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For a Hanbury Brown and Twiss system, the influence of relative motion between the object and the detection
plane on the resolution of second-order intensity-correlated imaging is investigated. The analytical results, which
are backed up by experiments, demonstrate that the amplitude and mode of the object’s motion have no effect on
the second-order intensity-correlated imaging and that high-resolution imaging can be always achieved by using
a phase-retrieval method from the diffraction patterns. The use of motion de-blurring imaging for this approach
is also discussed.
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For conventional imaging, which is based on first-order
correlation of a light field, relative motion between the ob-
ject and the detection system will lead to the degradation
of the imaging resolution. With the decrease in the imag-
ing signal-to-noise ratio, the usual method to alleviate the
motion blur effect is to shorten the exposure time. Since
the laser was invented, a strategy that proved helpful to
overcome the motion blur is to illuminate the object of in-
terest with a parallel coherent light and to detect the ob-
ject’s Fourier patterns using an f − f optical system[1]. For
this strategy, because the Fourier patterns are insensitive
to the relative motion between the object and the detec-
tion system, the object’s images with high spatial resolu-
tion can be obtained by using a phase-retrieval method[2,3].
However, a strictly parallel coherent light, especially with
a large illumination area, is hard to achieve in practice.
For a divergent light source illuminating the object, phase
differences will cause shifts of the Fourier patterns, which
also lead to motion blurring for a moving object[1].
Recently, utilizing high-order correlation of a light field,
the motion blur caused by the relative motion between
an object and the detection system can be removed by
using a method called ghost imaging, even while using
a divergent incoherent light source for illumination[4–15].
Because the schematic of a Hanbury Brown and Twiss
(HBT) system is also based on high-order correlation of
a light field and is similar to the setup of ghost imaging,
it is possible to realize motion de-blurring imaging[16]. How-
ever, compared with ghost imaging, the structure of the
HBT is simpler, and it has a higher precision in optical
measurements. In this Letter, we firstly theoretically ana-
lyze the influence of the relative motion between the
object and the detection system on second-order inten-
sity-correlated imaging for an HBT system in the far field.
Then, the corresponding experimental demonstration is
implemented and the images in the spatial domain are
restored by Fienup’s iterative phase-retrieval algorithm.

Finally, we present a discussion on this approach and
its potential future applications.

Figure 1 presents an experimental schematic of motion
de-blurring imaging for an HBT system in the far field.
The pseudo-thermal light source is formed by passing a
laser beam of wavelength λ ¼ 532 nm through a rotating
ground glass disk[3–7,17]. The light propagates a distance z
and then goes through an object. The object is placed on a
motion platform, and the platform is driven by a stepper
motor so it can move in one transverse dimension. The
light field transmitted through the object is transformed
into the far field by an f − f optical system and then re-
corded by a CCD camera at the plane Dt . In addition, the
stepping accuracy of the platform is 5 μm and the stepper
motor is connected to a computer, which can control the
object’s motion.

For the optical system shown in Fig. 1, the impulse re-
sponse function hðξ; uÞ between the source plane Ds and
the detection plane Dt is time dependent, due to the

Fig. 1. Experimental schematic of motion de-blurring by second-
order intensity-correlated imaging with pseudo-thermal light. A
variable iris, which can continuously change the diameter of the
laser beam from 1 to 12 mm, is placed in front of the ground glass
disk. The object is driven by a stepper motor and moves one
dimension perpendicular to the optical axis.
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movement of the object. If the object’s center position de-
viates η from the optical axis at time t, then the object’s
transmission function will be changed from TðxÞ into
Tðx − ηðtÞÞ, thus hðξ; uÞ can be expressed as

hðξ; u; tÞ ∝
Z

dx exp
�
jk
2z

ðx − uÞ2
�

× Tðx − ηðtÞÞ exp
�
−
jk
f
ξx
�
; (1)

where μ and ξ are the coordinates in the source plane and
detection plane, respectively. TðxÞ denotes the transmis-
sion function of the object, and k ¼ 2π∕λ.
Based on the optical coherence theory[18], the second-

order intensity-correlation function at the detection plane
can be written as
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where we have assumed that the statistics of the source
and the propagation regimes are independent. I 1ðξ1Þ and
I 2ðξ2Þ, respectively, are the intensity distribution and the
intensity at the fixed position ξ2, which is recorded by the
same CCD at the detection plane Dt . SðuÞ is the light field
of the source, and h·i denotes the ensemble average of a
function.
Suppose the light field on the ground glass plane is fully

spatially incoherent and the intensity distribution is
uniform as a constant intensity I 0. Then,

hSðuÞS�ðu0Þi ∝ I 0δðu − u0Þ; (3)

where δðxÞ is the Dirac delta function.
According to statistical optics, the correlation function

of the intensity fluctuation is[19]

ΔGð2;2Þðξ1; ξ2Þ ¼ hI 1ðξ1ÞI 2ðξ2Þi− hI 1ðξ1ÞihI 2ðξ2Þi: (4)

If the source’s spatial incoherence at the object plane is
satisfied according to Eq. (9) of Ref. [20], by substituting
Eqs. (1)–(3) into Eq. (4) and supposing the field fluctua-
tions obey a complex circular Gaussian random process
with a zero mean, after some calculations, we have
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where Ff� � �g denotes the Fourier transform of a function.
From Eq. (5), we can see that the diffraction patterns
obtained by second-order intensity-correlated imaging
with pseudo-thermal light is independent of η, regardless
of whether η is random, deterministic, time varying, or
none of those. It is also observed that the center of the
diffraction patterns will move with the position ξ2. If
we set ξ2 ¼ 0, then Eq. (5) can be rewritten as

ΔG2;2ðξ1; ξ2 ¼ 0Þ ∝
����F
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�����
2
�����

2
: (6)

From Eq. (6), when the source’s illumination region on the
object plane is larger than the motion amplitudes of the
object and satisfies homogeneous statistical distribution,
the relative motion between the object and the detection
plane will not lead to the blurring of diffraction patterns for
second-order intensity-correlated imaging with pseudo-
thermal light.Therefore, the object’s amplitude-dependent
image with high resolution can be always reconstructed
from the diffraction patterns if a phase-retrieval method
is used.

A platform experiment based on the optical system
shown in Fig. 1 was performed to demonstrate the
theoretical results. The experimental parameters are set
as follows: z ¼ 600 mm, f ¼ 50 mm, and the effective
transmission aperture of the lens is L ¼ 25.4 mm. The ob-
ject is a double slit, with silt width a ¼ 40 μm, center-to-
center separation d ¼ 120 μm, and slit height h ¼ 800 μm.
The object, driven by a stepper motor, moves in a trans-
verse dimension, and the motion speed of the target driven
by the stepper motor is 32 μm∕s. In order to verify the
theoretical results, the exposure time window for the CCD
camera should be short enough so that the recorded
speckle is clear for each sampling. In the experiment, the
exposure time window for the CCD camera is set to be
30 μs and the sampling frequency is 10 Hz, which means
that the target only moves 1 nm and can be considered to
be static for each sampling. The pixel size of the CCD cam-
era is 6.9 μm× 6.9 μm. The images recorded by using the
CCD camera are 430 × 170 pixels, and the number of
measurements for the reconstruction of the second-order
intensity-correlated imaging is 8000. In the process
of image reconstruction, the fixed coordinate is set in
the center of the image recorded by the CCD camera,
and we have used the intensity fluctuation correlation
reconstruction algorithm[21]. The influences of both the
motion amplitudes and motion modes on the resolution
of second-order intensity-correlated imaging are experi-
mentally demonstrated.
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Figure 2 presents the results of second-order intensity-
correlated imaging in different motion amplitudes, where
the motion mode obeys a uniform statistical distribution
and the transmission aperture of the iris is set as
D ¼ 4.0 mm. The results of the corresponding second-
order intensity-correlated imaging are shown in
Fig. 2(a)–2(e), respectively, when the maximum motion
amplitude deviating from the optical axis is set as 0,
500, 1000, 2000, and 4000 μm. Based on Fienup’s iterative
phase-retrieval algorithm[2], the object’s images in the
spatial domain, as displayed in the upper right corners
of Figs. 2(a)–2(e), can be directly retrieved from the diffrac-
tion patterns. In the process of the phase-retrieval
algorithm, the phase-dependent part of the object is sup-
posed to be a constant,while the amplitude-dependent part
is limited by the prior information of the object’s size.
Under these constraint conditions, a series of increasingly
accurate results can be obtained by iterative transform b
etween the Fourier domain and spatial domain, and this
iterative process has been proven to be convergent in
mathematics. It is observed that the imaging resolution
does not degrade upon increasing the motion amplitude
for the approach of second-order intensity-correlated imag-
ing, which is consistent with the theoretical analysis de-
scribed by Eqs. (5) and (6). For comparison, we remove
the rotating ground glass disk shown in Fig. 1, and the
transmission aperture of the iris is set as D ¼ 12.0 mm.

The results of conventional Fourier imaging with coherent
light with the corresponding motion amplitudes are
illustrated in Figs. 2(f)–2(j), using the same experimental
parameters as the second-order intensity-correlated
imaging. From Figs. 2(f)–2(j), as the motion amplitude
is increased, the object’s imaging resolution will be dra-
matically decreased for conventional Fourier imaging tech-
niques. As known to all, if the object is set to move in the
horizontal direction, motion blurring should not have an
influence on the resolution in the vertical direction. How-
ever, the real situation of the experiment is that themotion
path of the object is not to strictly parallel to the horizontal
direction and there is a little vibration in the vertical direc-
tion when the object moves. Therefore, the resolutions of
Figs. 2(g)–2(j) in the vertical direction also have little
degradation.

Compared with uniform motion, imaging of random
moving objects is more meaningful in applications.
Figures 3(a)–3(c) show the statistical distributions of dif-
ferent motion modes when the motion amplitude is set as
2000 μm. The corresponding diffraction patterns obtained
by second-order intensity-correlated imaging and the im-
ages in the spatial domain restored by Fienup’s iterative
phase-retrieval algorithm are displayed in Figs. 3(d)–3(f).
Similar to the results shown in Figs. 2(b)–2(e), the motion
modes have no effect on the imaging resolution of second-
order intensity-correlated imaging, which is in agreement
with the analytical results.

According to the Klyshko’s pictures[22], the imaging
process for the HBT system shown in Fig. 1 can be

Fig. 2. Experimental results in different motion amplitudes and
motion modes obey uniform statistical distribution (averaged
8000 measurements). (a)–(e) are the diffraction patterns
achieved by second-order intensity-correlated imaging when
the maximum motion amplitudes deviating from the optical axis
are 0, 500, 1000, 2000, and 4000 μm, respectively. (f)–(j) are the
corresponding results of conventional Fourier imaging, which is
performed by removing the rotating ground glass disk shown
in Fig. 1. The upper right corner is the image in the spatial do-
main recovered by using a phase-retrieval algorithm from the
corresponding diffraction pattern.

Fig. 3. Experimental results in different motion modes and the
maximum motion amplitude deviating from the optical axis is
2000 μm (averaged 8000 measurements). (a)–(c) are the proba-
bility distributions of the motion modes. (d)–(f) display the dif-
fraction patterns achieved by second-order intensity-correlated
imaging and the reconstructed images in spatial domain are
shown in the upper right corner.
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explained as follows: by the reversibility of the light field, a
point-like source emitting light from the detection plane
(namely, one pixel of the CCD camera), as displayed in
Fig. 4(a), is firstly collimated by a lens with focal length
f and then illuminates the object TðxÞ. Since the pseudo-
thermal light source acts as a phase-conjugated mirror[23],
photons transmitted from the object TðxÞ are reflected by
the source to the object T�ðxÞ. Then, the information of
TðxÞT �ðxÞ is transformed into the far field by an f − f
optical system, and we can obtain the object’s Fourier-
transform diffraction patterns at the CCD camera plane.
It is observed that Fig. 4(a) corresponds to the case of
illuminating an object TðxÞT �ðxÞ with a parallel coherent
light and detecting the object’s diffraction patterns in the
Fourier plane; thus, the object’s motion does not lead to
the movement of diffraction patterns, and high-resolution
imaging can be always obtained when the effective trans-
mission aperture of the lens f is larger than the object’s
motion amplitudes. What is more, the resolution of the
diffraction patterns obtained by intensity correlation is
also similar to the case of parallel coherent illumination
in Fig. 4(a), which is that the optical resolution is deter-
mined by the aperture of lens f [24]. Although we only
give the demonstration of motion de-blurring imaging
for an HBT system with a lens in the far field, the ap-
proach is easy to expand to the lensless HBT setup shown
in Fig. 4(b). In Fig. 4(b), even if a spherical wave emitted
from a point-like source illuminates the object and the
CCD camera is located in the Fresnel area, thanks to
the property of phase conjugation, the phase retardation
of the quadratic terms at the planes of TðxÞ and T�ðxÞ are
cancelled out by each other, which is equivalent to an im-
aging process of illuminating an object TðxÞT�ðxÞ with a
parallel coherent light and detecting the object’s informa-
tion in the far field. Therefore, a lensless HBT setup can
also overcome the motion blur caused by the relative
motion between the object and the detection system.
However, if the object is illuminated by a non-uniform
source, the intensity distribution of the diffraction pat-
terns can still be achieved but with a little distortion, so

a uniform illumination may be helpful for the diffraction
patterns. This approach can be very useful to the imaging
of moving objects in the wavebands without coherent
sources and lenses, such as the x ray band.

In conclusion, for an HBT system, both a theoretical
analysis and an experimental demonstration prove that
the diffraction patterns obtained by second-order
intensity-correlated imaging are insensitive to the relative
motion between the object and the detection plane; thus,
an imaging with a high spatial resolution can be always
reconstructed by using a phase-retrieval algorithm. This
technique provides a useful approach to overcome the mo-
tion blurring caused by random, high-frequency shaking.
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Fig. 4. Explanation of motion de-blurring imaging for an HBT
system. (a) The explanation for the schematic shown in Fig. 1,
and (b) the explanation for a standard lensless HBT setup. The
source shown in Fig. 1 acts as a phase-conjugated mirror.
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