time delays.

Because the objects for reflective ghost imaging will
have microscopic surface variations–from a nominal,
smooth surface profile—whose standard deviations can
greatly exceed the illumination wavelength and whose
transverse correlation scale can be sub-wavelength. If
this object is illuminated by laser, it gives rise to laser
speckle in the reflective signal beam. Therefore, we will
use a reasonable statistical model for T (ρ)[6,30].

〈T (ρ1)T (ρ2)〉 = λ2
0T (ρ1)δ(ρ1 − ρ2), (10)

where λ0 is the center wavelength of the illumination
light, and we will omit it in the following calculation.
T (ρ1) is physically the mean square speckle reflection
coefficient at location ρ1, and at the same time, it repre-
sents the object information that is sought.

The Ĉ(ρ1) measurement produces an unbiased esti-
mate of the ensemble-average equal-time current cross-
correlation function,

〈Ĉ(ρ1)〉 = 〈̂ı1(t)̂ı2(t)〉 = q2η2A1

×
∫

A2

dρ

∫

du1

∫

du2 hB(t − u1)hB(t − u2)

× 〈Ê†
1(ρ1, u1)Ê

†
2(ρ, u2)Ê1(ρ1, u1)Ê2(ρ, u2)〉 . (11)

We have used the commutation relations (1) and (2) to
put the integrand into normal order. Next, the Gaussian-
state moment-factoring theorem is utilized to the fourth-
order moment[13,22,31], replacing the fourth-order mo-
ment with expressions that depend only on the second-
order moments of the light fields,

〈Ĉ(ρ1)〉 = q2η2A1

×
∫

A2

dρ

∫

du1

∫

du2 hB(t − u1)hB(t − u2)T (ρ1)

×
(

〈Ê†
1(ρ1, u1)Ê1(ρ1, u1)〉〈Ê†

2(ρ, u2)Ê2(ρ, u2)〉

+
∣

∣

∣
〈Ê†

1(ρ1, u1)Ê2(ρ, u2)〉
∣

∣

∣

2
)

. (12)

For thermal light, the signal and reference fields have
the maximum phase-insensitive cross correlation but
no phase-sensitive cross correlation[12,13,22]. In far
field[13,32], we obtain the maximum phase-insensitive cor-
relation function. The auto-correlation of the two detec-
tors is given by

〈Ê†
m(ρm, t)Êm(ρm, t)〉

=
2Pm

πa2
L

e−(|ρm|2+|ρm|2)/a2

L−|ρm−ρm|2/2ρ2

L , (13)

where m = 1, 2. The cross-correlation is expressed as

〈Ê†
1(ρ1, t1)Ê2(ρ2, t2)〉

=
2P3

πa2
L

e−(|ρ1|
2+|ρ2|

2)/a2

L−|ρ2−ρ1|
2/2ρ2

L , (14)

where Pn =
∫

R2 dρ〈Ê†
m(ρ, t)Êl(ρ, t)〉 is the photon

flux[6,32], n = 1, 2, 3 and m, l = 1, 2. Substitute Eqs.
(13) and (14) into Eq. (12). When the intensity radius
aL is much larger than the object’s transverse extent, the
entire object is uniformly illuminated on average. Thus,
we obtain the final form for the ensemble averaged pho-
tocurrent cross correlation,

〈Ĉ(ρ1)〉 = C0 + C(ρ1) =
q2η2A1A2

L2

4P1P2

(πa2
L)

2

∫

dρ2T (ρ2)

+
q2η2A1A2

L2

(

2P3

πa2
L

)2 ∫

dρ2e
−|ρ−ρ1|

2/ρ2

LT (ρ2). (15)

The ghost image term can be seen as the object’s
intensity-reflection coefficient T (ρ2) convolved with a
Gaussian point spread function.
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We assume that the light intensity of source is ex-
pressed as I0, so we obtain the photon flux that appears
in the former,

P1 = αI0; P2 = (1 − α)αI0; P3 =
√

α2(1 − α) I0, (16)

where α is the splitting ratio of the beam splitter. Fortu-
nately, P1P2 = P 2

3 . Eq. (15) shows that the brightness of
reflective ghost image depends on the photon flux. When
the light intensity of the source is increased, the bright-
ness of reflective ghost image increases correspondingly.
It is surprised that the brightness of ghost image can
be changed by modulating the splitting ratio of beam
splitter. In this scheme of reflective ghost imaging, the
brightness has the maximum value when α = 2/3. Thus,
a high brightness ghost image can be obtained by using a
low light intensity signal beam and a high light intensity
reference beam, which can reduce the effect of light on
the object. For example, the object is an animal or other
organism that are very sensitive to light, and we want
to study these objects’ behavior in the dark or low light
environment. In these cases, the ghost imaging shows
incomparable superiority.

The image contrast of ghost image is defined as [6]

C =
maxR[C(ρ1)] − minR[C(ρ1)]

C0
. (17)

For simplicity, we will also assume that ρL is small
enough to resolve all features in the object’s intensity-
reflection coefficient. So that

∫

dρ2e
−|ρ−ρ1|

2/2ρ2

LT (ρ2) = πρ2
LT (ρ1), (18)

thus

C =
P 2

3

P1P2

πρ2
L

AT
=

πρ2
L

AT
, (19)

where AT =
∫

dρ2T (ρ2) is the effective area of the ob-

ject. C= 1/number of on-object resolution cells[6]. There-
fore, the image contrast of reflective ghost image is not
affected by the light intensity. From Eq. (15), we can
see that the ghost image and background increase with
the light intensity. And the extent of the ghost image
and background are the same because P1P2 = P 2

3 . At
the same time, when we modulate the light intensity of
the signal and reference beams, the image contrast is not
affected.

We will use the method that is given by Erkmen et

al
[6,12] to calculate the SNR of reflective ghost imag-

ing. The background-free ghost image can be obtained by
means of ac-coupling[12,33]. Thus, we obtain the reflective
ghost image with background-free. Eq. (15) becomes

〈Ĉ(ρ1)〉 =
q2η2A1A2

L2

(

2P3

πa2
L

)2 ∫

dρ2e
−|ρ−ρ1|

2/ρ2

LT (ρ2).

(20)
Indeed, the only difference between Eq. (20) and the cor-
responding result[6,22] for the reflective ghost imaging is
the photon flux P3.

The SNR of ghost imaging is defined as

SNR ≡ 〈Ĉ(ρ1)〉2

〈∆Ĉ2(ρ1)〉
, (21)

where ∆Ĉ(ρ) ≡ Ĉ(ρ) − 〈Ĉ(ρ)〉. we can obtain the ex-
pression of SNR,

SNR =
(

T 2(ρ1)TI/T0

)

/

(

A′
T√

2πρ2
L

+
T 2(ρ1)TIΓa2

0

4πT0A2

+
T (ρ1)L

2

ηIA2
+

4πρ2
LT 2(ρ1)

3A1ηI
+

√
πΩBT0ρ

2
LT (ρ1)L

2

16
√

2A1A2η2I2

)

,

(22)

where, I ≡ P3T0ρ
2
L/a2

L, A
′

T =
∫

dρ2 |T (ρ2)|2, Γ =

π
∫

|υ|64ε dυe−|υ|2/2O(υ). υ = ρLk0(ρ
′ − ρ′′) is the differ-

ence coordinates, ρ′ and ρ′′ are the coordinates at the
bucket detector.

The ghost image comes from the intensity cross-
correlation function. Therefore, the SNR of thermal
ghost image depends on the light intensity of source.
Moreover, the SNR also depends on the splitting ratio
of the beam splitter because P3 =

√

α2(1 − α) I0. For-
tunately, we can obtain a reflective ghost image with
high image quality by adopting a low light intensity
signal beam and a high light intensity reference beam
achieved by changing the splitting ratio. Figure 2 shows
that the SNR of ghost imaging will increase with the
increase of the light intensity of source. The SNR is
dramatically enhanced when the light intensity is not
very strong. However, the enhancement of the SNR is
not dramatically when the light intensity continues to
increase. Therefore, a source with reasonable light in-
tensity is necessary to obtain the ghost image with high
SNR, which is very important for ghost imaging in prac-
tical application.

Moreover, we have also analyzed the case of ghost imag-
ing with quantum source. We find that the quantum case
is similar to the thermal case including the brightness,
image contrast and SNR. The SNR will also increase with
the increase of light intensity of quantum source because
the relationship between the SNR of ghost imaging with
thermal and quantum source and total correlations is a
quasi-liner ratio[1]. Of course, both the SNR and total
correlations are bounded at high illumination.

In conclusion, our research work shows that the bright-
ness of reflective ghost image can be changed by modu-
lating the light intensity of the source and the splitting

Fig. 2. Ghost imaging SNR plotted as the function of bright-

ness, for T (ρ1) = 1, A
′

T /ρ2

L = 103, ρ2

L/A1 = 0.1, η = 0.9,
TI/T0 = 104, a2

0/A2 = 1/π, L2/A2 = 105, and ΩBT0 = 10.
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ratio of the beam splitter. The SNR depends on the
light intensity of source, and can be changed by the split-
ting ratio. However, the image contrast of the reflective
ghost image does no affected by the light intensity. More
important, we find another advantage of ghost imaging
compared with classical optical imaging, i.e., a ghost im-
age with high brightness, high image contrast, and high
SNR can be obtained by using a low light intensity sig-
nal beam and a high light intensity reference beam, which
can reduce the effects of light on the object. This is very
useful in biology.
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