High contrast ballistic imaging using
femtosecond optical Kerr gate of tellurite glass
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Abstract: We investigated the ballistic imaging technique using
femtosecond optical Kerr gate of a tellurite glass. High contrast images of
an object hidden behind turbid media were obtained. Compared to the
conventional femtosecond optical Kerr gate using fused quartz, the optical
Kerr gate using tellurite glass has more capacity to acquire high quality
images of the object hidden behind a high optical density turbid medium.
The experimental results indicated that the tellurite glass is a good
candidate as the optical Kerr material for the ballistic imaging technique
due to its large optical nonlinearity.
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1. Introduction

Time-gated ballistic-photon imaging (commonly referred to as ballistic imaging) is a kind of
special optical shadowgraph imaging that employs a short time gate to suppress multiply
scattered photons and improve the visualization of objects hidden in the turbid media [1,2]. It
relies on the fact that ballistic photons propagating straight through a turbid media without
scattering will exit earlier than the multiply scattered photons [3,4]. This optical diagnosis
technique is originally developed for medical applications [5,6], for instance, to detect human
tumors in soft tissue. Recently, ballistic imaging technique has been implemented to
investigate the dynamics of high-pressure diesel sprays and liquid jets in gaseous cross-flow
[7-9]. Because it has the ability to acquire breakup information from dense region of the
spray that is heretofore inaccessible to conventional imaging technique [10].

A number of nonlinear optical phenomena [11], for example the optical Kerr effect [12]
and the second harmonic generation [13], have been demonstrated to have the potential for
the application of the ballistic imaging. However, most ballistic imaging systems have
gradually taken the advantage of the optical Kerr gate (OKG) to mitigate scattered photons
due to its advantages, such as no need of satisfaction of the phase-matching condition or high
intensity of the imaging signal [14—17]. An amplified femtosecond laser is often used as the
ideal light source to activate the OKG for photon discrimination. It is especially important
when the approximate time spread of ballistic versus multiply scattered photons is of the
order of several picoseconds [9,18].

As the key factor of the performance of the OKG, a suitable Kerr material should be of
large nonlinearity, ultrafast response time, and wide transparent window, which could offer
higher signal-to-noise ratio, better temporal resolution, and wider applicable wavelength
range. However, there is an inherent tradeoff between high sensitivity and fast response in
the applications based on the OKG in femtosecond regime. For example, as two widely used
optical Kerr materials, carbon disulfide owns very large optical nonlinearity but suffers a
slow relaxation time of about 1.6 ps [19], and the fused quartz has ultrafast response but
suffers a low optical nonlinearity of about 2.48 x 107'® cm*W [20]. Recently, it has emerged
that the tellurite glass seems to be a preferable nonlinear optical material because of its large
optical nonlinearity, ultrafast response time, low phonon energy, and good thermal and
mechanical stability, which has been extensively exploited in many nonlinear optical
applications [21-24].

In this study, we investigated the ballistic imaging technique using femtosecond OKG of
a tellurite glass. High contrast images of a 1.41-line-pair/mm (1.41-lp/mm) section of the
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resolution test chart hidden behind turbid media were obtained. Compared to the
conventional femtosecond OKG using fused quartz, the OKG using tellurite glass has more
capacity to acquire high quality images of the object hidden behind the high optical density
turbid media due to its large optical nonlinearity.

2. Experiments

Figure 1 shows the schematic of the ballistic imaging system in our measurement. A
Ti:sapphire laser system, emitting 50 fs, 4 mJ, and 800 nm laser pulses at a repetition rate of
1 kHz, was used in our experiments. The laser beam was split into two parts by using a short
pass filter (SPF). Two neutral attenuators (NA,; and NA,) were used to adjust their intensities.
The reflective part, passing through an optical delay translation and a half-wave plate (A/2),
was focused onto an optical Kerr material as the gating beam by a lens (L;). The half-wave
plate was used to control its polarization for the maximum gating efficiency. The transmitted
part was modulated by a 1.41-1p/mm section of the resolution test pattern (a United States
Air Force test pattern) and passed through turbid media as the imaging beam. The turbid
media used here were various concentrations of suspensions of 0.4-um-diameter polystyrene
microspheres filled in a 10 mm path-length sample cell. In our experiments, the energy of the
gating beam was about 18 pJ/pulse, while the energy of the imaging beam was about 288
wJ/pulse. The spot diameters at the optical Kerr material surface of the gating beam and the
imaging beam were measured to be about 120 pm and 100 pm, respectively.
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Fig. 1. Schematic of the ballistic imaging system in our experiment. SPF, short pass filter;
NA|, NA,, and NA;, neutral attenuators; /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; Ly, L,, Ls, and L4, lenses with focal lengths of 180, 150, 100, and 100 mm,
respectively. All the diameters of the lenses is 50 mm. a = 190 mm, b =250 mm, ¢ =330 mm,
d=160 mm.

Emerging from the turbid media, the disturbed imaging beam was then collected and
introduced into an OKG by a lens (L,). The OKG consisted of a pair of crossed polarizers (P
and A) and a Kerr material between them. When the OKG was opened by the gating beam, a
time-sliced imaging beam (the part of the imaging beam gated by the OKG) could pass
through the analyzer. By adjusting the time delay between the gating pulse and the imaging
pulse, the ballistic component of imaging beam could be temporally picked out by the OKG.
After recollimation by a lens (L;), the imaging beam was detected by CCD camera through
an imaging lens (L4). A long pass filter (LPF) was placed before the CCD camera to block
noise light caused by the gating beam because some gating light was scattered forward into
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the imaging system. A neutral attenuator (NA;) was used to avoid laser damage on the CCD
camera, when the intensity of the gated imaging beam was too strong.

A piece of 1 mm tellurite glass with composition of TeO,-ZnO-Na,O was used here as
the optical Kerr material. The nonlinear refractive index n, of the tellurite glass was
estimated to be about 4.56 x 107" ¢cm*W and the details about its preparation were given in
the reference [24]. Moreover, a fused quartz plate with the same thickness was also used as
the optical Kerr material for comparison. The time-resolved OKG signals of the tellurite
glass and the fused quartz were measured and shown in Fig. 2. The full width at half
maximum of the signals was about 200 fs. There is a little degradation of the temporal
resolution because the duration of the laser pulses was expanded due to the dispersion of the
optical elements. The measured spectra of the gating beam and the imaging beam were also
shown in the inset of Fig. 2. Both the short and long-wave pass filters have low out-of-band
transmittance less than 0.1%. The average transmittance is 80% for the long pass filter and
65% for the short pass filter.
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Fig. 2. The time-resolved OKG signals of the tellurite glass and the fused quartz. The inset
shows the spectra of the gating and imaging beams.

3. Results and discussion

The 1.41-1p/mm section of the resolution test pattern was selected as the imaging object.
Firstly, we filled the sample cell with the distilled water and obtained the image of the object
without using the OKG as shown in Fig. 3(a). Then, we filled the sample cell with the dense
suspensions of 0.4-pum-diameter polystyrene microspheres and obtained a seriously disturbed
image of the object as shown in Fig. 3(b). Finally, we acquired the image of the object using
the OKG with the same turbid media as shown in Fig. 3(c). We can see that the ballistic
imaging greatly improved the visualization of the object and almost retains its undistorted
structure information. It should be noted that the boundary sharpness of the ballistic images
decreased to a certain extent due to the low-pass spatial filtering effect of the OKG [25].
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(a) (b) (©)

Fig. 3. Images of a 1.41-1p/mm section of the resolution test pattern from the ballistic imaging
system in our experiment. (a) sample cell filled with distilled water without using the OKG.
(b) sample cell filled with dense suspensions of polystyrene microspheres without using the

OKG. (c) sample cell filled with dense suspensions of polystyrene microspheres using the
OKG.

To further analysis the performance of the ballistic imaging at different optical densities
of the turbid media, we then varied the concentrations of the suspensions of polystyrene
microspheres and obtained some ballistic images at different optical densities of 7.4, 8.0, 8.7,
9.3, 9.8, 10.2 and 11.5 using the OKG of the tellurite glass. The disturbed images without

using the OKG were also taken for comparison. We calculated the contrast of all the images
as:

I -1
Contrast = 22—t
I max +1 min

@)
Where I, is the average image intensity of the unshadowed parts in the square-wave

grating region and /., is the average image intensity of the shadowed parts in the square-
wave grating region of the object.
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Fig. 4. Imaging contrasts with and without using the OKG at different optical densities of the
turbid media.

From Fig. 4, we can see that the image contrasts using the OKG vary from 0.85 to 0.92.
The contrasts of the images without using the OKG decrease from 0.18 to 0.01 with the
increasing of the optical densities of the turbid media. The ballistic imaging contrast is
improved by more than 67% compared with the direct imaging. At the same optical density,
the contrast for the ballistic imaging is much higher than that for the directly imaging
because the OKG can effectively eliminate the scattered photons which obviously deteriorate
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the image contrast. These results indicated that ballistic imaging using the OKG was an
effective method to improve the visualization of objects hidden in the turbid media.
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Fig. 5. Ballistic-imaging intensities versus optical densities for the tellurite glass and the fused
quartz.

Furthermore, we compared the performance of the ballistic imaging using the OKG of the
tellurite glass, or using the OKG of the fused quartz. Figure 5 shows the ballistic-imaging
intensities for these two materials. Plotted on the nature logarithmic ordinate is the relative
intensity of these images versus the optical density of the turbid media. In our experiment,
the transmittance of the OKG using the tellurite glass is about 21% but only about 0.13% for
the fused quartz in the same condition due to their distinctly different optical nonlinearities.
So we can see that the ballistic-imaging intensity for the tellurite glass is much larger than
that for the fused quartz at the same optical density from Fig. 5. And the ballistic-imaging
intensity decreased with increasing the optical density of the turbid media. As a result, the
optical Kerr gated imaging beam would be unable to form an image, when its intensity was
not high enough to reach the sensitivity limitation of the CCD camera used here. The
maximum measurable optical density for the tellurite glass in our experiment is measured to
be about 11.5 but only about 9.3 for the fused quartz as shown in Fig. 5. These results
indicated that ballistic imaging using the OKG of the tellurite glass could be more suitable
for dense turbid media. From Fig. 5, we can also see that there is a good linear relationship
between the logarithm of the ballistic-imaging intensity and the optical density. As well
known, the intensity of the pure ballistic light is attenuated in turbid media according to the
Beer-Lambert relation. So this result also demonstrated that the OKG could reject the
scattered photons effectively.

In addition, we also compared the ballistic-imaging contrasts versus optical densities for
the tellurite glass and the fused quartz as mentioned above. From Fig. 6, we can see the
ballistic-imaging contrasts for both of the optical Kerr materials are higher than 0.85 and
larger than the directly-imaging contrasts obtained in Fig. 4. Besides, the imaging contrasts
for the tellurite glass are slightly higher than that for the fused quartz. We inferred that the
optical Kerr gated slightly-scattered photons and nonuniformities in the laser beam affect the
ballistic-imaging contrast for fused quartz due to its low signal intensity. So we further
compared the spatial intensity distributions of the square-wave grating region of the ballistic
images for both optical Kerr materials. The inset of Fig. 6 shows a typical result at the optical
density 8.7. We can see that both of the images have some intensity glitches due to the
uniform laser intensity distribution and the noise light. But the images for fused quartz have
more serious and comparable intensity glitches in both unshadowed and shadowed regions,
which reduce the imaging contrast. While the images for the tellurite glass have negligible
intensity glitches in the shadowed regions than that in the unshadowed regions because of the
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large signal intensity. These results indicated that the ballistic imaging using the OKG of the
tellurite glass had superiority compared to that using the OKG of the fused quartz. Moreover,
there were always some slightly-scattered photons which were able to pass through the OKG.
These slightly-scattered photons increased as a proportion of the optical Kerr gated photons
with increasing the optical density of the turbid media. However, the amount of these
slightly-scattered photons decreased gradually and was not high enough to reach the
sensitivity limitation of the CCD camera with the optical density from 10 to 12 in our
experiment. On the contrary, the gated ballistic photons can be still detected normally. So we
can see the imaging contrast for tellurite glass in Fig. 6 increases slightly with the optical
density from 10 to 12.
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Fig. 6. Ballistic-imaging contrasts versus optical densities for the tellurite glass and the fused
quartz. The inset shows the spatial intensity distributions of the ballistic images for both
optical Kerr materials at the optical density 8.7.

It is worth mentioning that the transmission of the OKG equals to the product of the
linear and nonlinear transmission. From the visible to the near-infrared wavelength region,
the linear transmission of the tellurite glass keeps about 80% of that of the fused quartz. The
transmittance of the OKG using the tellurite glass is about 21% but only about 0.13% for the
fused quartz in our experiment. So we estimated the nonlinear transmission of the tellurite
glass was about 130 times higher than that of the fused quartz in our experiment. In addition,
the nonlinear transmission of the OKG is proportional to the square of the pump power, and
not related to the probe power. It seems that the transmission of the OKG for the fused quartz
could increase as high as that for the tellurite glass by increasing the pump power. However,
the maximum transmittance of the fused quartz can only reach about 0.2% in our experiment
to avoid the laser damage. Furthermore, the transmission of the OKG for the tellurite glass
could also be higher than that for the fused quartz for the near-ultraviolet probe beam, which
is just partly absorbed by the tellurite glass. So the performance of the OKG for the tellurite
glass can be better than that for the fused quartz in a large spectral band.

4. Conclusion

In summary, we investigated the ballistic imaging technique using the femtosecond OKG of
a tellurite glass. High contrast images of a 1.41-1p/mm section of the resolution test pattern
hidden behind the dense suspensions of polystyrene microspheres have been obtained.
Experimental results showed that the ballistic imaging could greatly improve the
visualization of object and almost retains its undistorted structure information. The image
contrast is improved by more than 67% compared with the direct imaging. Compared to the
conventional femtosecond OKG using the fused quartz, the maximum measurable optical
density using the femtosecond OKG of the tellurite glass in our experiment is about 11.5 and
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larger than that about 9.3 for the fused quartz. In addition, the ballistic images acquired with
using the OKG of the tellurite glass could have larger intensity and higher contrast than that
for the fused quartz. These results indicated that the tellurite glass was a good candidate as
the optical Kerr material for the ballistic imaging due to its large optical nonlinearity.
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