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Ghost imaging for a reflected object with a rough surface
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Ghost imaging for the reflected object with rough surface is investigated. The surface height variance o and
the correlation length /. have been introduced to characterize the rough surface. Based on a simple scattering
model, we derive the analytical expressions which are used to describe the effects of o> and /. on ghost imaging.
The results show that both o and /. have no influence on the image resolution, while the convergence of the

2

correlation decreases as o increases. Additionally, the bucket detector used in the test arm can dramatically
improve the visibility of ghost images. The results are backed up by numerical simulations, in which a Monte

Carlo approach to generate a rough surface has been used.
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I. INTRODUCTION

Ghost imaging is a unique method that reconstructs the
image of an object by measuring the spatial correlation
between a beam passing the object and a reference beam [1-5].
From the point of view of statistical optics, the ghost-imaging
system retrieves the image of the object by taking advantage
of the second-order correlation measurement, while most
conventional imaging systems record the intensity distribution
that only involves the first-order correlation properties of
optical fields. The application of the high-order statistical
properties of optical fields has brought some new optical
phenomena since the first experimental implementation of
ghost imaging in the mid-1990s [1]. Examples are quantum
subwavelength Fourier-transform imaging [6] and lensless
Fourier-transform imaging with incoherent light [7,8]. In
recent years, more attentions have been focused on how to
improve the qualities of ghost images. For instance, the spatial
averaging technique is used to speed up the convergence [9,10],
and high-order correlation has been exploited to enhance the
visibility of ghost images [11-13].

In the previous ghost-imaging studies, the transmitted
objects were usually used for its simple transmission function.
In 2008, Shih et al. [14] reported a ghost-imaging experiment
by measuring the randomly scattered and reflected light from
the surface of an object, which is closer to the demands
of practical imaging-sensing systems. In this paper, we
investigate the performance of ghost imaging for the reflected
object with rough surface. The effects of the surface height
fluctuations and surface correlation length of an object on
ghost imaging are discussed. During the simulations, we adopt
the Monte Carlo approach to generate a rough surface. The
numerical simulations according to analytical expressions are
also presented at last.

II. THEORETICAL ANALYSIS

The scheme of lensless ghost imaging for the reflected
object with rough surface is shown in Fig. 1. The pseu-
dothermal source, generated by projecting a laser beam
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(wavelength 1) into a slowly rotating ground glass, is divided
into two different paths by a nonpolarizing beam splitter.
A reflected object instead of the transmitted one, is placed
at a distance d; from the source, and the scattered light is
gathered by a bucket detector which is at a distance of d;
from the object in the test arm. An array detector with spatial
resolution is put at a distance dy from the source in the
reference arm.

For most practical applications, the random surface height
h(a) of an object obeys the Gaussian statistics [15]. The surface
is said to be wide-sense stationary, thus its height correlation
function p;, only depends on the differences of measurement
coordinates [16],

Ao
un(Aa) = exp (— B ) , (1

Cc

where Ao = o — ', and [, is the surface correlation length.
Light scattering from the rough surface is an extremely com-
plex process, including single scattering, multiple scattering,
shadowing, and so on. For the sake of the analysis, here we
adopt a simple model which describes the relationship between
the surface height fluctuations and the amplitude variations
of the scattered wave. Considering a purely geometrical
approximation, the scattered field E,(«) just above the surface
is connected to the incident field E;(x) by a phase delay
proportional to the height 2(«) [16],

E,(a) = R(a)E; () expljp(e)], 2)
with
(@) = k(—i - + 6 - )h(w), A3)

where R(«) represents the average amplitude reflectivity of
the surface, k = 27 /A is the wave number, and the dot product
p - ¢ denotes the cosine of the angle between the unit vectors
pandqg.

With the help of Eq. (2), under paraxial approximation, the
field E,(x;) in the detector D, can be calculated by the Fresnel
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integral [17], is small enough and far enough away from the source as well
as the detector D;, the angles 6; and 6 can be regarded as the
-1 J k 2 constants.
Eix) = adid; / Es(x)exp [_z_dl(x —acoshi) i| The field E,(x,) in the detector D, is given by
X R(a) exp[jo(a)] 1 ik
T E.(x,) = Weiv / E,(x")exp [—2]7 (x' — xr)2i| dx’.
X exp |:—J—(oz cos 6, — x,)2i| dxdo, 4) V.o 0
2d, 4)
where E(x) represents the source field, and 6;(6o) is the . Acs:ording to .the results in Refs. [9,10], the second-order
angle between the unit vectors i(9) and 4. When the object ~ intensity correlation between the two arms has the form,
|
G(xr,x,) = (Ef () E (x) E[(x,)Er(x;)) — (E[ (x0) E;(x))(E7 (x,) E; (x;))
1 , :
=5 /(ES(X)E;k(X” INES(xX)ES (x")) R(@)R* (o) (exp{ jlp(a) — (a)]})
Adyddy
ik ik
X eXp J—[(x —acos;)’ — (x" —a cosb;)?]} exp j—[(x/ —x)? = (" = x)?]
2d1 2dO
jk
X exp {2]7[(01 cos B, — x;)* — (a’ cos 6, — xt)z]} dxdx'dx"dx" dada’, (6)
2
I
where we have assumed that the statistics of the source and through
the surface height fluctuations are independent of each other. 2t oA LA 22
In terms of Ref. [16], the statistical average of phase 0p = k(=i - +0- )0y, ®)

exponential caused by the rough surface can be written as . . .
We suppose that the source is fully spatially incoherent

and its intensity distribution is of the Gaussian type, and
(exp{jlp(a) — p(e)]}) = exp {—043[1 - ,uh(Aot)]} then the first-order correlation function of the source has the

A form,
= exp {—0‘5[1 —e ]}, 7

2

X
(Es(x)EX(x")) = Ipexp (——2) 8(x —x"), )
r
where crd% is the variance of phase, which is related . . ‘
where I denotes the mean intensity at the center of the source,
and r, is the radius at which the mean intensity falls to 1/e.
To get the ghost image of the object, D, is placed at a

distance dy = d;. Substituting Egs. (7) and (9) into Eq. (6), we

to the variance of the surface height fluctuations o}

4 can obtain the following expression:
o
Laser B N Object 2 a2
= [ G(x;,x :—O/RaR*a’ ex {—0‘2[1—67&2‘ ]}
; () = e | REOR @) exp|—0}
Ground ~ ~ ik ik
Glass noo,10 X exp {]— cos 0% (a* — 0/2)]} exp {]—[cos 62
dz 2d1 2d2
4 x (@ — &) + 2x, cos 6,(a’ — oc)]}
N X hg(a,o' ,x,) dadl’, (10
t
D .
TR LI
D r Xes X,
® he(o,o',x,) = | exp | — 5
re
FIG. 1. The scheme of lensless ghost imaging for the reflected exp K[Zx(x — @cosh) + 2x/(o/ cos; — x,)] dxdx’
object with rough surface. /i represents a unit vector pointing in 2d, ' ! ' "

the direction of the average surface normal, i denotes a unit vector 2,2

pointing in the direction of incidence of the illumination, and 6 = ﬂrez exp {——;[(x, — o CcoS 9,-)2 + (x, —a’ cos 9,-)2]} ,
corresponds a unit vector pointing in the direction of the detection 4d,

plane. (11)
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where the identity f exp(—ax? + bx)dx = (n/a)'/?
exp(—b?/4a) has been used in the calculation. Eq. (11)
corresponds to the correlation result in the case of D, being
a point detector. In this case, the image of the object can
be hardly extracted from the correlation function due to the
surface height fluctuations. To solve this problem, the bucket
detector can be used in the test arm, and by integrating over
X, Eq. (10) becomes

G(x,) = /dxtG(xz,xr)
Iy

- 9 (S _ / R R* /
A2dod,; cos@,,/ (@ = a)R@R (@)

Ad?

ik
2 “ exp { 2Jd1 [cosO(a® — )]

X exp[—oj[l —e

Jjk
—i-g[cos@ (o* — Q)]}hg(a,a’,x,)dada’
”102 : 2
Te R
A2d0d1 cos@ /' (@)
xexp{ 2d2 [(x,—acos&) ]} (12)

where the factor associated with the surface height variance o/

and correlation length /. has been eliminated. Equation (12)
also shows that the reconstruction of images doesn’t depend
on the detection direction (characterized by 6,) of the bucket
detector, which is just used to collect the reflected light
from the object. However, the incident angle 6; will induce
a magnification factor of cos 8;. So, the surface properties of
the object almost have no influence on the image resolution.

In simulations, a random rough surface can be generated
by the Monte Carlo approach. The surface height h(x) is
considered as the superposition of a series of independent
harmonic waves with amplitudes obeying Gaussian statistics
[15],

M/2—1

Y F(Kn)exp(jKnay), (13)

h(an) = Z
m=—M/2
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FIG. 2. (Color online) A refelcted object with the rough surface.
(a) is the average amplitude reflectivity of the surface; (b) shows the
surface height fluctuations.
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FIG. 3. The reconstructed images through the correlation. (a) A
point detector case in the test arm. (b)—(d) Correspond to the bucket
detector cases 20 x 20, 100 x 100, and 200 x 200 sample points via
summing over, respectively. The visibility of the images (a)—(d) is
plotted in (e). Statistical over 20 000 pulsed shots.

where «, = nAa(n = 1,2,...N) is the n™ discrete space
point on the surface, L = Aa M, K,, =2mm/L, and F(K,,)
which represents the Fourier transform of h(c,,) is defined as

F(Km) =V ZnLW(Km)
y [N(O.1) + jN(0,D)]/v/2,
N(0,1),

m#0,M/2,
m=0,M/2,
14
where W(K,,) is the roughness spectral density and each
N(0,1) indicates an independent Gaussian random variable
with zero mean and unit variance. For most objects, the

roughness spectrum of the surface height satisfying Gaussian
statistics has the form [15],
—KI?
. (15)

4

2!
W(K) = e exp{

Taking Eqs. (14) and (15) into Eq. (13), the surface height
distribution can be obtained by a fast Fourier transform (FFT).
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FIG. 4. The images of the double slit are reconstructed under the
conditions of (a) o, = A, (b) 0, = 5X, (c) o, = 10X, respectively.
Statistics over 10 000 pulsed shots.
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FIG. 5. The images of the double slit are reconstructed under
(@ I. = A, (b) I. =54, (¢) I, = 10A, respectively. Statistics over
10000 pulsed shots.

III. NUMERICAL SIMULATION

Now, let us consider the setup of ghost imaging for the
reflected object displayed in Fig. 1. A pulsed laser beam with
a mean wavelength A = 632.8 nm and a diameter D = 2r, =
3 mm illuminates the ground glass, and the pseudothermal
field is described by a grid of 256 x 256 with a sample spacing
Ax = Ay = 0.1 mm. The relevant distances are set as dy =
dy =3 m and d, = 2 m. First, a reflected object (letter “W”)
has been created according to Eq. (13). Figure 2(a) corresponds
to the average amplitude reflectivity of the surface with R(«) =
0.1, and Fig. 2(b) shows the surface height fluctuations. The
surface correlation length and height variance are /, = 5 and
oy, = 2, respectively. The incident angle and the reflection
angle are chosen as 6; = 30° and 6, = 60°, respectively.

In the simulations, the image of the object cannot be
obtained by using a point detector in the test arm [see Fig. 3(a)].
When D; is used as a bucket detector, Figs. 3(b)-3(d) are
reconstructed via summing over 20 x 20, 100 x 100, and
200 x 200 sample points in D,, respectively. We find that the
visibility, defined as [18]

Gmax - Gmin ’ (16)
Gmax + Gmin

is improved with the increase of the detection area (i.e., the
number of sample point), as shown in Fig. 3(e).

To investigate the influences of the surface height variance
and correlation length on ghost images, we select a double slit
with rough surface in simulations. First of all, keeping [, = 5
invariant, the images of the double slit are reconstructed under

Visibility =
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op, = (a) A, (b) 5A, and (¢) 10A, as shown in Fig. 4. The
numerical results show that o;, has no obvious influences on
the resolution, but the convergence of the correlation decreases
when oy, increases to a certain degree.

And then with the same 0, = 5A, we reconstruct the images
of the double slit (see Fig. 5) with the same o;, = 5\ under
I, =X, 5Xx, and 10A, respectively. There seems to be little
difference between Figs. 5(a)-5(c), which indicates that [,
does not affect either the image resolution or the convergence
of the correlation.

IV. CONCLUSION

In summary, we have derived the analytical expression
describing ghost imaging for the reflected object with rough
surface. The results show that the surface height variance and
correlation length barely affect the imaging resolution when
the bucket detector is used in the test arm. In the simulations, by
using the Monte Carlo method, we generate two-dimensional
random arrays of height values, which have the same statistics
as the surface height fluctuations of the object. The numerical
results show that the visibility of the image increases with the
increase of the detecting area of the bucket detector in
the test arm, the convergence of the correlation decrease as
the surface height variance is large enough, and the surface
correlation length almost has no effect on the qualities of
images. It should be noted that the analytical calculations and
the numerical results given in the paper are based on a simple
geometrical approximation. In fact, the light scattering from
the rough surface is more complicated, and further studies will
be considered in future works.
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