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Laser adaptive holographic hydroacoustic intensimeter

R.V. Romashko, Yu.N. Kulchin, V.P. Dzyuba, D.V. Storozhenko, M.N. Bezruk

Abstract. A new type of a vector hydrophone, a laser adaptive
hydroacoustic intensimeter, is investigated. Two identical, spatially
separated coil-type sensors are used as a primary receiver of the
acoustic signal. The signals received at the sensor output are phase
demodulated in a two-channel adaptive holographic interferometer
based on two dynamic holograms multiplexed in a CdTe photore-
fractive crystal. Using a laser intensimeter, the acoustic field
formed in a limited volume is studied. The performance character-
istics of the intensimeter are determined experimentally; its thresh-
old sensitivity, according to the acoustic field intensity, constitutes
0.1x103Wm2

Keywords: vector-phase hydrophone, fibre-optic sensor, adaptive
interferometer, dynamic hologram, photorefractive crystal.

The solution of such problems as studying the underwater
conditions, ocean monitoring, underwater communication,
and a number of others is inextricably linked with the devel-
opment of effective means for recording hydroacoustic sig-
nals. Most modern acoustic receivers employ electric convert-
ers (piezoelectric, electrodynamic, capacitive, etc.), which
have a number of disadvantages that in certain cases make it
difficult to use them for recording ultra-weak acoustic signals
[1, 2]. In this regard, optical and, above all, fibre-optic receiv-
ers of acoustic signals have gained significant development
[3, 4]. At the same time, the use of interferometric principles in
designing the acoustic receivers opens up prospects for detect-
ing ultra-weak signals [5].

Interferometric systems, due to their high sensitivity, are
significantly affected by external noise factors (random
mechanical effects, temperature, pressure drift, etc.), which in
practice in most cases nullifies all the advantages of such sys-
tems. The use of electronic stabilisation systems in the inter-
ferometer [6, 7] leads to a significant complication of the mea-
suring system, making it difficult or even impossible to build
multichannel interferometric schemes, since it is necessary to
implement a stabilisation scheme in each channel. As was
shown in work [8], the use of dynamic holograms formed in
photorefractive crystals (PRC) in interferometers is one of the
most effective solutions for stabilising the interferometer’s
operating point. In papers [9—12], approaches for recording

R.V. Romashko, Yu.N. Kulchin, V.P. Dzyuba, D.V. Storozhenko,
M.N. Bezruk Institute of Automation and Control Processes, Far
Eastern Branch, Russian Academy of Sciences,

ul. Radio 5, 690041 Vladivostok, Russia; e-mail: romashko@iacp.dvo.ru

Received 13 December 2019; revision received 30 January 2020
Kvantovaya Elektronika 50 (5) 514—518 (2020)
Translated by M.A. Monastyrskiy

weak acoustic and hydroacoustic signals using adaptive holo-
graphic interferometers are proposed.

At the same time, there are problems in which, in addition
to recording an acoustic signal, it is also necessary to carry
out bearing of its sources. Such problems can be solved using
a vector-phase approach, the essence of which is to record,
along with the acoustic pressure amplitude, also the vibra-
tional velocity phase of the medium particles (or the acoustic
pressure gradient in the wave) [13, 14]. To implement the vec-
tor-phase approach, it is necessary to provide simultaneous
measurement of the acoustic signal at three pairs of points
spaced apart in three orthogonal directions on some spatial
base, which entails the need of using multi-channel measuring
systems. At the same time, the few types of vector-phase
hydroacoustic receivers available today, like most point
hydrophones, are designed on an electrical element base
[13, 15]. This leads to the existence of problems in such receiv-
ers, which are characteristic of electric hydrophones (electro-
magnetic interference, the presence of aggressive media, etc.),
which are repeatedly complicated in a vector-phase receiver
due to the need to provide multi-channel measurement. In
works [16, 17], the possibility of recording signals using an
adaptive holographic interferometer simultaneously on 6 and
32 channels, respectively, was demonstrated.

In this work, a new type of vector-phase acoustic receiver
is proposed and studied, i.e. a laser adaptive hydroacoustic
intensimeter based on a two-channel adaptive holographic
interferometer and fibre-optic sensors, which allows record-
ing the projection of vector acoustic characteristics, such as
pressure gradient, vibrational velocity, and vibrational accel-
eration.

The flux density vector I(w) of acoustic energy (acoustic
intensity vector) is defined in frequency domain as a real part
of the product of complex pressure p(w) and vibrational
velocity V(w) [18]:

I(w) =0.5Re[p(@)V ()], (D

where the vibrational velocity is determined by the pressure
gradient Vp and medium density p:

Vo ==L, @
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where p(w) and p,(w) are the complex pressure at two points
in space located at a distance 6x. Thus, two sensing elements
located at a distance / = dx ensure a projection of the intensity
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vector I (w) on the direction x provided the acoustic pressure
spectrum p(w) is synchronously measured at these two points.

The scheme of a laser adaptive holographic hydroacoustic
intensimeter is shown in Fig. 1. The sensor element of the
intensimeter is two identical fibre-optic sensors located at dis-
tance A,./10 from each other (4, is the smallest wavelength of
the acoustic field). Each sensor is made in the form of a
foamed-polystyrene cylinder with a diameter of 3 cm and a
length of 4 cm, on which a multimode fibre (core diameter
62.5 um, numerical aperture NA = 0.22) with a length of 3 m
(30 turns) is wound.

The optical part of the laser intensimeter is implemented
as follows. The Nd: YAG laser radiation (4 = 1064 nm, out-
put power 1 W) passes through the half-wave plate and pola-
rising beam splitter, being divided into signal and reference
light waves in a ratio of 1:5 in intensity. The reference wave,
elliptically polarised after passing through the quarter-wave
plate, is directed to the CdTe photorefractive crystal along the
crystallographic axis [100]. The crystal sizes are 5 X 5 X 5 mm.
The signal wave radiation is repeatedly divided by means of a
1 x 2 fibre-optic splitter into two light waves of the same
power, directed to two identical fibre-optical sensors as part
of the sensor element of the intensimeter. Mechanical vibra-
tions of the base material of fibre-optic sensors, caused by the
action of acoustic pressure, lead to phase modulation of radi-
ation passing through the optical fibre wound on the base.

Signal wave radiation, after passing through fibre-optic
sensors, is directed by optical fibres to the PRC along its crys-
tallographic axis [001] in the direction orthogonal to the refer-
ence wave. Pairwise interference in the PRC of each of the
signal and common reference waves due to the photorefrac-
tive effect leads to the recording of two dynamic holograms in
the crystal. Vector interaction of an elliptically polarised ref-
erence wave with depolarised (after passing through multi-
mode optic fibres) signal waves in such an orthogonal geom-

etry in the cubic-symmetric PRC ensures the fulfilment of
quadrature conditions of the adaptive interferometer, which
results in its high sensitivity [19, 20]. The intensity of signal
waves, being proportional to the acoustic pressure at the loca-
tion of the sensors, is recorded using photodetectors, whose
signals are transmitted to the computer for processing via a
two-channel ADC.

It should be noted that the intensimeter sensitivity is
determined by the sensitivity of fibre-optic sensors and a two-
channel adaptive interferometer. To ensure the reliability of
the results obtained with a laser intensimeter, it is necessary
that both the paired sensors and the corresponding demodu-
lation channels of the interferometer have the same sensitiv-
ity. In this case, the original sensitivity of fibre-optic sensors
may vary, even if they are nominally identical (shape, size,
amount of wound optical fibre). The sensitivity in different
channels of the adaptive interferometer can also be different
due to a number of other reasons, such as the heterogeneity of
the photorefractive crystal properties in its volume (the light
beam of each signal wave hits a certain place in the PRC), the
nonuniformity of the division ratio of the fibre-optic splitter,
as well as the possible differences in the characteristics of pho-
todetectors. In this regard, in the present work, we used the
channel sensitivity calibration of the intensimeter developed
[21]. This method consists in introducing a given phase modu-
lation (calibration signal) with variable amplitude into the
interferometer channels, constructing a transition character-
istic and determining, on its basis, a calibration coefficient for
each channel.

Experimental studies of the developed intensimeter
were conducted in a test pool with dimensions 0f 2.93 x 1.72 x
0.6 m, filled with 80% water. The pool was located on a 0.1 m
thick sand layer. The speed of sound for water ¢ was mea-
sured immediately before the experiments and amounted to
1510 m s~! at a temperature of 8 °C. The acoustic signal source
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Figure 1. Scheme of a laser adaptive hydroacoustic intensimeter with the use of a fibre-optic sensing element.
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was a Zetlab BC310 piezoelectric emitter. The emitter and
receiver were located at the same depth (20 cm from the pool
bottom).

In this work, the amplitude-frequency response of the
laser intensimeter was experimentally measured (Fig. 2). For
this purpose, a sinusoidal signal with a constant amplitude
and variable frequency in the range of 1100 kHz was applied
to the emitter, while the fibre-optic sensors were located at a
distance of d = 1,./4 from each other. As can be seen from
Fig. 2, the intensimeter has a fairly uniform sensitivity in vir-
tually the entire measured frequency range with a small reso-
nance at a frequency of 8.1 kHz. At this frequency, the inten-
simeter sensitivity was 37 mrad Pa~!. With this sensitivity, the
developed intensimeter makes it possible to record weak sig-
nals with acoustic pressure starting from 3 mPa and intensity
starting from 0.1 x 1073 W m™2.
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Figure 2. Amplitude—frequency response of the fibre-optic sensors of a
hydroacoustic intensimeter.

Figure 3 shows an experimentally determined directional
pattern of one of the sensors. As can be seen from this Figure,
the sensor sensitivity is isotropic, which allows it to be suc-
cessfully used in the intensimeter scheme.

180°

Figure 3. Directivity diagram of the fibre-optic sensor of a hydroacous-
tic intensimeter (solid bold curve is the normalised sensitivity measured
in relative units).

Using the laser intensimeter developed, the acoustic field
in the above-described pool was measured. The emitter was
stationary, and the sensors were moved around the pool by
means of a two-axis motorised translation stage providing
positioning accuracy of 1.5 mm in each direction (Fig. 4).
The stage was controlled by a microcontroller using software
developed in the Matlab environment, which also comprised
recording and post-processing of the output signal from the
intensimeter; this allowed automating the process of measur-
ing the acoustic field parameters. During the measurement
process, the intensimeter signals with duration of 0.25 s arriv-
ing via two channels were digitised at a sampling frequency of
96 kHz. The received signals were processed by an algorithm
comprising the Fourier transform and the passage of a band-
pass filter with a finite pulse response. Thus, the result of
post-processing is a complex Fourier spectrum of the signal in
the channel, containing the acoustic pressure values p(w) at
the measurement point, averaged over a time of 0.25 s.
Experimental studies of the acoustic field were conducted at a
frequency of 2.1 kHz, with an acoustic pressure of 0.2 Pa gen-
erated by the emitter in the near field determined using a cali-
brated piezoelectric sensor. A two-dimensional array of com-
plex spectrum values was obtained as a result of measuring
130 x 65 points in the pool space with a step of 1 cm and fur-
ther post-processing of the signal. Figure 5 shows the experi-
mentally obtained acoustic complex pressure modulus
(Fig. 5a) and its real part (Fig. 5c), displayed in the form of
distribution maps over the measurement area.

Translation

~ Measurement area

Figure 4. Test pool and motorised translation stage mounted on it.

To verify the measurement results, the acoustic field in the
pool was simulated. The simulation was conducted in the
ComsolMultiphysics software environment by solving a wave
equation in a bounded domain with specified material param-
eters of water and environment. The computational domain
geometry of the model makes allowance for the features of a
real pool, such as rounding along the lower edges with a
radius of 10 cm and the presence of a waist with a width of
5 cm. Figure 5 presents the results of simulating the modulus
of the complex acoustic pressure (Fig. 5b) and its real part
(Fig. 5d). It can be seen that the experimental results (Figs 5a
and 5c¢) are in good agreement with the calculation results
(Figs 5b and 5d). The inset in Fig. 4 shows the directions of
the x and y axes. It should be noted that the emitter was
located at a distance of 20 cm along the y axis from the begin-
ning of the scanning region displayed in Fig. 5. Analysing the
pressure modulus distribution, we can conclude that a sta-
tionary field is formed in the pool, which is very different
from the field for free space. This means that the acoustic
pressure modulus will not vary with the distance from the
source quadratically, as in free space. The position of the
pressure amplitude maxima depends on the acoustic signal
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Figure 5. (Colour online) Results of measuring the acoustic field characteristics and their comparison with numerical calculation in a unified scale
of values: (a) measured amplitude; (b) calculated amplitude field; (c) measured field (real part); (d) calculated field (real part).

frequency and the emitter location in the pool, and, accord-
ingly, the intensity vector direction does not coincide with the
direction to the emitter for each point in space. Therefore, to
accurately determine the intensity vector direction inside the
pool, we need to determine the x and y projections of the
intensity vector. Using expression (1), we obtained the com-
plex values of the gradient and pressure intensity for the x
projection at the time moment of measurement at each point,
since the sensitive elements are located in this projection. The
additional y projection was calculated by substituting into (1)
the measured values of the complex pressure from the previ-
ous rows and using an additional synchronising signal from
the generator, which was recorded separately during the
experiment. The results of calculating the x and y intensity

projections (Figs 6a and 6¢) are qualitatively consistent with
the simulation data (Figs 6b and 6d), since the nature of their
distributions in the measurement region is identical.

These two intensity projections are sufficient to construct
a vector field in the plane (Fig. 7a), which is also consistent
with the simulation results (Fig. 7b). It should be noted that
the nature of the vector field distributions obtained both
experimentally and numerically is in full agreement with the
physics of acoustic wave propagation, which, in its propaga-
tion from the emitter, meets a wave reflected from the pool’s
flank and forms symmetrical regions with a swirl on the sides.

Thus, in this work, we have proposed a new type of laser
fibre-optic vector-phase intensimeter based on a two-channel
adaptive holographic interferometer and fibre-optic receivers
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Figure 6. (Colour online) Intensity vector projections: (a) measured I; (b) calculated I; (c) measured I,; (d) calculated 7.
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Figure 7. Reconstructed field of the acoustic intensity vector in the measurement region: (a) measured and (b) calculated.

of acoustic signals. The performance characteristics of the
intensimeter were determined experimentally; the threshold
sensitivity according to the acoustic field intensity amounted
t0 0.1 x 1073 W m2. It is shown that the results of the experi-
ment on measuring the intensity vector projection in a limited
space are consistent with the results of numerical modelling.
The use of measuring systems of this type makes it possible to
record the intensity vector, as well as the energy, interphase,
coherent, and probabilistic properties of ultra-weak acoustic
fields, which facilitates the development of new effective
detection algorithms and methods for determining the bear-
ing of weak or significantly distant sources, as well as the
development of methods for their classification.
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