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Remote sensing oil in water with an all-fiber
underwater single-photon Raman lidar
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The detection of oil in water is of great importance for maintaining subsurface infrastructures such as oil pipelines.

As a potential technology for oceanic application, an oceanic lidar has proved its advantages for remote sensing of

optical properties and subsea materials. However, current oceanic lidar systems are highly power-consuming and
bulky, making them difficult to deploy underwater to monitor oil in water. To address this issue, we have developed
a compact single-photon Raman lidar by using a single-photon detector with high quantum efficiency and low dark
noise. Due to the single-photon sensitivity, the detection of the relatively weak Raman backscattered signal from
underwater oil was realized with a laser with a pulse energy of 1 1J and a telescope with a diameter of 22.4 mm. An
experimental demonstration was conducted to obtain the distance-resolved Raman backscatter of underwater oil
of different thicknesses up to a distance of 12 m. The results indicate the single-photon Raman lidar’s potential for

inspecting underwater oil pipelines.
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1. INTRODUCTION

The detection of oil in seawater is of paramount importance
for ocean observation and exploration, as well as for the main-
tenance of subsea infrastructures, such as pipeline inspection
[1,2]. The early detection of oil spills is also essential to minimize
their environmental and economic impacts. Oil spills can cause
significant damage to both freshwater and marine ecosystems,
including physical harm to wildlife and their habitats [3].

The detection of oil, particularly in water, remains a sig-
nificant challenge due to the complexity of the oceanic
environment. To address this, researchers have developed
various methods. One emerging solution for subsea inspection
tasks is underwater robotics equipped with multiple sensors
[4]. Raman spectroscopy, a conventional optical sensing meth-
odology, has been widely utilized in underwater robotics due
to its ability to detect multiple species simultaneously. This
technology has been extensively employed for the detection
of elements in extreme zones, such as hydrothermal vents and
gas hydrate areas [5,6]. However, these point-sensing methods
can be labor-intensive and expensive, presenting challenges
when attempting to monitor long-distance pipelines and their
associated infrastructures.

One of the most promising technologies for remote sensing
of oil spills is the lidar, which has been extensively used for mon-
itoring inherent optical properties of the atmosphere, water,
soil, and forests [7-9]. Two kinds of lidar are currently used
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to remotely sense oil in the ocean, namely, the laser-induced
fluorescence lidar and Raman lidar. Over the years, fluorescence
lidars have shown great potential for detecting and discrimi-
nating oil and chemical pollutants spilled or dissolved in the
sea [10,11], as well as phytoplankton [12] and algae species
[13]. However, this approach is ineffective in identifying sub-
stances that cause similar light-induced fluorescence signals.
In contrast, Raman spectroscopy offers high discrimination
capabilities and can identify different materials, including oil
and dissolved CO, in water [14]. However, due to the small
cross section of Raman scattering, which is two to three orders
of magnitude lower than the elastic scattering cross section, a
laser with high pulse energy and a large-aperture telescope are
required to improve the signal-to-noise ratio. This leads to a
bulky and high power-consuming property of a Raman lidar,
limiting its deployment underwater [15]. To address this issue,
for the first time, to the best of our knowledge, we propose and
demonstrate an underwater Raman lidar. This system allows
for more efficient remote detection of oil leakage in water. Due
to the limited water penetration distance of oceanic the lidar,
deploying a lidar underwater will greatly extend its detection
coverage and depth, with the assistance of underwater plat-
forms, such as autonomous underwater vehicles (AUVs). AUVs
will facilitate the inspection of underwater infrastructures, such
asoil pipelines in a significant way.
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To achieve oil stand-off detection with a low pulse energy
laser and a small-aperture telescope, a single-photon detector
is necessary due to the low Raman scattering cross section.
By increasing the sensitivity of the atmospheric aerosol lidar
detection to the single-photon level, we have demonstrated
the long-range detection of atmospheric aerosols using micro-
joule pulsed lasers and centimeter-sized telescopes [16-18].
In contrast to our atmospheric lidars that operate at 1.5 pm
wavelength, oceanic lidars usually work in the visible light band.
This allows the use of commercially available and mature single-
photon detectors, such as photomultiplier tubes (PMTs) and
silicon avalanche photodiodes (Si-APDs). While both PMTs
and Si-APDs can detect single photons in the visible band, we
opted for Si-APDs due to their lower environmental require-
ments. Specifically, Si-APDs do not require a high-voltage
power supply and are less susceptible to magnetic interference
compared to PMTs [19].

The article is organized as follows. First, the Raman lidar
system used for oil stand-off detection is introduced. Next, the
preliminary results obtained using this system are presented.
Finally, a conclusion is provided.

2. RAMAN LIDAR SYSTEM

To achieve high spatial resolution detection, we employed
a picosecond pulsed laser and a high precision time-digital-
converter (TDC). The results presented in this article
demonstrate the feasibility of single-photon underwater
Raman detection with a detection range of up to 12 m and an
accumulation time of 5 .

A schematic diagram of the single-photon Raman lidar
system setup is illustrated in Fig. 1. The lidar consists of four
subsystems, including a 532 nm laser, a transceiver, an optical
receiver, and a data acquisition component. The system employs
a compact fiber-based laser that is constructed following a mas-
ter oscillator power amplifier architecture. The pulsed 1064 nm
laser with a repetition rate of 1 MHz serves as a seed laser, and its
output power is amplified by a three-stage amplifier, including a
single-mode ytterbium-doped fiber amplifier (SM-YDFA) and a
subsequent two-stage multimode high-power ytterbium-doped
fiber amplifier (HP-YDFA). After amplification, frequency
doubling from 1064 to 532 nm is carried out by using a lithium
borate (LBO) crystal. This results in a pure green light with a
pulse width of 501 ps and a pulse energy of 1 J. The laser has a
beam divergence of 0.5 mrad.

A fiber-connected configuration is specially designed for
miniaturization and a robust structure. The backscattered signal
from water is coupled into a 105 um multimode fiber (MMF)
by an achromatic collimator with a focal length of 50.8 mm,
which corresponds to a lidar field of view (FOV) of 2.1 mrad.
This narrow receiver FOV provides a significant backscatter
noise suppression. The distance between the transmitting laser
and the receiving coupler is ~10 mm. The backscattered signal
is then collimated by a lens. Behind the collimator lens, a 45°
dichroic mirror and a notch filter (Filter;) at 532 nm are placed
to reflect the elastic signals caused by elastic scattering. A 628 nm
filter (Filter;) with a bandwidth of 5.5 nm is used to pick up
the Raman signal and further block the background noise. It
is worth noting that this article only verifies the feasibility of
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Fig. 1. (a) Schematic setup of the single-photon Raman lidar.
SM-YDFA, single-mode ytterbium-doped fiber amplifier; HP-YDFA,
high-power ytterbium-doped fiber amplifier; L, lens; LBO, lithium
borate; MME multimode fiber; DM, dichroic mirror; Si-APD, silicon
avalanche photodiode; TDC, time-digital-converter; FG, function
generator; PC, personal computer. (b) Photograph of the underwater
single-photon Raman lidar system.

the single-photon underwater Raman lidar for underwater oil
detection and, therefore, only uses a single-wavelength channel.
Differentiating between different types of oil and even different
substances in water requires more spectral channels with high
spectral resolution (even at the picometer level) [5].

Finally, the Raman lidar system incorporates a compact
free-running Si-APD that continuously detects photons using
its own internal clock without requiring any external clock or
trigger signal synchronization. It has an efficiency of ~ 68 %
with 100 dark counts per second (cps) at 628 nm.

As shown in Fig. 2, Raman spectra of oil and pure water
were recorded by using a confocal Raman microscope (XploRA
Horiba].Y.) with a 532 nm laser. The oil used in the experiment
was gasoline oil. The laser beam was focused by 2 50 x /0.5NA
objective lens. The laser power at the sample location was
15 mW. The exposition time was 5 s. The Raman spectrum of
the oil shows a large spectral background, which is attributed to
the fluorescence spectrum of the oil. As for the Raman spectrum
of water, as shown in Fig. 2, the center position of its Raman line
isaround 650 nm, which is about 22 nm away from the center of
the Raman line of oil located around 628 nm. The Raman band
of 2900 cm ™! (corresponding to the wavelength of 628 nm) is
generated by the stretching vibration of the C-H bond of the oil
molecule.

As to the electronic module, a homemade function genera-
tor (FG) based on a field programmable gate Array provides a
precise control signal for the laser and TDC. A high-precision
TDC (Swabian Instruments, Time Tagger Ultra) with 13 ps
resolution is adopted to record the time of the pulse emission
and photon detection. The time jitter of the whole system was
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Fig. 2. Emission spectra of oil (red solid line) and pure water
(blue dashed line) under 532 nm laser excitation, along with the
transmission curve of the 628 nm filter (black solid line).

Table 1. Key Parameters of the Single-Photon
Underwater Raman Lidar

Parameter Value
Laser wavelength 532 nm
Pulse duration 501 ps
Pulse energy 1y
Pulse repetition rate 1 MHz
Beam divergence 0.5 mrad
Diameter of telescope 22.4 mm
Focal length of coupler 50.8 mm
Mode-field diameter of MMF 105 pm
FOV of coupler 2.1 mrad
Bandwidth of the Raman filter (filter,) 5.5nm
Detection efficiency of the Si-APD at 628 68 %
Dark count of the Si-APD 100 cps
Size of the Raman lidar ©20 cm X 40 cm
Power consumption of the Raman lidar < 100 W

measured to be ~1800 ps. A summary of the system parameters
islisted in Table 1.

Due to its compactness and low power consumption, the
lidar can be flexibly integrated into different platforms, such as
an underwater platform described in this paper. A photograph
of the underwater lidar system is shown in Fig. 1(b). The lidar
system is made of a titanium alloy with high-pressure resistance
properties so that the lidar can operate underwater for down
to 1 km depth. The optical window of the lidar is made of a
sapphire lens, which can maintain > 96 % transmission under
high pressure. The cylindrical lidar has a diameter of 20 cm and
alength 0f 40 cm. The average power consumption of the lidar is
less than 100 W.

3. PRELIMINARY EXPERIMENTS

Here a field experiment was carried out to demonstrate the
performance of the single-photon Raman lidar for underwater
oil detection in a swimming pool at the Xiang’an campus of
Xiamen University (2437'N, 11818'E). The size of the pool
is 50 x 25 x 2 m?’. In the experiment, the Raman lidar and a
quartz cell filled with oil (gasoline) were submerged in water,
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with the quartz cell positioned 12 m away from the laser in
its path. The Raman lidar and the quartz cell were fixed using
aluminum frames and placed 0.6 m underwater. During the
experiment, the circulating water system of the swimming pool
was turned off to minimize the influence of surface ripples on the
experimental results. The raw lidar profile with 5 saccumulation
time and 5.6 cm spatial resolution is plotted in Fig. 3(a). An
accumulation time of 5 s corresponds to a total of 5 million laser
pulses emitted. In the near range from the lidar, the intensity of
the backscattered signal (water Raman) first increases as the laser
beam and the received FOV tends to overlap. Then the signal
intensity decreases with the distance, but the water signal can be
observed up to nearly 18 m. This capability of the lidar system
is remarkable, since only the weak (micropulse) laser source is
employed, and the water Raman signal is strongly suppressed
due to the narrow bandpass filter centered at 628 nm (Fig. 2).
In the experiment, oil thicknesses were measured at intervals of
1 mm, ranging from 1 to 15 mm. Figure 3(b) shows an example
of an oil Raman signal obtained with a thickness of 8 mm, indi-
cating that the peak of the profile at ~12 m is due to the Raman
backscattering of oil. The backscattered signal beyond 12 m in
Fig. 3(b) exhibits a tail with a 1/e width of approximately 3 ns,
which is attributed to several factors, including the pulsed laser
width (0.5 ns), acquisition card jicter (13 ps), and detector time
jitter (approximately 1.5 ns). Additionally, a small portion of the
fluorescence signal from the oil passes through the Raman filter
and is detected, contributing to the tailing of the backscattered
signal. Studies have shown that the fluorescence lifetime from
oil can range from several to tens of nanoseconds [20,21]. To
mitigate interference from the fluorescence signal, we will use
a shorter wavelength for the excitation laser and optimize the
Raman filter bandwidth in our future work.

To analyze the relationship between the backscattered signal
from the oil and its thickness, we fitted the oil’s backscattered
signal using the exponentially modified Gaussian function [22]:
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Fig. 3. (a) Backscattering Raman profile without oil and

(b) backscattering Raman profile with oil (gasoline) located 12 m
away from the lidar.



5304  Vol. 62, No. 19/ 1 July 2023 / Applied Optics

10— — ——1—— 1000
F o = Measured
. ) 4800
I — — Fitted
o 5}
= r <
£ - 600 2
= 2
E10° 1 g
Pl §
3 [ - 400 F
~ i &
| - 200
10' L L L 1 1 1 1 10
0 2 4 6 8 10 12 14 16
Oil thickness (mm)
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thickness.
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where y is the offset, A is the peak amplitude, # is the time
constant of the exponential decay function, w is the variance
of the Gaussian, and x. is the center of gravity of the Gaussian.
For example, Fig. 3(b) shows the Raman backscattered signal
with an oil thickness of 8 mm, while Fig. 3(a) shows the Raman
backscattered signal without oil, which serves as a reference.
Fitting the backscattered signal from 12 to 15 m to Eq. (1) yields
the result shown in the inset of Fig. 3(b), with a fitted R-Square
value 0f0.99.

Subsequently, the relationship between the fitted peak
amplitude (A4) and oil thickness was analyzed quantitatively by
measuring the backscattered signals at different oil thicknesses
and using Eq. (1) for fitting. As shown in Fig. 4, a good linear
relationship between the fitted peak amplitude (A4) and oil
thickness was obtained, which is consistent with the results
of previous studies [15]. To better display the measurement
results, we present Fig. 4 with dual axes, i.e., logarithmic and
linear scales. The linear regression analysis between the fitted
peak amplitude (A) and oil thickness yielded an R-square of
up to 0.99. To verify the measurement stability, we conducted
10 sets of measurements at each oil thickness. Figure 4 displays
the variances of the fitted peak amplitudes obtained at different
oil thicknesses. As depicted in the figure, the relatively small
variances at different thicknesses validate the reliability of the
Raman lidar system for the remote sensing underwater oil.

4. CONCLUSION

This work proposes and demonstrates a single-photon Raman
lidar system for underwater oil detection. In terms of hardware
design, we adopted a high-performance single-photon detector
to improve the detection sensitivity to the single-photon level.
This allowed us to detect signals from oil at a distance of 12 m
using low laser power and a small-aperture telescope, enabling
the realization of a highly integrated and compact underwater
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lidar system. Additionally, to ensure a robust structure, the
Raman lidar system employed a fiber-connected configura-
tion. These measures laid the foundation for the effective and
stable operation of the underwater Raman lidar. In terms of
data processing, we established a relationship between the fit-
ted peak amplitude and the thickness of the oil layer by fitting
the backscattered signal of oil to an exponentially modified
Gaussian function.

In a future work, we plan to develop another underwater
Raman lidar using a laser with a shorter wavelength, such as a
blue laser, to reduce the influence of chlorophyll fluorescence
on the Raman backscattered signal from oil. Furthermore, to
enable the operation of a single-photon Raman lidar under
daylight, we will integrate it into an AUV platform. When the
lidar operates underwater, the water above the lidar can act as
a filter, removing a significant amount of solar radiation, espe-
cially when the lidar is operating at deeper depths. In summary,
we believe that the results of this work lead to significant appli-
cations, such as remote sensing of oil leakage from underwater
pipelines.
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