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Abstract
In this paper, we demonstrate femtosecond optical Kerr gated imaging of an object hidden
behind a highly turbid medium. The influence of turbid medium properties on image contrast
has been investigated. Experimental and Monte Carlo simulation results show that for a given
optical density, the image contrast of direct imaging without an optical Kerr gate decreases
with the increase of the scattering particle size or the decrease of the thickness of the turbid
medium. Compared with direct imaging, optical Kerr gated imaging has a better image
contrast as it eliminates more scattered photons effectively. Qualitative comparisons between
experiments and simulations show good agreement.
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1. Introduction

There exist multiple scattering interactions when light transits
through a highly scattering turbid medium. The multiple
scattering that most of the photons participate in will disturb
the fidelity of the optical information that is carried by the
imaging photons. This situation can occur in many cases, for
example, inferior visibility through fog, imaging of embedded
objects in turbid media, and so on. It is important to pick
up the useful imaging information for objects hidden in
a turbid medium. Generally, light propagating in a turbid
medium can be divided into three parts: the ballistic photons,
the quasi-ballistic photons and the scattered photons [1].
The ballistic photons travel in a straight line and carry
the information on objects behind or inside the turbid
medium. The quasi-ballistic photons are also called snake
photons; they travel remaining close to their initial trajectory
and also carry useful information about internal objects

along their propagation [2, 3]. The scattered photons are
those which undergo multiple scattering and provide no
useful information. A small number of undisturbed ‘ballistic’
photons penetrate the turbid medium even in extreme
scattering conditions. The essence of imaging through turbid
media is to extract the information carried by the ballistic and
quasi-ballistic photons.

The imaging quality of an object in a turbid medium
can be improved by limiting the collection of the scattered
photons. The general technique is known as ‘time gated
imaging’ [4, 5], and makes use of a very fast shutter to select
the ballistic and quasi-ballistic photons from the transmitted
imaging photons. Most time gated imaging systems depend
on the optical Kerr gate (OKG) technique [6–11]. The OKG
is based on the optical Kerr effect, and its shutter time can
be up to tens of femtoseconds. In recent decades, the time
gated imaging technique based on the OKG has been used
in biomedical research [12–14]. Recently, the time gated
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imaging technique has also been applied in investigating the
dynamics of spray breakup and vaporization to overcome
the strong scattering in the near field of the atomizing
spray [15–20]. However, object visibility in time gated
imaging is dependent on the optical properties of the spray,
such as the diameter of the spray, the size of the scattering
particles and the optical density. At different distances from
the nozzle of the injector, the optical properties of the spray
are different. Therefore, study of the influence of the optical
properties of a spray on object visibility is significant.

In this paper, we demonstrate femtosecond optical Kerr
gated imaging of an object hidden behind a highly turbid
medium. The influence of turbid medium properties on image
contrast has been investigated. The experimental results show
that for a given optical density (OD), the image contrast
of direct imaging decreases with increase of the scattering
particle size or decrease of the thickness of the turbid medium.
Compared with direct imaging, a better image contrast can be
obtained by using optical Kerr gated imaging. Furthermore,
we investigate the temporal and spatial evolution of the
femtosecond pulse transmitted through the turbid medium by
Monte Carlo (MC) simulations. The simulations show that a
femtosecond pulse is spatially and temporally diffused more
seriously when it is transmitted through a turbid medium with
smaller scattering particles or larger thickness at the same
OD. The simulations indicate that for a given OD, the image
contrast of direct imaging without the use of an optical Kerr
gate decreases with increase of the scattering particle size
or decrease of the thickness of the turbid media. Moreover,
a better image contrast can be obtained by using optical
Kerr gated imaging as it eliminates more scattered photons
effectively.

2. Experiments

A schematic of the ballistic imaging system in our
experiments is shown in figure 1. A Ti:sapphire laser system
(Coherent Inc., Libra-USP-HE) with a repetition rate of 1 kHz
and a pulse duration of 50 fs at 800 nm was used in our
experiments. The output beam was split into two beams
by a short pass filter (SPF: Newport Inc., 10SWF-800-B).
The transmitted short-wavelength part centered at about
780 nm was used as the gating beam and the reflective
long-wavelength part centered at about 800 nm was used as
the imaging beam. The imaging beam was modulated by a
1.41 1ine pair mm−1 section of the resolution test pattern (a
United States Air Force contrast target) and then introduced
into the turbid medium. The imaging beam transmitted from
the turbid medium was collected by a lens (L2), and then
passed through an ultrafast OKG. The OKG consisted of a
pair of calcite-crossed polarizers with a Kerr medium between
them. The Kerr medium was a CS2 solution filled in a 1 mm
glass cuvette. The gating beam passed through the optical
delay line and was focused into the Kerr medium by the lens
L1. The polarization direction of the gating beam was rotated
by 45◦ by a half-wave plate for maximum gate efficiency.
When the OKG was opened by the gating pulse, part of the
imaging beam could pass through the analyzer. By adjusting

Figure 1. Schematic of the ballistic imaging system in our
experiment. SPF, short pass filter; λ/2, half-wave plate; O, object; T,
turbid medium; P, polarizer; K, optical Kerr material; A, analyzer;
OKG, optical Kerr gate; D, dump; LPF, long pass filter; M1, M2,
M3, M4 and M5, mirrors; L1, L2, L3 and L4, lenses.

the time delay between the gating pulse and the imaging
pulse, the ballistic component of the imaging beam could be
temporally picked out by the OKG. The optical Kerr gated
imaging beam was subsequently collected by two lenses (L3,
L4) and imaged onto a CCD camera (Nikon DXM 1200F).
A long pass filter (LPF: Newport Inc., 10LWF-800-B) was
placed between L4 and the camera in order to decrease the
intensity of the noise generated by the pump pulse scattering
in the optical Kerr medium.

In our experiments, we used three kinds of polystyrene
microsphere suspensions as the turbid medium; the diameters
of polystyrene microspheres were 0.4, 0.7 and 1.4µm, respec-
tively. The polystyrene microspheres (Sphere Scientific Co.,
Ltd) were stored as aqueous dispersions, the concentration of
which was approximately 5% (w/v). The turbid media were
prepared by diluting the aqueous dispersions of polystyrene
microspheres with de-ionized water, and then sonicating at
room temperature for 1 min. The ODs of the turbid media
were adjusted by altering the concentrations of the aqueous
dispersions of polystyrene microspheres, and measured by the
collimated transmittance approach [9].

3. Results and discussion

An essential aspect of an optical system is its ability
to transmit spatial information. The relevant parameter to
evaluate performance is the visibility, or image contrast.
Figure 2 shows images with and without the OKG and the
corresponding intensity distributions for the suspensions of
0.4, 0.7 and 1.4 µm polystyrene microspheres, in which 1
cm-thick polystyrene microsphere suspensions at the same
OD = 11 were used. From figure 2(a), we can see that the
visibilities of the images without the OKG (here we call
this direct imaging) decrease with increase of the size of the
polystyrene microspheres. In direct imaging, the number of
scattered photons is imaged as the noise, so the visibilities
of the images are determined not only by the OD of the
turbid medium, but also by various scattering properties. For
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Figure 2. Images and corresponding plots of 1D (summed) intensity distributions obtained for the suspensions of 0.4, 0.7 and 1.4 µm
polystyrene microspheres at the same OD = 11. (a) Direct imaging. (b) Optical Kerr gated imaging.

example, more scattered photons were imaged as noise for the
suspension of 1.4 µm polystyrene microspheres, as shown in
figure 2(a). In contrast, the visibilities and intensities of the
images with the OKG (here we call this optical Kerr gated
imaging) were nearly the same, as shown in figure 2(b), due
to its excellent temporal filtering of the scattered photons.

Furthermore, to quantitatively investigate the influence
of various scattering properties on the image contrast, we
calculated the image contrast, which is defined as

Contrast =
Imax − Imin

Imax + Imin
(1)

where Imin is the average light intensity corresponding to
the shaded region and Imax is the average light intensity
corresponding to the unshaded region of the imaged resolution
test chart.

3.1. The influence of the particle size of the turbid medium on
the image contrast

From figure 3(a), we can see that the image contrast of direct
imaging decreases with increase of the scattering particle
size at the same OD. In addition, the image contrast also
decreases with increase of the OD of the turbid medium
and approximately equals zero due to the increased scattered
photons. Compared with direct imaging, optical Kerr gated
imaging has a much better image contrast, as shown in
figure 3(b). The reason is that more forward scattered photons
through the turbid medium with larger scattering particles
were collected at the same collecting angle when direct
imaging was used. It also should be noted that CS2 was used

here as the optical Kerr medium. CS2 has a slow response time
of about 1.6 ps, which is larger than the time duration of the
imaging pulse. Although the OKG could eliminate most of the
scattered photons of the imaging beam, some residual forward
scattered photons could also be imaged in our experiment.
Therefore, the image contrast of optical Kerr gated imaging
also decreases slightly with increase of the OD of the turbid
medium, as shown in figure 3(b).

In addition, the corresponding image intensities for
figure 3 were also measured as shown in figure 4. From
figure 4(a), we can see that the image intensities for direct
imaging of the turbid medium with larger scattering particles
are larger than those for the turbid medium with smaller
scattering particles at the same OD. However, the image inten-
sities for optical Kerr gated imaging of the turbid media with
different scattering particles are nearly the same and lower
than those for direct imaging at the same OD, as shown in fig-
ure 4(b). The image intensities for optical Kerr gated imaging
were well fitted by an exponential function. This exponential
relationship conformed well to Beer’s law and indicated
that the scattered photons were isolated efficiently from the
ballistic photons by the OKG. The results showed that a better
image contrast could be acquired with optical Kerr gated
imaging compared with direct imaging, which was consistent
with the results for the image contrast shown in figure 3.

3.2. The influence of the thickness of the turbid medium on
the image contrast

We also investigated the influence of the thickness of the
turbid medium on the image contrast at different ODs.
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Figure 3. Image contrasts for the suspensions of 0.4, 0.7 and
1.4 µm polystyrene microspheres at different ODs. (a) Direct
imaging. (b) Optical Kerr gated imaging.

The turbid media were suspensions of 0.7 µm polystyrene
microspheres, the thicknesses of which were 1 and 5 cm. As
shown in figure 5(a), the image contrast of direct imaging
for the thick turbid medium is better than for the thin turbid
medium at the same OD. We also inferred that the number
of forward scattered photons through a thinner turbid medium
was more than that through a thicker turbid medium at the
same OD. Compared with direct imaging, a better image
contrast can be acquired with the OKG at the same OD, as
shown in figure 5(b). As mentioned above, some residual
forward scattered photons can be imaged by using the optical
Kerr gate of CS2 in our experiment. Therefore, it also can be
seen from figure 5(b) that the image contrast of optical Kerr
gated imaging for the thicker turbid medium was better than
that for the thinner turbid medium.

Furthermore, we also measured the corresponding image
intensities for figure 5. As shown in figure 6(a), the image
intensities for direct imaging of the 1 cm-thick turbid medium
were larger than those for the 5 cm-thick turbid medium at
the same OD. Similarly to the results in figure 4(b), the image
intensities for optical Kerr gated imaging of the turbid media
of different thicknesses at the same OD were also nearly the
same and well fitted by an exponential function. The results
also confirmed that the image contrast of optical Kerr imaging

Figure 4. Image intensities for the suspensions of 0.4, 0.7 and
1.4 µm polystyrene microspheres at different ODs. (a) Direct
imaging. (b) Optical Kerr gated imaging.

can be better than the image contrast of direct imaging, as
shown in figure 5.

3.3. Monte Carlo simulation

To further reveal the influence of the scattering particle size
and the thickness of the turbid medium on the image contrast,
we have also investigated the temporal and spatial evolution of
a femtosecond pulse transmitted through a turbid medium by
Monte Carlo simulations. The detailed description of the MC
simulation technique for light propagating through a turbid
medium can be found in [21, 22]. The optical parameters of
the polystyrene microsphere suspensions given above were
used in the simulation. Because the absorption of 800 nm
light within the polystyrene microspheres was negligible, in
our simulation, the refractive indices of the scattering particles
(polystyrene microspheres) and the surrounding medium
(distilled water) were set to 1.58 and 1.33, respectively.
Moreover, the extinction coefficient µe equaled the scattering
coefficient µs in our simulations. Also, the OD equaled the
scattering coefficient µs times the thickness of the turbid
medium l. The pulse duration and spatial width of the incident
pulse were set to 50 fs and 0.58 cm, respectively. One billion
photons were launched for the MC simulations.

Firstly, we simulated the temporal and spatial evolution
of a femtosecond pulse transmitted through three kinds
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Figure 5. Image contrasts for the 1 and 5 cm-thick suspensions of
0.7 µm polystyrene microspheres at different ODs. (a) Direct
imaging. (b) Optical Kerr gated imaging.

of turbid media. The scattering particle sizes were set to
0.4, 0.7 and 1.4 µm. According to Mie theory [23], the
anisotropy parameters of the three scattering particles were
calculated to be 0.684, 0.845 and 0.927, respectively. The
scattering coefficient µs and the thickness of the turbid
medium l were set to be 10 cm−1 and 1 cm, respectively.
Figure 7(a) shows the intensity distribution of the incident
pulse and figures 7(b)–(d) show the intensity distributions
of the transmitted pulse on the front faces of the turbid
media. The FWHMs (full widths at half maximum) of the
intensity distributions in figures 7(b)–(d) are estimated to
be 1.3, 1 and 0.8 cm, for the turbid media of 0.4, 0.7 and
1.4 µm polystyrene microspheres, respectively. In addition,
the number of transmitted photons collected on the front face
increases with increase of the scattering particle size as shown
in figures 7(b)–(d). As a result, when the size of the scattering
particles is increased to 1.4 µm from 0.4 µm, the image
contrast of direct imaging becomes low because the number
of ballistic photons remains unchanged for the same OD.

Figure 7(e) shows the normalized temporal intensity
profiles of the transmitted femtosecond pulse as shown in
figures 7(b)–(d). From figure 7(e), we can see that the trans-
mitted femtosecond pulse was broadened more by decreasing
the scattering particle size. In our simulation, the temporal
intensity profiles of the multiply scattered photons were
spread over twenty picoseconds. Therefore, these multiply

Figure 6. Image intensities for the 1 and 5 cm-thick suspensions of
0.7 µm polystyrene microspheres at different ODs. (a) Direct
imaging. (b) Optical Kerr gated imaging.

scattered photons could be eliminated temporally by the OKG,
and the image contrast of optical Kerr gated imaging is better
than the image contrast of direct imaging under the same
conditions. However, if the gating time of the OKG was
slightly longer than the temporal duration of the ballistic
photons, more residual forward scattered photons could also
be gated for a turbid medium with larger scattering particles.
When an object hidden behind a turbid medium with larger
scattering particles was imaged by the optical Kerr gated
imaging technique, the image contrast would become worse
due to the influence of residual multiply scattered photons.

Finally, we simulated the temporal and spatial evolution
of a femtosecond pulse transmitted through turbid media with
different thicknesses with the OD= 11. The turbid media used
here were composed of 0.7 µm polystyrene microspheres, the
thicknesses of which were set to be 1 and 5 cm, respectively.
Figures 8(a) and (b) show the intensity distributions of the
transmitted pulse on the front faces of the turbid media. As
shown in figures 8(a) and (b), the FWHMs of the intensity
distributions of the transmitted pulses are equal to 1 and
1.9 cm for l = 1 cm and l = 5 cm, respectively. From
figures 8(a) and (b), we can see that the femtosecond pulse
transmitted through the turbid medium was diffused seriously,
and the number of transmitted photons collected on the front
face decreased with increase of the thickness of the turbid
medium. Thus, for direct imaging of an object hidden behind a
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Figure 7. Simulation of spatial intensity distributions and temporal
intensity profiles of a femtosecond pulse transmitted through turbid
media with different sizes of the scattering particles. (a) The
intensity distribution of the incident pulse. (b)–(d) The intensity
distributions of the transmitted femtosecond pulse on the front faces
of the turbid media of 0.4, 0.7 and 1.4 µm polystyrene
microspheres, respectively. (e) The normalized temporal intensity
profiles of the transmitted femtosecond pulse.

turbid medium, with a thicker turbid medium at the same OD,
the image contrast would become worse due to the greater
number of forward scattered photons. Figure 8(c) shows
the normalized temporal intensity profiles of the transmitted
femtosecond pulse as shown in figures 8(a) and (b). From
figure 8(c), we can see that the transmitted femtosecond pulse
duration was broadened more by increasing the thickness
of the turbid medium. Therefore, if the gating time of the
OKG was longer than the temporal duration of the ballistic
photons, the image contrast would become worse for objects
hidden behind a thicker turbid medium of the same scattering
particles and OD. These simulation results were in good
consistency with the experimental results.

4. Conclusion

In summary, this work presents optical Kerr gated imaging of
an object hidden behind a turbid medium using a femtosecond
laser. We studied the influence of both the scattering particle

Figure 8. Simulation of the spatial intensity distributions and
temporal intensity profiles of a femtosecond pulse transmitted
through turbid media with different thicknesses. (a), (b) The
intensity distributions of the transmitted pulse on the front faces of
the 1 and 5 cm-thick solutions of 0.7 µm polystyrene microspheres,
respectively. (c) The normalized temporal intensity profiles of the
transmitted femtosecond pulse.

size and the thickness of the turbid medium on the image
contrast. The experimental results show that for a given OD,
the image contrast of direct imaging decreases with increase
of the scattering particle size or decrease of the thickness of
the turbid medium. Compared with direct imaging, optical
Kerr gated imaging has a better image contrast. Furthermore,
we also studied the temporal and spatial evolution of a
femtosecond pulse transmitted through a turbid medium by
Monte Carlo simulations. The simulations showed that the
transmitted femtosecond pulse has a more broadened pulse
duration and a more diffuse intensity distribution when it
transits through a turbid medium with smaller scattering
particles or larger thickness at the same OD. The simulations
indicated that the image contrast of direct imaging was worse
when the femtosecond pulse transmitted through a thinner
turbid medium with larger scattering particles at the same OD.
A better image contrast can be acquired for optical Kerr gated
imaging as it eliminates more scattered photons effectively.
Qualitative comparisons between the experiments and Monte
Carlo simulations show good agreement.
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