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In this paper, we demonstrated optical imaging of objects hidden behind highly turbid media with a
femtosecond heterodyned optical Kerr gate (HOKG). The experimental results showed that when
compared with traditional optical Kerr gated (OKG) imaging, the HOKG imaging system provided
higher image sharpness and higher spatial resolution. In traditional OKG imaging system, low pass
filtering due to a photoinduced soft aperture decreased the image sharpness. When the HOKG
was used, the high spatial frequency components of the object could be effectively compensated.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4880115]

Light propagating through a random medium undergoes
multiple scattering. Multiple scattering of photons affects the
fidelity of optical information that is carried by the transiting
photons. This situation can occur in many cases, such as in-
ferior visibility through fogs and imaging of embedded
objects in turbid media. In a random medium, owing to mul-
tiple light scattering, the incident light is split into three
components, ballistic photons, quasi-ballistic photons, and
scattered photons.! The ballistic photons propagate through
the medium undeviated in the forward direction and carry
the information about objects behind or inside the medium.
The quasi-ballistic photons, also called as snake photons,
travel close to their initial trajectory and also carry useful in-
formation about the internal objects along their propaga-
tion.”? The scattered photons undergo random scattering in
all directions and provide no useful information. In order to
see an object hidden in or behind a highly scattering random
medium, useful information must be selected carefully from
such scattered light for imaging through turbid media. For
objects in turbid media, optical imaging methods are critical
tools in fields such as medical diagnosis,* fluid dynamics
measurements,” detection of combustion of a high-speed
rocket spray,®™ and materials science.’

The image quality of an object in turbid media can be
enhanced by using the time-gated imaging technique.'®"!
This technique makes using of a very fast shutter to select
the ballistic and quasi-ballistic photons from the imaging
pulse. Most of the time-gated imaging systems depend on
the optical Kerr gate (OKG) technique.'*™"” The optical Kerr
gate is based on the optical Kerr effect, and the shutter time
can be up to tens of femtoseconds. To improve the image
contrast and signal-to-noise ratio of hidden objects in turbid
media, most of the OKG imaging systems typically use the
“Kerr-Fourier” imaging configuration. © However, the gating
beam induces a transient aperture in the Kerr material in the
imaging system, which filters some high spatial frequency
components of the detected object. Therefore, the sharpness
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of the images and spatial resolution of the imaging system
decreases. Although locating the optical Kerr medium in an
image plane can eliminate the effects of low-pass filtering,
this will result in considerably noisy images because of scat-
tering of the light from the gating pulse.

In this study, we proposed a femtosecond heterodyned
optical Kerr gate (HOKG) imaging technique for imaging
objects hidden behind turbid media. The HOKG can com-
pensate the high spatial frequency components of the objects,
which are filtered by a photoinduced soft aperture in tradi-
tional OKG imaging. The experimental results show that
when compared with traditional OKG imaging, HOKG
imaging enhances image sharpness and provides a higher
spatial resolution of the imaging system.

The schematic of the ballistic imaging system used in
our experiments is shown in Fig. 1(a). A Ti:sapphire laser
system (Coherent Inc., Libra-USP-HE) having a repetition
rate of 1kHz and a pulse duration of 50 fs at 800 nm was
used in our experiments. The output beam was split into two
beams with a short-pass filter (SPF: Newport Corporation,
10SWF-800-B), and two neutral attenuators (NA1 and NA2)
were used to adjust their intensities. The reflective part was
used as the imaging beam, and the transmitted part was used
as the gating beam. The imaging beam was modulated by a
1.41 line pair (Ip)/mm section of the resolution test target
(a United States Air Force resolution target) and then intro-
duced into the turbid media. Thereafter, this imaging beam
transmitted through the turbid media was collected by a lens
(L1) and focused onto an ultrafast OKG.

As shown in Fig. 1(b), in traditional OKG, the polariza-
tion direction of the polarizer is horizontal, and the polariza-
tion direction of the analyzer is vertical, but the polarization
direction of the analyzer is rotated at an angle of 6 from the
vertical direction in HOKG. In Fig. 1(b), the black circle spots
on the optical Kerr material represent the spatial Fourier spec-
trum of the object. Here, the low spatial frequency compo-
nents were located at the center of the spatial Fourier
spectrum, which determines the profile of the object. The high
frequency components were located away from the center of

© 2014 AIP Publishing LLC
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FIG. 1. (a) Schematic of the ballistic imaging system. (b) Schematic of
HOKG in which the black circle spots and the gray circle region on the opti-
cal Kerr material represent the spatial frequency components of the object
and the nonlinear interaction region of the gating and imaging beams,
respectively. (Note that SPF: short-pass filter; NA1, NA2: neutral attenua-
tors; 4/2: half-wave plate; O: object; T: turbid media; P: polarizer; K: optical
Kerr material; A: analyzer; OKG: optical Kerr gate; D: dump; LPF: long-
pass filter; M1, M2, M3, and M4: mirrors; L1, L2, L3, and L4: lenses.)

the spatial Fourier spectrum, which determines small struc-
tures and fine details of the object. The nonlinear interaction
region of the gating and imaging beams was also indicated by
a gray circle region in Fig. 1(b). In addition, 0.5-cm-thick
polystyrene microsphere suspensions having a diameter of
3.13 um were used as the turbid media. The Kerr medium was
a 1 mm Te glass. The gating beam, passing through an optical
delay translation and a half-wave plate (4/2), was focused
onto an optical Kerr material by a lens (L2). The half-wave
plate was used to control its polarization for maximum gating
efficiency. When the OKG was opened by the gating pulse,
part of the imaging beam passed through the analyzer. By
adjusting the time delay between the gating pulse and imaging
pulse, the ballistic component of the imaging beam could be
temporally selected by the OKG. The OKG imaging beam
was subsequently collected by two lenses (L3, L4) and imaged
onto a CCD camera (Lumenera INFINITY 3-1). A long-pass
filter (LPF: Newport Corporation, 10LWF-800-B) was placed
between L4 and the camera to decrease the intensity of noise
generated by the pump pulse scattering in the optical Kerr me-
dium. It should be noted that the background noise for the
HOKG imaging was considerable when the analyzer was
rotated at a heterodyned angle. Therefore, the background
noise of the HOKG image was measured by blocking the gat-
ing pulse and subtracted.
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An essential aspect of an optical system is its ability to
transmit spatial information and the relevant parameter for
evaluating performance is image visibility. We first measured
three typical images of an object hidden behind highly turbid
media with direct (without OKG), OKG, and HOKG imaging
as shown on the left side of Fig. 2. Here, an USAF resolution
target was used as the detected object and 0.5-cm-thick suspen-
sions of 3.13 um polystyrene microspheres at OD =9.3 were
used as the turbid media. OD is the optical density. The hetero-
dyned angle was —3°. From the left side of Figs. 2(a)-2(c), we
can see that the image visibility of direct imaging is worse than
that of OKG and HOKG imaging in which the scattering pho-
tons were imaged as noise. When compared with direct imag-
ing, a better image can be obtained with OKG and HOKG
imaging due to removal of the scattering photons.

To further compare the image sharpness for direct,
OKG, and HOKG imaging, the enlarged two-dimensional
spatial intensity distributions in the white rectangular areas
are also shown in Fig. 2. In the direct imaging case, the shad-
owed and unshadowed regions cannot be identified clearly,
as shown on the right side of Fig. 2(a). In the OKG imaging
case, the shadowed and unshadowed regions of the image
can be identified more clearly as shown on the right side of
Fig. 2(b). However, the boundaries of the shadowed and
unshadowed regions are slightly blurred. This could be
attributed to the transient soft aperture induced by the gating
beam in the Kerr material, which filtered some high spatial
frequency components of the object.

When HOKG is used, the boundaries of the image can be
more clearly identified as shown on the right side of Fig. 2(c)
in which the high spatial frequency components of the imaged
objects were partly compensated. It can be explained as fol-
lows. For a HOKG as used in our experiment, the gated light
intensity can be written in the following form:'®

2 2
[signal o« H real 1 H imaginary — 2HEprobeI—Iimaginar)h (1)

When a quarter-wave plate is placed in front of the ana-
lyzer, with its optical axis parallel to the polarization direc-
tion of the probe beam, the HOKG signal is then given by'’
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FIG. 2. Comparison of image visibilities and two-dimensional spatial inten-
sity distributions of images obtained at OD =9.3 using (a) direct, (b) OKG,
and (c) HOKG imaging.
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1 Ip/mm 1.41 lp/mm 1.78 Ip/mm 2 Ip/mm
C:0.81 C:0.76 C: 0.42 C: 031
C: 0.85 C:0.87 C:0.80 C:0.70
Isignal X Hzreal + Hzimaginary - 20EprobeHreal . (2)

Here, the term H ey +H21maginary is the normal optical
Kerr signal term. The field amplitudes Hco and Himaginary
represent the real and imaginary parts of nonlinear response,
respectively. The terms 20E, . peHimaginary OF 20Epiope
Himaginary are the heterodyne signal terms. 0 is the hetero-
dyne angle, and E,ope Tepresents the optical electric field of
the probe beam. The H,., arises from photon-induced bire-
fringence. Usually, the Hjnaginary arises from several possible
physical mechanisms, such as photon-induced dichroism,
transient grating, and nonlinear absorption. In our experi-
ment, the Hin,ginary Can be mainly attributed to the photon-
induced dichroism, because the photo-induced transient
grating has been eliminated by using a short-pass filter to
split the output laser into the imaging and the gating
beams.”” In addition, the possibility of the nonlinear absorp-
tion has also been excluded with the help of a nonlinear
transmittance measurement.”' For the OKG imaging, the
normal optical Kerr signal (Hzml +H imaginary) ONly contains
the low spatial frequency components of the object due to
the photo-induced transient soft aperture effect. For the
HOKG imaging, the heterodyne signals (20Ep;qbcHimaginary
or 20E yoneH ea1) contain more high spatial frequency compo-
nents of the object comparing with normal optical Kerr sig-
nal because the heterodyne signal is proportional to the
product of the local oscillator (~0E,.) and the nonlinear
response fields (Himaginary OF Hyea) and the Epope contains
almost all spatial frequency components of the object
because it is not involved in the nonlinear optical Kerr effect.
Therefore, the HOKG imaging can partially compensate the
high spatial frequency components of the object in which the
heterodyne signal provides a signal gain.

It should be mentioned that although the image sharp-
ness for the HOKG imaging is improved obviously compar-
ing with the OKG image as shown in Fig. 2, the HOKG
image intensity only increased by about 2%. This is because
the nonlinear response field Himaginary Was weak for the
transparent optical Kerr material used in our experiment. To
further enhance the heterodyne signal intensity, a feasible
way is to make use of the photo-induced birefringence H .y
by placing a quarter-wave plate in front of the analyzer as
shown in Eq. (2) because H,., is much larger than Hiyaginary
for transparent optical Kerr materials.

Furthermore, we compared the image contrasts for OKG
and HOKG imaging. Figure 3 shows serials of images of the

2.83 Ip/mm

C: 0.07
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(@

FIG. 3. Comparison of image visibil-
ities and the corresponding image con-
trasts using (a) OKG and (b) HOKG
imaging. (C: contrast.)

(b)

C: 0.65

resolution test patterns and the corresponding image con-
trasts. The spatial frequencies of the resolution test patterns
were 1, 1.41, 1.78, 2, and 2.83 lp/mm, the bar widths of
which were 500, 354, 281, and 177 um, respectively. From
Fig. 3(a), we can see that the image contrasts for OKG imag-
ing decreased from 0.81 to 0.07 with varying the spatial fre-
quency of the object from 500 um to 177 um in our
experiment. Here, the contrast was calculated by the follow-
ing formula Contrast = (Imax — Imin)/(Umax + Imin), Where I«
is the average light intensity corresponding to the unshad-
owed region of the imaged resolution test pattern and 7, is
the average light intensity corresponding to the shadowed
region. This is because the Fourier spectral profile of an
object would increase with increasing its spatial frequency.”?
Thus, for OKG imaging, the image contrasts decreased more
seriously with decreasing the object size due to losing more
higher spatial frequency components. From Fig. 3(b), we can
see that the image contrasts for HOKG imaging decreased
slightly from 0.85 to 0.65 with increasing the spatial fre-
quency of the object. Comparing with OKG imaging, a better
image contrast can be obtained for HOKG imaging due to
compensating some high frequency components of the
object.

As described above, HOKG imaging can partly compen-
sate the high spatial frequency components of the object.
However, some scattering photons in the local oscillator
(~0E probe) for HOKG imaging are also introduced into the
CCD camera as the background noise. Figure 4 shows the
dependence of normalized heterodyned optical Kerr gated
signal-local oscillator signal (HOKGS-LOS) ratio on the
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0.2 4
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FIG. 4. Dependence of normalized HOKGS-LOS ratio on the heterodyne
angle 0.
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FIG. 5. Comparison of the MTF of the direct, OKG, and HOKG imaging
systems.

heterodyne angle. Here, the local oscillator signal was meas-
ured by blocking the gating pulses. From Fig. 4, we can see
that the HOKGS-LOS ratio decreases with increasing the
heterodyne angle 0. So, for HOKG imaging, an optimal het-
erodyne angle 0 should be chosen to avoid introducing too
much background noise, meanwhile, to ensure enough heter-
odyne signal intensity. It should be indicated that a small
background noise could be easy measured by blocking the
gating pulse and subtracted in the image processing.

Finally, to evaluate the performance of the direct, OKG,
and HOKG imaging system, we measured the modulation
transfer function (MTF) for these three imaging systems.
The MTF was given as MTF = C;/C\;, where C; represents
the contrast for a resolution test pattern measured and the
reference contrast C s was determined by the contrast of
the resolution test pattern with lowest spatial frequency in
the image. In our experiment, C,.s equals to C (1 lp/mm).
From Fig. 5, we can see that the spatial resolution is higher
with HOKG imaging than with direct and OKG imaging.
The maximum resolvable spatial frequency is 13 Ip/mm, and
the corresponding resolved object size is approximately
40 um in our experiments. However, the maximum resolv-
able spatial frequency is the same (3.17 Ip/mm) for direct
and OKG imaging, which corresponds to a resolved object
size of approximately 157 um. The results show that the
HOKG could compensate the high spatial frequency compo-
nents of the object, thus increasing the sharpness of bounda-
ries and providing a higher resolvable spatial frequency.

It should be noted that for OKG imaging, the image con-
trast and spatial resolution are dependent on the size and
power of the pump beam. For example, the influence of low-
pass filtering on OKG imaging could be weakened by
increasing the diameter of the pump beam. However,
increasing the diameter of the pump beam will decrease the
power density of the gating beam, which can deteriorate the
imaging visibility due to lower OKG transmittance at lower
power densities. In addition, the transmittance of OKG can
be increased by increasing the pump power. However, our
previous research showed that when the pump power was
increased to a certain extent, the profile of the gating beam
might change from a Gaussian distribution to an annulus

Appl. Phys. Lett. 104, 211907 (2014)

distribution,”® which would tremendously disturb the image
fidelity. Therefore, the pump power for HOKG imaging
should be optimized to avoid the distortion of the imaging
beam.

In summary, we investigated the ballistic imaging of
objects hidden behind turbid media using a HOKG. The
results show that for OKG imaging, the high frequency com-
ponents were filtered by the photoinduced transient aperture
in the Kerr medium. For HOKG imaging, the high spatial
frequency components of the objects could be compensated,
and images with higher image sharpness and spatial resolu-
tion can be obtained when compared with traditional OKG
imaging.
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