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Microscopic Imaging Through a Turbid Medium by
Use of a Differential Optical Kerr Gate

Yuhu Ren, Jinhai Si, Wenjiang Tan, Shichao Xu, Junyi Tong, and Xun Hou

Abstract— Microscopic imaging of hidden objects in scattering
media is demonstrated using a differential optical Kerr
gate (DOKG). The results show that the high spatial frequency
components of the imaged object filtered by the optical Kerr gate
can be considerably compensated using the DOKG. Microscopic
images with a maximal lateral resolution of ∼2-µm can be
achieved. Compared with OKG microscopic imaging, the contrast
of DOKG microscopic images is enhanced significantly.

Index Terms— Microscopy, Kerr effect, turbid media, ultrafast
optics.

I. INTRODUCTION

OPTICAL imaging of hidden objects in highly scattering
media is important in many areas such as in clouds [1],

fogs [2], or aerated sprays [3]. When light pulses propagate
through a turbid medium, the transmitted pulses consist of
a ballistic component, a snake component, and a diffuse
component [4]. The ballistic photons that carry the object
information migrate through a turbid medium undeviated in
the forward direction and arrive first. The snake component
consists of the photons that have undergone only a few scat-
terings along quasi-straight-line paths. The diffuse component
that has been scattered randomly in all directions loses the
image information and constitutes the noise [5]. The image
quality is often degraded by multiple scattering in a scattering
medium, which presents the main challenge associated with
optical imaging [6]. Many different techniques have been
introduced to image or probe objects embedded in scattering
media [7]–[10]. A feasible way to suppress multiple scattered
photons and improve the visualization of objects hidden in
the turbid medium is by employing a short time gate based
on nonlinear optical phenomena, such as degenerate four
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wave mixing [11], second-harmonic generation [12], or an
optical Kerr gate (OKG) [13], [14]. Among the available time
gating techniques, OKG imaging has been investigated widely
due to its advantages, such as no need for satisfying the
phase matching condition or the high intensity of the imaging
signal [15]. However, most studies on OKG imaging focus
on the macroscopic imaging of hidden objects in a scattering
medium.

Microscopy has been a critical technology for examining
small features in many physical, chemical, and biological
systems [16], [17]. Notable examples of microscopy imaging
such as optical coherence microscopy [18], focal modulation
microscopy [19] and confocal microscopy [20] have been used
to obtain clear images of objects hidden in or behind highly
scattering turbid media. However, most of the microscopy
techniques mentioned above are scanning imaging methods
and limited to image the slow-moving objects such as human
eye imaging in vivo [18], and even the stationary objects.
On the contrary, OKG imaging can provide an effective
approach to obtain the image of high-speed mobile object
hidden in highly scattering turbid media. For instance, OKG
imaging can resolve clean images of the structures in the
high pressure and dense spray region, which rapidly change
on the time scale of a few microseconds [21]. Therefore, the
combination of optical microscopy and ultrafast OKG stands
to enable technology in obtaining microscopic OKG imaging
in turbid media. However, in microscopic OKG imaging the
gating pulse can induce a transient spatial aperture in the Kerr
material in the OKG, which filters the high spatial frequencies
components of the detected object [22]. Therefore, the spatial
resolution of the imaging system decreases.

In this letter, we demonstrate a new method for microscopic
imaging through a turbid medium by use of a differential
optical Kerr gate (DOKG). A sequence of microscopic images
of a test chart hidden behind a highly scattering medium was
obtained by using the ultrafast DOKG technique. Compared
with OKG microscopic imaging, the contrast of microscopic
images obtained by using the DOKG technique is enhanced
significantly. In addition, the experimental results show that
a maximum lateral resolution of approximately 2 μm of
the DOKG microscopic imaging in a turbid medium can be
achieved.

II. EXPERIMENTAL SETUP

The schematic of the differential optical Kerr gate
microscopy imaging system is shown in Fig. 1(a). A Ti:
sapphire laser produced 800 nm, 50 fs pulses at a repetition
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Fig. 1. (a) Experimental setup for the DOKG microscopy imaging system.
(b) Schematic of the DOKG. SPF: short pass filter; λ/2: half-wave plate;
λ/4: quarter-wave plate; P: polarizer; A: analyzer; NA: neutral attenuator;
LPF: long pass filter; TM: turbid media; KM: Kerr medium; BS: beam splitter;
MO: microscope objective; θ : the angle between the polarization direction of
the analyzer and the vertical direction. L: lens (the focal lengths of lenses L1,
L2, L3 were 160 mm, 100 mm, and 150mm, respectively).

rate of 1 kHz. The full width at half maximum (FWHM)
of the laser spectrum was about 30 nm. The laser beam
was split into a gating beam centered at 780 nm and an
imaging beam centered at 800 nm by a short pass filter (SPF).
The intensity of the gating beam and the imaging beam
were adjusted by neutral attenuators (NA1 and NA2, respec-
tively). The power of the gating beam and the imaging beam
were 0.58 W and 0.40 W, respectively. The imaging beam
was first modulated by a 1.41-line-pair/mm resolution chart
(a chromium-coated glass U.S. Air Force resolution chart)
and then introduced to a turbid medium. The transmitted light
from the turbid medium was introduced into the microscope
objective [10×numerical aperture (NA) = 0.25, Nikon]. The
transmitted light was first focused by lens (L2) and then
introduced into the DOKG. The polarization of the gating
beam was first linearly polarized at 45° with respect to the
polarization of the imaging beam for optimal efficiency using a
half-wave (λ/2) plate. Thereafter, the gating beam was focused
into the Kerr medium of CS2 filled in a 5 mm quartz cell to
the ultrafast OKG imaging in the turbid medium. A long pass
filter (LPF) was placed before the beam splitter (BS) to block
light noise caused by the gating beam scattered forward into
the detecting devices.

In this setup, the imaging pulse was spatially overlapped
with the gating pulse in the Kerr medium which was placed at
the focal plane of a compound lens consisting of the micro-
scope object and lens (L2). When the two pulses were spatially
and temporally overlapped, the imaging pulse polarization was

Fig. 2. Images of the test chart behind water and the polystyrene microsphere
turbid medium. (a) Reference image. (b) No time gate (standard transillu-
mination). (c) OKG image for the polystyrene microsphere turbid medium.
(d) DOKG image for the polystyrene microsphere turbid medium.

rotated due to the birefringence of the Kerr media induced
by the gating pulse. Then part of the imaging pulse passed
through the analyzer. Due to the time-gated nature of the
experiment, the imaging pulse was synchronously detected by
a charge coupled device (CCD) camera and a photodiode (PD).

As shown in Fig. 1(b), the DOKG consisted of a polarizer,
a Kerr medium, a quarter-wave plate (λ/4), and an analyzer.
In the DOKG, the polarizer was set parallel to the x direction.
The quarter-wave plate (λ/4), with its optical axis parallel
to the polarizer, was placed between the Kerr medium and
the analyzer to provide a π/2 optical phase bias [23]. The
angle between the polarization direction of the analyzer and
the vertical direction is denoted as heterodyne θ . By placing
a quarter-wave plate before the analyzer and rotating the
analyzer by a few degrees, the DOKG imaging can be
implemented. This is different from a standard OKG, in
which the polarization direction of the polarizer is horizontal
(x direction), the polarization direction of the analyzer is
vertical, and no optical phase bias is provided. DOKG images
are acquired by subtracting image I from image II, in which
image I and image II are obtained at angles of θ and −θ ,
respectively. Here, the angle θ is set at 8°.

The turbid medium was composed of a polystyrene
microsphere solution contained in a cubic cuvette with inside
dimensions of 50 mm × 50 mm × 10 mm. The thickness of
the cuvette along the optical axis was 10 mm. The diameter
of the polystyrene microspheres was 3.13 μm. The refractive
indices of the background medium nb and the polystyrene
microspheres np were 1.33 and 1.58, respectively. The absorp-
tion of the turbid medium was low enough to be ignored. The
value of the optical density of the sample was OD = 10.0.

III. RESULTS AND DISCUSSION

The images of the test chart (a U.S. Air Force 1951
resolution chart) hidden behind a polystyrene microsphere
sample are demonstrated by use of DOKG microscopic
imaging. In Fig.2 (a), we show direct microscopic imaging
for the sample filled with deionized water as the reference
image. The direct microscopic image is measured by setting



396 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 28, NO. 4, FEBRUARY 15, 2016

the two polarizers of the Kerr gate setup parallel to each other,
without gate light irradiation. In Fig. 2(b), we show direct
microscopic imaging for the sample filled with the polystyrene
microsphere turbid medium. The object hidden behind such a
turbid medium cannot be seen because the total intensity of the
scattered photons is greater than the intensity of the ballistic
photons. In Figs. 2(c) and 2(d), we show OKG microscopic
imaging and DOKG microscopic imaging, respectively,
for the polystyrene microsphere turbid medium. As shown
in Fig. 2(c), the boundaries of the shadowed and unshadowed
regions for OKG microscopic imaging are highly blurred
although it provides improvement in the contrast of the image.
From Fig.2 (d), we can see that DOKG microscopic imaging
improves image resolution and enhances the contrast between
the target and its background. The blur of the boundaries
of the shadowed and unshadowed regions for OKG imaging
could be attributed to the transient soft aperture in the Kerr
material [22], which arises from the finite spot size of the
gating beam. The transient soft aperture acts as a low-pass
filter, which enables the low spatial frequency components of
the imaged object pass but removes the high spatial frequency
components. The low spatial frequency components are at the
center of the Fourier plane of the compound lens consisting
of the microscope object and lens (L2), while the high spatial
frequency components are in the peripheral area of the
Fourier plane. The high spatial frequency components of the
imaged object filtered by the transient soft aperture can be
compensated by use of the DOKG.

The difference between the OKG and DOKG imaging can
be explained as follows. For the DOKG microscopic imaging,
the imaging signal field contains an additional component
called local oscillator field EL O(θ), which arises from the
rotation of the polarizer by an angle θ . The local oscillator
field compensates the high spatial frequency components of
the imaged object. The local oscillator field contains both the
low spatial and high spatial frequencies of the imaged object.
The detected image intensity for DOKG is 4EL O(θ)EO K G(t),
where the term EO K G(t) is the OKG signal field. The detected
image intensity is obtained by subtracting the intensity of
image I from the intensity of image II, in which the two
image intensities are IL O (θ) + IO K G(t) − 2EL O(θ)EO K G(t)
and IL O (θ)+ IO K G (t)+2EL O(θ)EO K G(t), respectively [24].
The image I and image II are obtained at angles of θ and −θ ,
respectively. Where, the term IL O (θ) is the intensity of the
local oscillator field, and the term IO K G(t) is the intensity
of the OKG signal field. Overall, the high spatial frequencies
components of the imaged object can be compensated due to
the local oscillator field. As a result, the DOKG microscopic
imaging is more visible compared with OKG microscopic
imaging as shown in Fig. 2. It should be noted that the quarter-
wave plate (λ/4) in our experiment provides a π/2 out of
phase with the rest of the imaging beam to the local oscillator
field, which enhances the intensity of the detected signal for
the DOKG imaging [23], [25].

To further quantitatively evaluate the performance of
OKG and DOKG microscopic imaging systems, we measured
the modulation transfer function (MTF) of both systems. The
MTF is given by MT F( f ) = C( f )/C0( f ), where the image

Fig. 3. Comparison of the MTF of the OKG microscopic imaging system
and the DOKG microscopic imaging system.

contrast is defined as C( f ) = (Imax − Imin)/(Imax + Imin).
Further, C0 ( f ) denotes the modulation of the object, and
f is the spatial frequency. The image contrast is calcu-
lated using the average light intensity retrieved from the
dark region (Imin) and the average light retrieved from the
unshadowed region (Imax) of the test chart. From Fig.3, we
can see that the spatial resolution of the DOKG microscopic
images is higher than that of the OKG microscopic images.
For DOKG microscopic imaging, the maximum resolvable
spatial frequency is 228 line pairs per millimeter (lp/mm),
and the corresponding resolved object size is approximately
1mm/(228 × 2) = 2.19μm in our experiments. However, for
the OKG microscopic imaging system the maximum resolv-
able spatial frequency is 40.3 lp/mm, and the corresponding
resolved object size is approximately 12.4 μm. From Fig.3,
It can also be seen that the contrasts of DOKG images are
higher than that of OKG images. The results show that DOKG
microscopic imaging could compensate the high spatial fre-
quency components of the object; thus, providing a higher
resolvable spatial frequency and a higher contrast.

It should be noted that for DOKG microscopic imaging,
the image spatial resolution is dependent on the numeri-
cal aperture (NA) of the microscope objective. To obtain
high resolution a high numerical aperture objective should
be employed. However, the working-distance of the DOKG
microscopic imaging system decreases with the increase of
the NA of the microscope objective. For example, for the 10×
microscope objective with a numerical aperture of NA = 0.25,
the working-distance for the DOKG microscopic imaging
system is 13 mm, whereas for the 20× microscope objective
with a numerical aperture of NA = 0.40, the working-distance
for the DOKG microscopic imaging system is only 5 mm.
Therefore, a trade-off exists between image spatial resolution
and the working-distance of the DOKG microscopic imaging
system.

As one of the potential applications, we finally performed
an experiment to image an inhomogeneous test chart hidden
behind a turbid medium using a DOKG. The inhomoge-
neous test chart consists of two parts (A and B) of different
thicknesses. Part B of the test chart is thicker than part A.
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Fig. 4. Images of the inhomogeneous test chart behind water and the
polystyrene microsphere turbid medium. (a) No time gate (standard transillu-
mination); images using a DOKG at delay times of (b) 0 ps and (c) 2ps.

In Fig.4 (a), a standard transillumination (not time-gated)
image of the inhomogeneous test chart is shown. The time-
resolved images of the inhomogeneous test chart are shown
in Figs.4 (b) and 4(c). The time t = 0 ps is defined to be the
time when the light pulse peak passes through part A of the
inhomogeneous test chart. In Fig.4 (b), we show the image
of the test chart at the time t = 0 ps. Part A is resolved
with high contrast, but part B of the test chart is invisible.
When part B is thicker, the light pulse takes a longer time to
pass through part B, which will be time-gated out at the time
t = 0 ps. Further, we can obtain the image of part B of the
test chart by adjusting the delay time between the gating pulse
and the imaging pulse. The corresponding image is shown in
Fig.4(c) at the time t = 2 ps. This result implies that the
DOKG microscopic imaging technique can be used to obtain
the image of different parts of inhomogeneous objects hidden
in turbid media.

IV. CONCLUSIONS

In summary, we have demonstrated a new method for
microscopy imaging through a turbid medium by use of a
DOKG. Subtracting the positive heterodyne OKG microscopic
image from the negative heterodyne OKG microscopic image,
we obtain the DOKG microscopic image. The results show
that the background light can be removed and the high spatial
frequency components of the imaged object filtered by the
optical Kerr gate can be considerably compensated by use of a
DOKG. The contrast of microscopy images obtained by using
the DOKG technique can be enhanced significantly compared
with OKG microscopic imaging. The present work is mainly
devoted to the study of the spatial resolution of the DOKG
microscopic imaging. The images of the test chart (a U.S.
Air Force 1951 resolution chart) hidden behind a polystyrene
microsphere sample are demonstrated by use of DOKG micro-
scopic imaging. The DOKG microscopic imaging technique is
potentially applicable to obtain the images of the structure in
a real spray.
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