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Abstract—It is shown that lidar sounding of the aquatic environment by laser radiation at a wavelength of
266 nm provides high sensitivity and reliability of detection of petroleum products. For use in marine lidars,
two YAG:Nd>" laser systems (laser-amplifier) with radiation conversion into the fourth harmonic (with lamp

and diode pumping) are proposed.

DOI: 10.1134/S1064226922120154

INTRODUCTION

Marine spectral lidars that probe the aquatic envi-
ronment with laser radiation in the ultraviolet (UV)
range are an effective tool for monitoring the pollution
of marine areas and inland waters with oil products
[1-3]. Spectral lidars make it possible to detect the
presence of oil products at sufficiently low concentra-
tions, outline the area of pollution, estimate the thick-
ness of the oil film on the water surface, determine the
type of polluting oil product, and estimate the volume
of pollution.

Information about the presence of oil products in
the near-surface layer and on the water surface in these
lidars is obtained as a result of spectral analysis of the
echo signal formed by laser-induced fluorescence of
oil products and dissolved organic matter, as well as
Raman scattering by water molecules. Typically, spec-
tral lidars use sources of probing radiation in the near
UV range: a YAG:Nd?** solid-state laser with radiation
frequency conversion to the third harmonic (A; =
355nm) and XeCl (A = 308 nm) and XeF (A =
351 nm) excimer lasers [1—4]. At the same time, for
solving the problem of detecting pollution of water
bodies with oil products by the lidar method, several
advantages are provided by the use of probing radia-
tion in the mid-UV range. Probing with radiation in
this range makes it possible to partially separate the
fluorescence spectra of petroleum products and natu-
rally dissolved organic matter. In this case, the fluo-
rescence bands of light petroleum hydrocarbons fall
into a wide spectral range between the Raman band of
water and the fluorescence band of natural dissolved
organic matter, in which only petroleum products flu-
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oresce. Recording the excited fluorescence radiation
in this spectral range makes it possible to detect and
quantify oil products with high sensitivity, accuracy,
and reliability.

The optimal source of probing radiation in the
mid-UYV range for use in marine lidars is a YAG: Nd**
solid-state laser with frequency conversion to the
fourth harmonic (A, = 266 nm) [5, 6]. The advantages
of using the fourth harmonic were demonstrated in a
full-scale experiment performed in the Caspian Sea
with the SFPL-24 shipborne lidar [7]. A lamp-
pumped LTI-24 pulsed laser (radiation wavelength
266 nm, radiation pulse energy 8 mJ, pulse duration
8 ns, and probe beam divergence 3 mrad) was used as
a source of probing radiation. The “oil” echo signals
without the contribution of the fluorescence of dis-
solved organic matter was detected by receiving chan-
nels with a sensitivity maximum at wavelengths of 320
and 350 nm. The results of field tests showed that the
sensitivity of these channels to the presence of pollut-
ing oil products is significantly higher than that of lon-
ger-wavelength measuring channels.

The practical use of lidars, which involves their
installation on aircraft or a stationary platform, puts
forward additional requirements for the technical
characteristics of the laser used. First of all, this is a
higher energy of radiation pulses, a long service life,
vibration resistance, low power consumption and, in
some cases, the ability to work at low temperatures.

Taking into account the requirements formulated,
a laser system (laser-amplifier) based on a lamp-
pumped laser head was fabricated and an optical cir-
cuit of a laser system based on two diode-pumped laser
heads was proposed. The systems provide generation
of radiation at a wavelength of 266 nm and are
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Fig. 1. Optical layout of UV-LPE: (/) laser head, (2) diffuse reflector, (3) YAG:Nd>* active element @5 x 100 mm,

4 YAG:Nd>" active element 6.3 x 100 mm, (5) INP-2-5/90 lamp, (6) output mirror, (7, &) roof prisms, (9) polarizer plate,
(10) LiNbOj electro-optical element, (11, 12) rotary wedge prisms, (13) A;/4 plate, (I4) nonlinear PTP element in a thermostat,

(15) nonlinear BBO element in a thermostat, and (16, 17) parametric mirrors selecting radiation with a wavelength A4 = 266 nm.

intended for use in marine oil lidars. The paper pres-
ents descriptions of these systems.

1. LASER SYSTEMS

The increased energy of radiation pulses is pro-
vided by a laser system: a laser amplifier with lamp or
diode pumping.

When operating a laser under normal climatic con-
ditions, the most efficient laser system is one that uses
a laser head containing one pump lamp and two active
elements cooled with distilled water. If it is necessary
to work with the lidar in field conditions that allow
negative ambient temperatures, it is proposed to use a
laser system with two laser heads with side pumping of
active elements by laser diode arrays cooled by a frost-
resistant liquid such as antifreeze.

The systems use mirror prism cavities, which pro-
vide a twofold reduction in the generation threshold
due to the additional passage of radiation through the
active element and a decrease in the divergence of the
output radiation in the critical phase-matching plane
of a nonlinear element made of a barium beta-borate
crystal (BBO) in the radiation converter to the fourth
harmonic [8, 9]. The cavities are resistant to housing
deformations and thermal effects in active elements.

As a diode-pumped laser, it was proposed to use
the laser presented in [9], which is characterized by a
higher pulse energy and lower radiation divergence
compared to the known laser [10]. The features of the
operation of these systems, including that during tran-
sient processes after switching on, are considered.

2. LASER SYSTEM WITH LAMP PUMPING

The lamp-pumped laser system (LPLS) of active
elements with the optical circuit shown in Fig. 1 seems
to be the most efficient as part of a UV lidar operating
under normal climatic conditions.
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The high efficiency of the LPLS is ensured primar-
ily due to the following technical and design solutions
in the manufacture of the emitter (UV-LPE):

(1) The choice of laser head I, cooled by distilled
water, with one lamp placed in reflector 2between two
active elements (generator 3 and amplifier 4), which
eliminates the effect of shading pump radiation by
lamp 5 when it is transferred to active elements.

(2) The use of prism roof 7 with a rib at the top in
the vertical plane dividing the cross section of the
active element in half, which ensures a twofold reduc-
tion in the generation threshold due to the additional
passage of laser radiation to active element 3, increases
the stability of the cavity when a thermal wedge
appears in active element 3, and reduces the diver-
gence of laser radiation in the horizontal plane.

(3) The use of second prism roof & as an end reflec-
tor with a rib at the top in the horizontal plane
increases the stability of the cavity in case of possible
deformation of the housing of the UV emitter in the
vertical plane.

(4) The use of wedge prisms /7 and 12, which
increase the size of the radiation beam by a factor of
2.25 in the horizontal plane and reduces the radiation
divergence by the same factor.

The radiation strength of optical elements of the
cavity, as well as nonlinear elements from potassium
titanyl phosphate (PTP) and BBO crystals, in which
the second (A, = 532 nm) and fourth (A, = 266 nm)
harmonics are generated, respectively, is high, but
turns out to be quite achievable in practice. Therefore,
to prevent optical breakdown of the elements, the IR
laser should be tuned and operated in the mode of
switching on the Q-factor of the cavity after the end of
free (peak) generation. This mode is based on intro-
ducing losses into the cavity at the beginning of the
spike generation pulse and turning on the Q-factor of
the cavity completely ~20 us after the last spike. In this
mode, the energy parameters (the maximum energy
density in the beam cross section and the pulse energy)
and the time parameters of the radiation pulses are sta-
Vol. 67
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Fig. 2. Optical layout of the UV-DPE: (/) blind mirror, (2) output mirror, (3) rotatable prism, (4) roof prism, (5) laser head with

mirror reflector segment and YAG:Nd**

generator active element &5 X 100 mm, (6, 7) laser head with a mirror reflector segment

with a YAG:Nd>* amplifying element 6.3 X 100 mm, (8, 9) laser diode arrays, (/0) quarter-wave plate with ¢ = 0° to the figure
plane, (11) quarter-wave plate with ¢ = 45°, (12) polarizer plate, (/3) LiNbOj electro-optical element, (/4) rotating mirror,
(15) Galilean telescope, (/6) PTP nonlinear element in a thermostat, (/7) BBO nonlinear element in a thermostat, and (/8) stack

of glass plates (KU-1 brand).

bilized in a wide energy range of the pump pulses due
to the emission of “excess” energy deposited in the
active element (population inversion) in the process of
spike generation [11].

It is advisable to introduce initial losses into the
cavity by deviating the optical z-axis of electro-optical
element /0 from the cavity axis by a small angle (~2°)
within the first ring of the conoscopic pattern, using
the element’s own birefringence. In this case, the ini-
tial losses of the cavity practically do not depend on
the temperature of the element. In order to completely
“open” the cavity, it is necessary to apply a high-volt-
age pulse to the electrodes of element /0 from the con-
trol unit of the electro-optical shutter (EOS), and the
amplitude of the pulse also does not depend on the
element’s temperature.

The LPLS provides the generation of radiation
pulses with A, = 266 nm with an energy of up to 25 mJ
at a repetition rate of up to 30 Hz and a pump pulse
energy of 25 J. If the lamp is changed after every 1.8 X
107 pulses, the service life of the system is an order of
magnitude higher.

3. LASER SYSTEM
WITH DIODE PUMPING

A significant increase in the efficiency of an infra-
red (IR) laser by reducing power consumption up to
seven times is achieved by replacing the lamp pumping
of the active element with a diode, in particular, by
one-sided side pumping of the active element by laser
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diode arrays (LDAs) emitting at a wavelength of A, =
808 nm, coinciding with the narrow absorption band
of neodymium ions. In this case, the heat release in the
active element is significantly reduced and it becomes
possible to apply contact heat removal from the active
element and LDA housings to a radiator, through
which a frost-resistant liquid can be pumped, which
does not experience photodestruction due to the
absence of interaction with pump radiation [10].

A diode-pumped laser system (DPLS) with the
optical circuit shown in Fig. 2 seems to be the most
efficient when operating a UV lidar at negative ambi-
ent temperatures.

The high efficiency of DPLS is also ensured by
optimizing the laser head design and new circuitry
solutions in the emitter with diode pumping of active
elements (UV-DPE), such as:

(1) The choice of laser heads with one-sided side
pumping by monospectral LDAs with improved con-
tact heat removal from laser diodes to the LDA body,
which makes it possible to create an inverted popula-
tion in a large volume of the active medium [10].

(2) The choice of a mirror prism cavity based on the
optical circuit of a two-pass amplifier with an end
reflector in the form of a roof prism, which lowers the
generation threshold and reduces the radiation diver-
gence by a factor of 2 [9, 12].

(3) The choice of a two-pass amplifier with a Gal-
ilean telescope makes it possible to increase the output
energy of the DPLS radiation monopulses and to min-
imize the radiation divergence.
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(4) The use of prisms and quarter-wave plates in
the optical circuits of the generator and amplifier
makes it possible to eliminate the depolarizing effects
in optical components [10].

A change in the radiation wavelength of laser
diodes (LDs) with temperature at a rate of 0.3 nm/C°
due to changes in the ambient temperature and self-
heating of the diodes leads to the need to use energy-
consuming systems for thermal stabilization of the
coolant. During transient processes, upon reaching
the stationary thermal regime, the LD temperature
and, consequently, the pumping efficiency and the
distribution of the inverse population over the cross
section of the active element change, which can lead to
a maximum energy density of radiation single pulses
exceeding the maximum allowable level and destruc-
tion of the optical components of the DPUYV emitter.
Using the mode with switching on the Q-factor of the
cavity after the end of free generation, which was con-
sidered in the previous section for LPLS, makes it pos-
sible to exclude this situation. In this case, the lifetime
of the DPLS becomes close to that of the LDA (1.8 X
10° pulses).

CONCLUSIONS

YAG:Nd*" monopulse laser systems having laser-
amplifier schematics with radiation frequency conver-
sion to the fourth harmonic (A, = 266 nm) can be built
on the basis of laser heads with lamp or transverse
diode pumping of the YAG:Nd*" active elements. The
choice of the laser head type determines the optical
circuit of the emitters. The choice of coolant (distilled
water or frost-resistant liquid such as antifreeze)
depends on the mode of cooling of pumping sources
(lamps or laser diode arrays).

To ensure reliability during the operation of LPLSs
and DPLSs in transient modes, it is proposed to use
the mode with switching on the Q-factor of the cavity
after the end of free generation. DPLS is capable of
working with higher energy radiation pulses at higher
pulse repetition rates. The advantage of a DPLS is a
long service life, low electromagnetic interference
level, low power consumption, and the ability to work
at negative ambient temperatures. The disadvantages
of a DPLS are the necessity of thermal stabilization of
the coolant and a high cost of LDAs.

LPLSs and DPLSs can be used in UV lidars for
remote detection of oil pollution in water areas.
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