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A femtosecond optical Kerr gate time-gated ballistic imaging method is demonstrated to image a transparent
object in a turbid medium. The shape features of the object are obtained by time-resolved selection of the ballistic
photons with different optical path lengths, the thickness distribution of the object is mapped, and the maximum
is less than 3.6%. This time-resolved ballistic imaging has potential applications in studying properties of the

liquid core in the near field of the fuel spray.

PACS: 42.65.Pc, 42.25.Fx, 42.65.Hw

The imaging of objects in scattering media has al-
ways been a topic of intense research for industrial,
medical, and military applications. Numerous sig-
nificant studies on transillumination imaging through
scattering media have been reported recently.['~*]
When a light beam is introduced into a turbid
medium, the transmitted light comprises three compo-
nents, i.e., ballistic, snake, and diffuse photons.!'”) The
ballistic photons traverse the shortest path in the inci-
dent direction without scattering. The snake photons
scatter slightly in the forward direction after traveling
over relatively longer paths. The ballistic and snake
components retain significant initial properties and in-
formation on the structures of the object submerged
in the turbid medium. The diffuse photons travel
long distances through multiple scattering within the
medium and lose most of the image information. Thus
the multiple-scattered diffuse light provides a noise
background that deteriorates and, in extreme cases,
may destroy any shadow image of structures inside
the object. Therefore, the straightforward gated tech-
niques are intuitive to image objects in scattering envi-
ronment by detecting only the ballistic component but
rejecting the diffuse component. The signal detected
by these techniques is typically filtered by exploiting
the spatial,[®!"] polarized,[”'?] and absorptive charac-
teristic of the transmitted light.[7]

In some cases, the objects hidden in scattering en-
vironments are transparent such as the center of the
liquid core in a fuel spray,['*'°! lymphatic system sur-
rounded by normal tissue,!'’! or adherent cells hidden
by blood cells.l'” Tt is difficult to extract shape prop-
erties of these kinds of objects. For example, it is diffi-
cult to identify the structure features inside the liquid
core using the straightforward gated or time-gated bal-
listic imaging techniques that are usually used to im-
age high-contrast transverse features of the spray. The
shape properties of the liquid core may be extracted
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by an ultrafast optical Kerr gate (OKG) with sub-
picosecond time-resolution, in which the ballistic pho-
tons with different optical path lengths can be selected
by tuning the delay time of the switch beam. An OKG
is obtained by inducing a temporary birefringence in
a Kerr medium between two crossed polarizers.['® 2]

In the last two decades, femtosecond laser has been
reported as a promising tool for laser processing,[*':??]
ultrafast measurements and ultrafast imaging.!”* Us-
ing femtosecond laser, there are several time-gated
methods to perform the time-gated optical imaging
so far, such as time gate base on a b-barium bo-
rate crystal?*?°! and optical-parametric-amplification
imaging.’) Compared with these techniques, the
OKG has no need of satisfaction of the phase-matching
condition and can realize the switch time on the
timescale of femtoseconds,?”-?% and it is satisfied with
time-gated ballistic imaging.

In this Letter, we employ an OKG time-gated bal-
listic imaging system to image a transparent object
in a turbid medium. The shape features of the ob-
ject are manifested. In addition, combining the re-
fractive index difference between the object and the
surroundings, the thickness of the object is measured
and the thickness distribution of the transparent ob-
ject is mapped in the end.

To image the transparent object in the turbid envi-
ronment, the shadowgraph arrangements depicted in
Fig. 1 were experimentally used. Ultrafast laser pulses
were generated by a Ti:sapphire laser system (Libra-
USP-HE, Coherent Inc.; USA), which can generate
laser pulses with widths of less-than 80fs and ener-
gies of about 3.0mJ per pulse ‘at a repetition rate of
1kHz, with a pulse spectrum centered at 800 nm. A
schematic of OKG time-gated ballistic imaging sys-
tem is shown in Fig.1. The laser beam was split
into two by using a beam splitter. The reflective part
with 420 mW and the transmitted part with 180 mW
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were used as the switch beam and the imaging beam,
respectively. The switch beam was filtered using a
short-pass filter. The polarization direction of the
pump beam was rotated by 45° using a half-wave plate
for maximizing gating efficiency. A stepper motor
(MTS204, Boci, China) with 0.52fs/step delay reso-
lution was used to control the time delay between the
imaging pulse and the switch pulse. The switch beam
was focused on the optical Kerr medium with a size
of 2mm by lens LO. The carbon tetrachloride (CCl4)
filling a glass cuvette with a path length of 1 mm was
used here as the optical Kerr material. The imaging
beam was modulated by the transparent object that is
formed with 1 mm width glass bands cut from a cov-
erslip (refractive index, n = 1.5). To form the object,
a layer of glass bands with 1 mm width distance was
placed as a base, and another layer of glass bands with
the same distribution was placed vertically onto the
base ones. The thicknesses of the square-chessboard-
shaped squares formed by the two layers of glass bands
were 0 pm, 340 ym and 680 pm, which were measured
by a micrometer with an error of about 10 pm. The
modulated beam passed through a distilled water sus-
pension of 15-um-diameter polystyrene spheres with
optical depth (OD) of approximately 3.6. The OD is
defined as —In(I/Iy), where I is the intensity of the
ballistic light, and Iy is the intensity of the incident
light. An ultrafast optical Kerr gating method was
used to directly determine the OD value.[*”! The trans-
mitted light was collected by the lens L1 (focal length,
f1 = 150 mm) placed at 150 mm from the object plane.
The collected light was focused onto the cuvette after
passing through the polarizer (P1) and the focus could
overlap the focal point of the switch beam. The angle
between the imaging beam and the switch beam was
12°. Thereafter, the light whose polarization was ro-
tated passed through the analyzer (P2) was collected
by the lens L2 (fo = 250 mm). The lens L2 was placed
250 mm behind the cuvette. The final OKG imaging
beam was imaged onto a charge-coupled device cam-
era (INFINITY3-1 M-NS-TPM, Lumenera Corpora-
tion, Ottawa, Canada). A long-pass filter (LPF) was
placed before the camera to decrease the noise gener-
ated by the short-wave-band pump light scattering in
the cuvette.

M1 [ Femtoscond laser

'\ 800 nm 1 kHz
| SPF A/2

BS Q E E’Time delay
\ Mz'w\
441 =

M2 Object S L1 P1 OKM P2 L2 LPF CCD
OKG

Fig.1. OKG time-gated ballistic imaging setups. SPF:
short-pass filter; A/2: half-wave plate; BS: beam split-
ter; SPF: short-pass filter; LPF: long-pass filter; S: turbid
medium; M1, M2 and M3: mirrors; L0, L1 and L2: lenses.
The part marked with green box frame is the optical Kerr
gate.

For comparison, a space-gated ballistic imaging

arrangement was used. The laser beam was modu-
lated by the object and passed through the suspen-
sions in the above-mentioned experiments. The trans-
mitted light was collected by the lens L1 placed at
150 mm from the object plane. An aperture (diam-
eter, d = 0.7mm) was placed in the focus plane to
preferentially select the ballistic photons and quasi-
ballistic photons based on their direction of propaga-
tion. Thereafter, the diverging beam was collected by
the lens L2 and finally imaged onto the camera.

Fig. 2.
turbid medium. (c) Images of the object obtained us-
ing a spatial gated ballistic imaging arrangement behind
the turbid medium. (d)—(f) Images obtained by tuning
the time delay between switch pulse and imaging pulse at
0.40 ps, 0.96 ps and 1.52 ps, respectively.

Images of the object behind (a) water and (b)

Firstly, the image of the transparent object with-
out turbid medium was directly imaged as reference.
From Fig.2(a), we can see that the edge feature
of the object can be imaged but the transverse or
the thickness features are unknown from the direct
shadowgraph. Figure 2(b) shows the direct image
of the object behind suspensions of 15-pm-diameter
polystyrene spheres. The image is seriously disturbed
by multiple scattered photons. Then, as shown in
Fig.2(c), the image of the object was obtained us-
ing the spatial gated ballistic imaging arrangement to
compare with OKG time-gated ballistic images. We
can see that the contrast of the latticed edge features
is improved significantly by filtering multiple scattered
photons. However, the thickness features of the trans-
parent object behind the turbid medium also fail to
be captured using this straightforward spatial gated
technique.

Next, we employed the OKG time-gated ballis-
tic - imaging system to image the transparent object
through the turbid medium. Figures 2(d)-2(f) show
the images obtained by increasing the switch time de-
lay ‘between the switch pulse and the imaging pulse.
The two-dimensional morphologies are different from
the image obtained using the straightforward spatial
gated technique. In detail, Fig.2(c) shows the lat-
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ticed features, while Figs.2(d)-2(f) show the black
and white checked patterns. In addition, the images
of the object vary completely with the three differ-
ent switch time delays. To explain this phenomenon,
we further measured the time-resolved signal inten-
sity of the OKG time-gated images by increasing the
switch time delay. As shown in Fig. 3, there are three
peaks marked by Roman numerals I, I and II and
located at about 0.39ps, 0.96ps and 1.52ps, which
respectively correspond to Figs. 2(d)-2(f). The opti-
cal path length of the Kerr signal increases with the
switch time delay, and the refractive index of the ob-
ject used in our experiment is higher than that of the
surrounding environment. Thus the signal peak at
0.40 ps in Fig.3 corresponds to the ballistic photons
passing by the transparent object. Based on the above
discussion, the bright squares in Fig.2(d) represent
the background image and the black shadow depicts
the transverse features of the transparent object. The
signal peaks at 0.96 ps and 1.52 ps in Fig. 3 correspond
to the ballistic photons that penetrate the transpar-
ent object with different optical path lengths. Thus
the bright squares in Figs. 2(e) and 2(f) represent the
areas with different thicknesses inside the object.

1.0

Intensity
o
(o)

1 2 ‘
Switch time delay (ps)

Fig. 3. Time-resolved signal intensity of the OKG time-
gated images.

Thickness

Fig. 4. Thickness distribution of the transparent object.

Furthermore, we quantitatively calculate the thick-
ness L by L = cAt/An, where An = 0.5 represents
the refractive-index difference between the object and
the surroundings, c is the velocity of light, and At is
the intervals of the switch time delays between differ-
ent signal peaks shown in Fig. 3. In terms of the time
intervals 0.57ps and 0.56 ps among the signal peaks
I, I and II illustrated in Fig. 3, the thicknesses of the
partial object shown in Figs.2(e) and 2(f) are calcu-

lated to be approximately 342 um and 672 pum. The
maximum error was less than 3.6%. Then, we map
the thickness distribution of the transparent object as
shown in Fig.4. To solve the nonuniformity of light
field obtained with a Gaussian beam, the binarization
processing is employed in this step.

In conclusion, we have employed an OKG time-
gated ballistic imaging system to image a transpar-
ent object through a turbid medium. By tuning the
switch time delay to detect the ballistic photons pass-
ing through the object and combining the path length
with the refractive index, the thickness distribution of
the object is measured. Moreover, we map the thick-
ness distribution of the transparent object. The maxi-
mum error of the measured thickness is less than 3.6%.
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