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FIGURE CAPTIONS

Figure 1 The structure of a typical lightweight fibre optic cable [6].

Figure 2 The 4 m long ‘Sea Plow VI’ towed underwater vehicle can
bury cable to a depth of 1.1 m in the seabed at a maximum sea depth of
1000 m. (From ROV Review 1993-94, WAVES magazine, Windate
Enterprises Inc., 5th Edition.)

Figure 3 The 3 m long ‘Seadog’ tracked underwater vehicle is used for
cable burial, tracking and repair at a maximum sea depth of 275 m.
(From ROV Review 1993-94, WAVES magazine, Windate Enterprises
Inc., 5th Edition.)

Figure 4  The characteristic attenuation length of electromagnetic

energy propagating through seawater [47].
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ABSTRACT

Damaged submarine fibre optic telecommunication cables have, in the past, been
located by the use of remotely operated underwater vehicles. These are fitted with
sensors which have the capability to detect the metal shielding in the metallic cores
used in cable technology. However, it is anticipated that the next generation of cables
will have a much reduced metal content, their strength being derived from synthetic
materials such as aramid fibres. Such structures will have greatly reduced contrast for
detection by both electromagnetic and acoustic radiations transmitted from an
underwater vehicle, to then propagate through the seabed and scatter off the cable.

The detection of such cables will require new approaches.

This report is the first in a series of five written in support of the article “The
detection by sonar of difficult targets (including centimetre-scale plastic objects and
optical fibres) buried in saturated sediment” by T G Leighton and R C P Evans,
written for a Special Issue of Applied Acoustics which contains articles on the topic of
the detection of objects buried in marine sediment. Further support material can be

found at http://www.isvr.soton.ac.uk/FDAG/uaua/target_in_sand. HTM.
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1 Introduction

This report is the first in a series which addresses the problem of the acoustic
detection of objects, having dimensions of the order of centimetres, which are buried
in underwater sediment. Specific example applications are considered, notably the
detection of submarine optic fibre telecommunication cables. Particular attention is
given to the poor acoustic impedance mismatch between the target and the sediment,

and how it can be detected despite this.

The associated operational criteria (€.g., that the detection system should be deployed
from a surface ship or from a remotely operated underwater vehicle) are not addressed
in detail, being beyond the scope of this study. Rather, the study concentrates on the
acoustic and signal processing aspects of the general problem. This, in turn, leads to a

study of some fundamental processes related to the acoustic penetration of the seabed.

As introduced above, objects of particular interest may be described as having
properties which would make them difficult to detect. This condition implies that they
are either small, compared to the wavelength of incident energy, or that they have
similar physical properties to the surrounding medium. In either case, only a small
proportion of incident acoustic energy will be scattered back towards the source. The
detection problem is further complicated by the reverberant nature of the sediment

medium.

The detection of submarine telecommunication cables is of particular interest to the
sponsors of this research, Cable & Wireless. At present, such cables have a high
acoustic contrast, being relatively large in size and having a high metallic content. In
the near future, however, it is envisaged that cables could be made much smaller and
almost entirely non-metallic. Conventional submarine cables, and cable maintenance

systems, are introduced later in this report.

Since acoustic techniques are used almost exclusively for the detection of underwater
objects, they are an obvious starting point for an investigation into the detection of
objects buried within marine sediments. However, these form only a small part of the
wider range of techniques that could be employed. Therefore, both acoustic and non-

acoustic potential solutions to the general problem are introduced in this report, with



those judged most likely to succeed being developed further in subsequent reports

(see section 4).

2 Telecommunication Cables

Since the invention of the telegraph in the mid 19" century there has been an ever
increasing need for high capacity communications links between cities, nations and
continents. Early communications were restricted to low capacity lines made of
copper wire carrying, at most, just tens of telephone conversations (or ‘channels’). In
contrast, modern fibre optic links can convey tens of thousands of simultaneous

transmissions of much better quality and security [1, 2].

The first oceanic telegraph cables were manufactured and laid in the 1850s. However,
they had such limited capacity that they offered little improvement over the existing
postal services. There was no significant improvement in the communications links
between countries before the development of the radio in the early 1900s. It was not
until 1956 that the first transoceanic telephone cable was laid, permitting 51

simultaneous conversations between New York and London [1].

Satellites first came into service in 1965 (Intelsat 1) and are now widely used for
mobile communications and for where cables are not available. The quality they
provide is improving all the time, although they still do not match the security and

economy of undersea systems [1].

By the early 1980s the capacity of copper cables had increased to over 7 500
channels. In 1988 came the first fibre optic transatlantic system (TAT-8), with a
capacity of 40 000 channels, stretching between the United States, Great Britain and
France. Although much copper cable still exists, fibre optic cables have become the

standard for high capacity, low cost transoceanic telecommunications.

Submarine cable networks now span the globe, with the Asia / Pacific rim continuing
to be the fastest growing region for telecommunication traffic. To date, some
hundreds of thousands of kilometres of fibre optic communication cable have been
laid world-wide and the newest transoceanic cable systems have a fibre capacity in
excess of 80 000 channels. One of the most recent systems to be commissioned is the

TAT-14 transatlantic cable. This 15 000 km system is scheduled to enter service in



October, 2000, when it will connect the US with France, Denmark, the UK, Germany
and the Netherlands [3].

To keep the network growing and in good repair, ships and undersea vehicles are used
for cable laying, burial and maintenance. These must be equipped with the most cost-
effective technology on offer to meet the high levels of service required in the coming

decades.

This project anticipates one of these technological challenges: It is envisaged that
non-metallised fibre optic cables will become commercially available in the near
future. Despite being lighter in weight and more flexible than metallised cables they
have one major drawback; they are undetectable by present day cable maintenance

systems. A new type of detection system is required to overcome this problem.

A brief overview of existing fibre optic systems and cable maintenance technology is
presented in the following sections. The structure and composition of modern fibre
optic cables is detailed in section 2.1. The present need for repeater systems is
introduced in section 2.2. It is the possibility of unrepeatered long-haul cable systems
and advances in cable technology that may lead to the use of non-metallised cables.
Finally, the cable maintenance hardware, which could serve as a deployment platform

for a buried cable detection system, is presented in section 2.3.

2.1 Armoured Cables

This section briefly details the structure and composition of existing submarine fibre
optic cables. Optic fibres are usually made of a fused silica glass core surrounded by
layers of glass cladding and covered with a polymer coating [4]. Small quantities of
dopants, such as germanium dioxide (GeO,), phosphoric oxide (P,Os) and boric oxide
(B,0s3), are added to vary the refractive indices within the fibre. There are two basic
types of fibre, monomode and multimode, each having a different refractive index
profile and core size. Monomode fibres are preferred for high-bandwidth, long-
distance communication, carrying an optical signal at wavelengths of 1.3 um
(minimum dispersion) or 1.55 um (minimum absorption) [5]. Minimum absorption
wavelength fibres are now used almost exclusively in submarine telecommunication

cables.
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Figure 1 The structure of a typical lightweight fibre optic cable [6].

If optic fibres are left exposed to seawater they become brittle and discoloured. This is
caused by the process of hydrogen fixation whereby free hydroxyl ions diffuse from
the water into the silica [4]. To prevent this from happening in telecommunication
cables, the fibre unit is completely enclosed in a copper tube. Layers of metal wire
and insulation are wrapped around this core element for strength and protection. The
insulating layers are, typically, made of polyethylene and they help to maintain the
cable structure. Cables that are buried or laid over rocky ground are sheathed in even
more protective layers, the toughest being known as rock armour. These are built up
in the same way and contain materials such as kevlar for added strength. A cross-

section of a typical cable is shown in figure 1 [6].

Steel wires are necessary to prevent cables from stretching by more than a few tenths
of a percent in length during laying and recovery. The maximum load that can be
supported by the armour, Ta, is given by the product of the number of wires wrapped

around the cable and their tensile strength [7]:



W, (1)
4

TA =Tp, X

where Tp, is the tensile strength of steel (around 450 MPa), D, is the diameter of each

wire and n is the total number of wires.

Typically, a load in excess of 10 tonnes can be applied before a cable will break.
However, the resulting strain encourages microscopic cracks to grow in the fibres.
According to Charles’ model [8], the rate of crack growth in an optic fibre in the

direction, X, as a function of time, t, is given by

y 2
s-coli) edn)
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g ~abs

where Gp, 1s the applied stress, C, A and N are empirically derived constants, R, is the
gas constant, a, is the radius of curvature of the crack tip and T is the absolute

temperature.

The rate of crack growth (dx/dt) has been shown to be directly related to the
operational lifetime of a cable [9]. Equation 2 indicates that the applied stress, Gp,
must be kept as small as possible in order to maximise this lifetime. This can be
achieved by ensuring that the maximum allowable load on the armour, T, is high.
Hence, from equation 1, it can be seen that the operational lifetime of a cable is
related to the diameter and number of armour wires. A cable such as that shown in
figure 1 would be expected to have an operational lifetime in excess of 10 years in the

seabed environment.

2.2 The Need for Repeaters

The optical power of a signal in a fibre decreases as a function of the axial distance
from the source [10]. Attenuation is less than 0.2 dB km™ in a high quality fibre,
which gives a maximum range in excess of 100 km before the signal requires
amplification. This is performed by an active signal regeneration unit, called a
‘repeater’ [11]. Optical signals are converted into electrical signals which are
amplified. The resulting electrical signals are then converted back into optical signals.

Since most telecommunication data is transmitted digitally it is possible to recreate



the original waveform exactly. Electrical power is supplied through the metal cable

core.

‘Unrepeatered’ systems, which boost optical signals directly without the need to
convert them into electrical signals, have also been developed. These are known as
‘erbium-doped fibre amplifiers’ (EDFAs) and are similar in principle to the laser [12,
13]. An ‘inverted population’ of photons is created in the doped region of a fibre by
optical pumping [14]. Signals of the right wavelength can trigger ‘stimulated
emission’ when they pass through this region of the fibre. This causes them to be
amplified. With the development of remote EDFAs, systems of up to 2 000 km should
be possible [15].

As cable technology continues to advance, unrepeatered transoceanic links are
becoming a reality. The need for electrical conductors within the core will be
removed and, with advanced materials providing strength and protection, metallised
cables may become virtually redundant. It is anticipated that this new generation will
be similar in diameter (~ 10 mm) to the smallest and lightest cables currently in use.
As will be seen, however, non-metallised cables present a challenging detection

problem.

2.3 Cable Laying and Maintenance

Cable systems are exposed to many ocean floor hazards: volcanoes; earthquakes; land
slides; damage from the fishing industry; and even shark bites. Extensive sea-bottom
surveys are conducted to enable engineers to lay cables in the safest areas. However,
it has now become necessary to bury all the cables laid in continental shelf regions,

where trawler fishing is prevalent [16].

Cable laying ships can deploy over 4 000 nautical miles of cable in a single mission
(at a cost of around £ 20 000 per day), with the global positioning system (GPS) being
used to provide an accurate fix on the ship to within £ 10 m [17]. If a cable becomes
damaged, ‘optical time-domain reflectometry’ (OTDR) techniques are used to
determine the distance to the fault (see the fifth report in this series). Such techniques
can be used to determine the distance to cable breaks to within just tens of metres

over a range which can exceed 100 km [18].



Remotely operated vehicles (ROVs) are the primary apparatus used for cable burial
and retrieval. They are designed to operate at sea depths of, typically, a few hundred
metres (although ROVs that can operate at depths greater than 2 000 m are in
existence [19]). There are two main types of cable maintenance ROV (described

below), both of which are deployed and controlled from the surface vessel.

Figure 2 The 4 m long ‘Sea Plow VI’ towed underwater vehicle can bury cable to a

depth of 1.1 m in the seabed at a maximum sea depth of 1 000 m. (From ROV Review
1993-94, WAVES magazine, Windate Enterprises Inc., 5th Edition.)

The ‘plow’ is a simple machine, in principle at least, which is used for cable burial at
a maximum speed of around 2 kilometres per hour (see figure 2). It is dragged over
the seabed at a distance of 1 km or more behind the cable ship, and carves out a
wedge shaped section 1 - 1.5 m deep in the sediment [20]. The cable is laid in this
channel and the sediment replaced. The length of cable between the plow and the

cable ship may be 2 km or more [21].

The path taken by the plow closely follows that of the cable ship, although it also has
a limited ability to steer around small obstructions. Forward-looking sonar (such as
the Simrad 971 which operates at 675 kHz and has an effective range of up to 100 m)

is used for navigation and obstacle avoidance. An encounter between this vehicle and



an obstacle, such as a rock, can result in extensive damage. Hence, the route along

which the cable is laid is planned very carefully in advance.

Figure 3 The 3 m long ‘Seadog’ tracked underwater vehicle is used for cable burial,
tracking and repair at a maximum sea depth of 275 m. (From ROV Review 1993-94,
WAVES magazine, Windate Enterprises Inc., 5th Edition.)

Once the cable has been laid, a different ROV is required if cable recovery or
maintenance has to be performed. It is at this stage that a cable detection system is of

vital importance.

The ‘seabed tractor’ is a robust cable maintenance vehicle which travels along the
seabed on caterpillar tracks or skis at a maximum speed of 2 kilometres per hour (see
figure 3). ROVs in this class are modular in design and have been manufactured in a
range of sizes from less than 5 tonnes up to 100 tonnes. Similarly, their operational
depth capabilities range from a few hundred metres up to 6 kilometres [22]. On-board
camera and sonar equipment is used for navigation, and a magnetometer is used for

the detection of metallised cables.

Magnetometer systems (such as the TSS 340 pipe and cable survey system which uses

pulse induction technology to detect conductive targets) can passively detect the



metal in a cable from a distance of a few metres. It is usual, however, to improve the
visibility of a cable by the application of an alternating voltage (typically at 25 Hz)
across its metal core. The resultant field stands out well against the background
magnetic field of the Earth, enabling detection from a distance of 20 - 30 m. (The use
of such technology will, of course, no longer be possible once non-metallised cables

are brought into operation.)

Tools for the unearthing and cutting of cables are situated towards the front of the
vehicle and high pressure water jets for burial are located at either the back or the
front. Communication with the surface ship is achieved via an umbilical cable, which

may carry data either optically or electronically, or via an acoustic link.

The modular design of the tractor allows a certain degree of flexibility in the
mounting position of the forward-looking, navigational sonar. However, it is usually
positioned at the front of the vehicle and as high up as possible to give the best field-
of-view and to minimise the risk of damage. The possibility of adapting it for use in
an imaging system was raised by the author in discussion with Cable & Wireless
technicians. It was agreed that its position on the ROV and its present application
restricted its direct use although a similar transducer, positioned towards the centre of

the vehicle, might be more suitable.

3 Detection Methods

Detection problems are often split into two steps [23]: The first involves the detection
of potential targets without any attempt being made to classify them. The next step
involves re-examining potential targets at a higher resolution to distinguish objects of
interest from background clutter. Of course, it is often known whether or not a region
is likely to contain objects of interest. The challenge lies in being able to reliably

locate and classify them.

Several techniques have been considered (some of which have stemmed from an
earlier study [24]) that could facilitate the detection of buried objects. One approach
involves modifying objects before burial to render them more visible to a detection
system. For example, tracer chemicals or magnetic coatings could be applied, or

transponder units that could actively respond to a probe signal could be deployed.



However, this approach is often unworkable (e.g., the object may be designed for
covert use). In the particular application of buried telecommunication cables, such

methods were quickly ruled out by Cable & Wireless as being too costly.

An alternative to the direct detection of an object would be to search for the collateral
effects of its burial, i.e., ground disturbance due to cable laying. Acoustic, sub-bottom
profiling systems suited to this task are currently available and are used in ocean
bottom surveys [25, 26]. The drawback to this approach comes from the instability of
the seafloor environment. For example, cable damage can be caused by undersea
earthquakes that can also trigger mud-slides in continental shelf regions, and mud-

slides can completely hide any evidence of cable burial.

3.1 Radar and Sonar Detection Systems

The electromagnetic (EM) wave in radar is analogous, to a certain extent, to the
pressure wave in sonar. The coupling between an EM wave and an electrically
conductive medium causes absorption and scattering of a radar signal. This is similar
to the interaction between a pressure wave and an acoustic medium which causes
absorption and scattering of a sonar signal. Both radar and sonar systems rely on
signal processing to separate useful information from background noise and clutter. In

fact, as far as the signal processor is concerned, there is little to distinguish them [27].

There are, however, significant differences associated with the operating frequency
ranges of the two systems. As a first approximation, a large back-scattered power may
be achieved if the wavelength of incident radiation is less than the geometrical size of
the target. Thus, for a 10 mm diameter cable in a water-saturated environment, this
corresponds to frequencies higher than 6 GHz for radar and 50 kHz for sonar. At these
frequencies, the attenuation coefficient of acoustic waves in water-saturated sand will
be less than 30 dB m™' [28]. In contrast, the absorption coefficient of EM waves will
be greater than 300 dB m™ (which is the absorption coefficient measured at 1 GHz in

seawater [29]).

Of great concern is the problem of maximising back-scatter from the target. For
telecommunication cables in particular, the sediment and non-metallised cables both
have a high silica content. A solution may be afforded by further exploiting the

geometry of the target. For example, it may be possible to excite resonances in a
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target by careful selection of the frequency spectrum of the incident radiation [30]. In
the extreme case of highly non-linear scatterers, such as gas bubbles, resonant
scattering can give up to 1000 times more back-scattered energy than simple

geometric scattering [31].

For a complicated structure, such as a multi-layered telecommunication cable, the
resonance spectrum cannot be determined easily. However, the feasibility of a
resonance-based detection system can be investigated using homogeneous cylindrical

targets, for which the spectrum can be determined [32].

In general, spatial resolution improves with increasing frequency. Unfortunately, the
attenuation of sound in both seawater and sediments also increases with frequency
[33]. Therefore, the operating frequency of an imaging system should be made as low
as possible to ensure maximum penetration, but not so low that the target cannot be
resolved. For certain target geometries, however, the back-scattered power at the
receiver can actually increase at lower frequencies (see section 3.2 of the fourth report

in this series).

It is clear from the numerous acoustic imaging systems in commercial use [34] that
acoustic techniques are the preferred choice in underwater applications. Consider, for
example, the ‘enhanced-bottom sonar system’ (EBSS) [35, 36, 37]; a device that was
designed, specifically, to find cables suspended in the mid-ocean or buried in seabeds.
It is based on the principle of matched filtering, whereby a high incident power and
contrast may be achieved using a modulated pulse waveform [38]. Unfortunately,

little has been published regarding this system.

Given that the attenuation coefficient of EM waves is considerably larger than that of
acoustic waves (as noted above), it is reasonable to expect an acoustic system to
perform better than an EM system in a water-saturated environment. This is
particularly so in terms of achieving the maximum signal-to-noise ratio. Acoustic
techniques will be investigated in greater detail in later reports in this series.

Electromagnetic techniques are reviewed in the remainder of this section.

3.1.1 Electromagnetic Imaging

Electromagnetic radiation is scattered when it interacts with a charge distribution,

such as that associate with a molecule. The resultant motion of the charge becomes a

11



secondary source of EM radiation. For bound electrons, the ratio of the radiated
power to the power per unit area in the incident beam, i.e., the back-scatter cross-

section [39], is given by

8mr, o’ 3)
Gy = -
3 [(033 —c)z) +(02y2]

where o is the frequency of the incident radiation, my is the natural frequency, y is the

damping constant of the oscillating electrons and ry is the classical electron radius.

At low frequencies (® << ®, ), this reduces to the Rayleigh scattering law':

_ 8mr, (gy “4)
I ®,

Gr

since y <<, [39]. Of course, a high back-scattered power can still be achieved over
a wide frequency range since, as in the acoustic case, target features will diffract the
incident radiation and will exhibit resonances resulting from their geometry.
However, in order to assess the viability of EM imaging techniques in this

investigation, it is first necessary to quantify absorption in the propagation medium.

In sediments, the absorption of EM radiation is due to both conduction and dielectric
effects [41]. When measurements are made at a single frequency, the complex
permittivity, €, = €5y — J€py » and complex conductivity, G, = Gy — JO Ly » Cannot
be separated into two components of loss. However, in Maxwell’s equations [42]
describing wave propagation, egpy and ogy always occur in the combination,

Oy T JOEL, -

It is useful to define the following quantities:

' The scattering of plane waves by objects that are small in comparison to the wavelength of the radiation is

known as Rayleigh scattering [40].
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Real effective permittivity, el =ghy —

Real effective conductivity, Gl =0y T Oy
. . e o

Imaginary effective permittivity, &= g}, +—

Imaginary effective conductivity, &7 =0}, —0egy,

When measurements are made on a conducting dielectric, the apparent permittivity,

1 "

€y =€, —Jje”, and apparent conductivity, G, =c.—jc”, are measured. The

effective loss tangent, tan0, , is given by

tan0, =-Oe %o ©)

A range of equivalencies can be deduced. In particular, Gy, + jO€y =G py = JOEpy

shows that the behaviour of a material can be specified by either its apparent

permittivity or by its apparent conductivity.

If permeability is taken to be po (the permeability of free space), the relationships
between the apparent permittivity, €;,,, phase velocity, v,, and attenuation, ogqg, are

given by [29]

i (7)
’ 2
v, = c{;—e(w/1+tan2 0, + 1)}
€9
' 2
Oy = 2010gme><2{28e J1+tan’ 0, —1}
Co <80

(The factor, 20log,, ¢, is the scaling required to convert from nepers per metre to

decibels per metre.)

The principal loss mechanism in earth materials is the absorption of EM energy by
water in the pore spaces. When an electrostatic field is applied to water, a polar liquid,

a state of polarisation” is induced. However, Brownian motion acts to prevent the free

% In electrostatics, an applied field E produces polarisation charges in dielectric media and a polarisation P

related to the electric field by

PZSOXBE ’ Xe :81'_1 (F l)

13



rotation of the molecular dipoles [43]. Removal of the electrostatic field results in the
polarisation decaying with a relaxation time, t,, which is characteristic of the
Brownian motion at a particular temperature. The dielectric relaxation of pure water is

described by the Debye equations with a single relaxation time:

, €€, . (Ss—aw)mrr ()
el=¢,+———"5 and g/=-—"-—"F"——
e o0 2 _ 2 e 2.2

l+o’r, l+o°t;

where g is the ‘static permittivity’ and &, is the ‘infinite frequency permittivity’ [44].

The presence of free ions in seawater increases conductivity and hence attenuation,
although the frequency for peak attenuation (around 9 GHz at 0°C) is not significantly
changed. An expression for the complex permittivity as a function of angular

frequency in an electrolyte is given by

£, —¢ )

S 00

‘C’EM(CO) =&, '(l‘a)(oorr)(lfb)

1+
which reduces to the Debye relation when the fitting parameters a=b=0 [45]. On

the basis of equation (9), the complex permittivity can be found for a given
temperature, frequency and ionic species. Combining this with a measurement of DC
conductivity, oy (equivalent to oy, since oy, =0), and equations (5) to (7), the

velocity of propagation and the attenuation constant can be found.

A graph illustrating the characteristic attenuation length of electromagnetic energy in
seawater is presented in figure 4. This is the distance at which the amplitude of a

propagating wave is reduced to 1/e of its initial value [41, 46]. The region of greatest

transparency is around the optical wavelengths but these cannot penetrate the opaque

seabed and are strongly scattered by suspended particles.

where y, is the electric susceptibility of the dielectric and ¢, is the relative permittivity. The permittivity of

free space, &, is inserted to make y, dimensionless.
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Figure 4 The characteristic attenuation length of electromagnetic energy propagating
through seawater [47].

At high frequencies (for wavelengths A < 10 m), where the frequency of the incident
radiation will be close to the natural frequency of oscillating electric dipoles, the
radiation scattered from a buried target will reach a peak. The classical limit for
scattering from free electrons, known as Thomson scattering [48], is %® << m_c;

(where 7=h/2n and h is Planck’s constant). Quantum theory must be used for

incident radiation having a wavelength that is less than this limit (A <2.424 x 10

12 ).

It is within this wavelength range that Compton scattering® occurs. Compton back-
scatter imaging has successfully been used to detect land mines buried to depths of up

to 7.5 cm in dry soil [49]. However, a practical source of X-rays of sufficiently high

? It was shown by Compton that there is an increase in the wavelength of high energy photons (X-ray or gamma-
ray) when they are scattered by nearly free electrons. When a photon collides with an electron, some of the
energy of the photon is transferred to the electron. Energy and linear momentum are conserved in the collision.
The electron gains momentum and kinetic energy by changing its speed whereas the photon, which cannot
change its speed, must change its frequency. The measured frequency change agrees with that calculated by

Compton in 1923 [48].
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power to penetrate through up to 1.5 m of water-saturated sediment does not exist at

the present time [50].

3.2 Nuclear Magnetic Resonance Imaging

The magnetic moment of an atom is the vector sum of the magnetic moments of the
orbital motions and the spins of all the electrons in the atom. In 1897 the Irish
physicist, Larmor, showed that the application of an aligning force (torque) to a
spinning object causes a circular motion, known as ‘precession’. When subjected to
an external magnetic field, the magnetic moment of an atom precesses at a frequency
known as the ‘Larmor frequency’. This is directly proportional to the strength of the

applied field [51].

Any material under the influence of a magnetic field may exhibit the distinctive
Larmor resonance resulting from the precession of circulating electric currents (these
being due to nuclear or electronic spin, or electron orbits). For a large number of
nuclei, the net induced nuclear magnetisation is proportional to the magnetic field

strength.

A strong magnetic field may be produced in a volume of material (such as the seabed)
by passing an electric current through a coil of wire surrounding it. After a short time
(~ second) a small bulk nuclear magnetisation will have developed, aligned in the
same direction as the magnetic field. If the field is removed abruptly, by reducing the
current in the coil to zero, the only remaining field is that of the Earth. Each of the
nuclei experiences a small torque which attempts to realign it in the direction of the
Earth’s magnetic field, but the property of spin possessed by the magnetisation
ensures that it precesses at around 2.1 kHz [52]. This may be detected because of the
effect it has on the dormant coil. Essentially, the coil is next to a freely rotating
magnet and so, as demonstrated by Faraday, a small electromotive force will be

induced in the coil [53].

This principle is exploited in nuclear magnetic resonance imaging (NMRI) systems
[52]. Most practical NMRI systems use a magnet, which completely encircles the
target volume, and a separate receiving coil. To obtain a high resolution it is
necessary to develop a large magnetisation. This is achieved using one of three types

of magnet: permanent; resistive; and superconducting. The choice of magnet depends
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on the requirements of the size of the device and the stability and homogeneity of the

magnetic field in the target volume [54].

e Permanent magnets. These can generate fields of up to 0.3 tesler over volumes of
many litres. Of primary concern are their temperature stability and weight, which
can be up to 10 tonnes. To ensure field stability, temperature control better than

1 millidegree is required.

¢ Resistive Magnets. A medical, whole-body imaging NMRI scanner, generating a
modest internal field of 0.15 tesler, can consume up to 60 kW of electrical power.
Hence, there is a design compromise between weight and power consumption,

though most designs weigh less than 10 tonnes.

e Superconducting Magnets. These represent the majority of magnets
manufactured for medical NMRI systems. They possess the advantages of very
high fields (up to 10 tesler) and excellent stability. However, the establishment of

the magnetic field requires a large amount of energy (~ megajoules).

The volume resolution of the image, AV, for a range of nuclei in a uniform magnetic

field, By, can be approximated from the following expression [55]:

B AV = Y, (16nKTabsai:M
0

M,

); (10)
15pnr,

where W; is the intrinsic signal-to-noise ratio, M, is the induced nuclear
magnetisation, K is Boltzmann’s constant, T, is the absolute temperature in the
sample volume, agy is the coil radius, p is the resistivity of the sample volume, n is

the number of sample measurements and T, is the relaxation time.

The induced nuclear magnetisation for one kilomole of substance in a volume of 1 m’

and in a field of 1 tesler is given by

~1000mv2h’I(1+1) (11
- 3T

M,

abs

where n is Avogadro’s number, v is the Larmor frequency, h is Planck’s constant

and I is spin.
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Consider the magnetisation of the hydrogen nuclei of water at 4 °C in a field of
1 tesler. The specific gravity of water is taken to be unity and the molecular weight to
be 18. Thus, one litre of water weighs 1 kg and contains 1 000 / 18 moles. Using the
above equation (where vo = 42.5749 MHz and I = '/,), the magnetisation of a 1 mol ¢!

solution is 3.1348 x 10° A m™". Therefore, the magnetisation of water is
Mo=3.1348 x 10° x 2 x 1000/ 18 = 1.742 x 10° A m™".

The extra factor of 2 is introduced because there are two atoms of hydrogen per water

molecule.

The expression in equation (10) applies to a uniform magnetic field such as that
produced inside a medical scanner. In order to obtain sub-bottom images of the
seabed, an alternative arrangement is required. A solution would be to use a magnetic
coil positioned close to the surface of the seabed such that the imaging volume would
still be within the ‘fringe field’ of the magnet (i.e., the field outside of the coil). The
drawback to this approach is that the fringe field is, generally, much weaker and less

uniform than the field at the centre of the coil.

A reasonable estimate of the field strength necessary to achieve a volume resolution
of 1 m/ using a surface coil can be obtained using equation (10). If the radius of the
coil, agy, is 1.5 m and given ¥ =30:1, p=1 Q m, n =256 and 1, = 25 ms, a magnetic
field strength of around 1.4 tesler is required. Only a superconducting magnet would
be capable of generating such a high field strength (as noted above). The cost of
deploying such a magnet, weighing several tonnes, from an underwater platform

makes this technique unfeasible.

3.3 Acousto-Optic Interaction

There may be scope to exploit the intrinsic properties of some objects to aid in their
own detection. In the case of a buried fibre optic cable, for example, it may be
possible to change the transmission properties of the fibres (see below) using an
ROV-mounted device. If this change could be detected by a system, similar in

operation to the OTDR, the proximity of the ROV to the cable could be determined.
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e The Faraday Effect. The propagation of light through a material can be
influenced by an external magnetic field. In particular, the plane of vibration of
linearly polarised® light incident on a piece of glass is rotated when a strong
magnetic field is applied in the direction of propagation. This relationship between
electromagnetism and light was discovered by Faraday in 1845 and is also known

as the magneto-optic effect [56].

e The Kerr and Pockels Effects. An isotropic transparent substance becomes
birefringent when placed in an electric field. In other words, the material displays
two different indices of refraction, one parallel and one perpendicular to the
applied field. This effect was discovered by Kerr in 1875 [56]. Another important
electro-optical effect was studied by Pockels in 1893. In certain crystals that lack a
centre of symmetry, the induced birefringence is proportional to the first power of
the applied electric field. Of the 32 classes of crystal symmetry, the 20 piezo-

electric classes may exhibit the Pockels effect [56].

e Photo-Elasticity. Normally transparent isotropic substances can be made optically
anisotropic by the application of mechanical stress. This is the oldest known non-
linear optical interaction, also known as the ‘elasto-optic effect’, having been
discovered by Brewster in 1816 [58]. Pockels gave a phenomenological

formulation of the effect in 1890 that was regarded as adequate until recently’.

In 1914, Brillouin predicted that light could be scattered by thermal fluctuations.
This was related to the photo-elastic effect by considering the fluctuations as
thermally-excited acoustic waves. The diffraction of light from coherently

generated acoustic waves (‘acousto-optic diffraction’) was later observed [59].

e Micro-Bending Losses. The EM field of a guided wave in an optic fibre
penetrates into the fibre cladding. At a bend, the field at the outside has to travel

* Light is described as being ‘linearly’ (or plane) polarised if its electric field resides entirely in one plane, the
‘plane of vibration’. If the electric field vector rotates with constant angular frequency and constant magnitude
in the direction of propagation, then the radiation is described as being ‘circularly’ polarised. If its magnitude

changes, the radiation is ‘elliptically’ polarised [57].

> The Pockels formulation has been shown to be inadequate when applied to shear deformations in birefringent
crystals [58]. An interaction tensor that couples to rotation, the roto-optic effect, is needed in addition to the

Pockels tensor which couples to strain.
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faster than that at the inside to maintain the phase relationship in the mode. At
some distance from the fibre the speed of the wave will reach the speed of light in
the surrounding medium, requiring energy at larger radii to be radiated. The
proportion of optical power in the bend region that is dissipated in this way

increases rapidly as the bend radius decreases [4].

Systems based on the magneto- and electro-optic effects are impractical for the
detection of buried fibre optic cables. The attenuation of EM waves in seawater is
very large over most of the frequency spectrum (300 dBm™ at 1 GHz [29]) and a
magnet capable of producing a significant magnetisation at a range of 1.5 m in water-

saturated sand would be too costly to deploy.

Systems based on the photo-elastic effect and micro-bending losses seem far more
promising. If an acoustic source mounted on an ROV were to be focused upon the
cable, the stresses generated within the fibre could cause an observable change in the
optical back-scatter profile. Alternatively, a directional, ship-mounted acoustic source
of sufficiently high power (such as one designed to remotely detonate underwater

mines [60]) might be used to first locate, or even map, the cables.

It is estimated that an acoustic pressure amplitude at the cable in excess of 100 kPa at
a frequency of around 100 kHz would be required to achieve an observable effect
[61]. The details of the acousto-optic phenomena that could be exploited, and the

practicalities of their use in a real system, will be presented in a later report [61].

4  Summary

In this report, the need for systems capable of detecting a range of objects buried in
water-saturated sediment has been discussed. In particular, a need has been identified
for a system that can quickly and reliably detect buried telecommunication cables. A
summary of present-day cable types and cable maintenance systems has been
presented. However, the detection problem is complicated by the fact that existing
metallised cables may be replaced by lightweight, non-metallised cables. The

detection of such new types of cable is the focus of the rest of the investigation.
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Non-invasive acoustic and electromagnetic techniques have been compared. The
evidence suggests that acoustic systems are likely to be of greater use in the

underwater environment.

Subsequent reports [61-64] detail various facets of the study to investigate the
detection of targets buried in saturated sediment, primarily through acoustical or
acoustics-related methods. Although steel targets are included for comparison, the
major interest is in targets (polyethylene cylinders and optical fibres) which have a
poor acoustic impedance mismatch with the host sediment. The reports will discuss
the features which would be important considerations in the design of a detection
system. They include a description of the construction and testing of an experimental
rig and the associated signal processing system [62]. The laboratory apparatus
includes a physical model of an area of the seafloor that is typical of the environment
in which cables are buried. The nature of the acoustic transmission media are

considered carefully, with a view to designing an effective transducer system [62].

The design of the laboratory test system will be described in the second report of this
series [62]. It comprised a large, water-filled steel tank, part-filled with water-
saturated sand. The average depth of the sediment was 50 cm, and the total depth of
water and sediment within the tank was 116 cm. A pair of focused, acoustic
transducers were designed and fabricated from a pressure-release material. These
were mounted above the sediment and positioned using an automated, computer-

controlled system [62].

The sediment material was a fine, angular-grained sand, having a mean grain diameter
of around 100 um. Special consideration was given to the removal of gas bubbles
which are rarely found in the seabed at the burial depths considered in this
investigation, i.e., at depths of 1 000 m, or more. Sound speed and attenuation were
considered for the water, a suspension of particulate material, and within the
sediment. Measurements of sound speed were found to agree with the literature [62].
The predicted values of attenuation in water and suspensions at frequencies below
100 kHz were less than 0.1 dB m™. The attenuation in the sediment, on the other
hand, was found to be greater than 10 dB m™ for the frequency range of interest in

this investigation [62].
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The relatively high attenuation associated with the sediment had obvious implications
for the transducer system. It was necessary for the source to develop a high sound
pressure level in order for acoustic energy to penetrate into the sediment. The required
amplitude is dependent on the reverberation level within the medium (since volume
reverberation acts to mask acoustic signals back-scattered by the target), and the
scattering strength of the target. The background noise level and the dynamic range of
the receiver system were also important. If the background noise is relatively low, the

required source level is dependent on the sensitivity of the receiver.

Geometrically-focused acoustic reflectors were used in the laboratory. This provided
a cost-effective way of achieving a relatively high acoustic power and a narrow
beamwidth, with a single hydrophone acting as either a source or receiver. (It should
be noted that this solution was specifically intended for laboratory use. If the
techniques described in this report were to be used in the field, a ruggedised
transducer system would be required.) The performance of the transducers was
modelled using ray tracing theory. It was noted that this theory does not take account
of rim and surface diffraction effects. These were kept to a minimum by specifying a
close surface tolerance of less than /5 of a wavelength. The free-field performance of
the transducers was found to be in good agreement with that predicted by the model

[62].

Those properties of the seawater-seabed interface which could seriously degrade the
performance of a detection system will also be discussed in the third report in this
series [63]. The fourth report will discuss the signal processing requirements of the
detection system [64]. Both waveform-dependent and target-dependent processing
techniques are considered. The latter of these requires knowledge of the scattering
properties of the object being sought. Hence, the theory of resonant scattering from
cylinders and spheres will be reviewed. By calculating the back-scattering cross-
sections of the targets, it will be shown how it is possible to select an optimal
frequency range for the detection system. The report will show how these results can
be incorporated directly into the detection algorithms in an attempt to make them

target specific [64].

The fourth report in the series will detail how a variety of objects were buried in the

laboratory test facility and a series of detection experiments were performed. These
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experiments proved to be very successful in detecting objects buried between 25 and

30 cm deep in the sediment.

Matched filtering was shown to be useful in an environment dominated by noise or
clutter. This was an important finding in light of the investigation undertaken in the
third [63] report of the series, where it was noted that surface roughness can give rise

to an increase in both background noise and clutter at the receiver [64].

The fourth report will show how target optimisation techniques resulted in a small
increase in the average signal-to-noise ratio at the output of the system, and better
localisation of the targets within the sediment. However, in terms of overall
performance, this approach did not perform significantly better than waveform

dependent optimal filtering [64].

The fourth report will report on how synthetic aperture techniques were also
investigated in an attempt to achieve the best possible performance from the system.
In that study the synthesised aperture approach has the potential for achieving a high
signal-to-noise ratio and good localisation of buried targets, but only if the return
signals can be accurately aligned. Unfortunately, the positional error in the laboratory
apparatus and the small number of measurement positions used to form the synthetic
aperture meant that no significant improvement in performance was actually observed

[64].

For completeness, it should also be noted that there are a number of post-processing
techniques that would, ordinarily, be used in a detection system such as this. These
include time-averaging and integrating the output of the filtering stages, and envelope
detection to extract the return signal. However, these techniques are well-known and,

therefore, are only of passing interest in this investigation [64].

In addition to an acoustic solution (detailed in the reports [62-64] reviewed above), a
combined acoustic and acousto-optic approach is proposed in the fifth report of the
series [61]. This takes advantage of the intrinsic properties of optic fibres. Of course,
this approach is of little direct use in the detection of any other type of buried object.
Instead, it will be investigated as a means of imaging one particular class of buried
object, based on optical fibres. This technique should be seen as being complementary

to the acoustic detection approach. The report [61] will outline the theory surrounding
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optic fibre sensors, and acousto-optic interactions are explained. It should be possible
to detect the footprint of an acoustic beam as it passes over a cable if the source has
the effect of modifying the optical transmission properties of the fibres in the cable.
That is to say, the cable can be used to ‘sense’ the footprint of the acoustic source,
which acts as a beacon. This approach has two advantages: It allows detection over a
similar range to existing systems, i.e., a range of up to 20 m. Also, it can provide an
alternative to the acoustic detection system in the event that the acoustic system has

difficulty locating the target.

The theory surrounding optic fibre sensors, and the optical time-domain reflectometer
(OTDR) in particular, will be presented in the fifth report in the series [61]. Acousto-
optic interactions are also considered, including some of the non-linear optical

processes which used in distributed sensing applications [61].

Two related phenomena will be given special consideration in the fifth report in the
series. It is noted that the frequency shift associated with the Brillouin interaction is
dependent on variations in strain. Similarly, strain-induced changes in length and
refractive index (referred to as the acousto-optic effect) can affect the optical phase
within a fibre. Furthermore, it will be shown that the pressure sensitivity of an optic
fibre is related to the compressibility of its cladding. Thus, the fifth report in the series
will conclude that non-metallised fibre optic cables would lend themselves to use as

distributed strain sensors [61].

The sensitivity (Adrad / Oraa Apo) of glass fibres at an optical wavelength of 1 500 nm
was estimated to be around 10™"° Pa™' for the Brillouin effect, and around 10™° Pa™ for
the acousto-optic effect. Given that a change of around 1 part in 10’ can be detected
using interferometric techniques, it was estimated that an acoustic pressure amplitude

in excess of 100 kPa would be required to achieve a measurable effect [61].

A short experiment will be presented in the fifth report in the series, involving a
conventional OTDR. From the results of this experiment, it is demonstrated that it
should be possible to use an acousto-optic system to locate buried fibre optic cables.
However, the report will conclude that the system would have to be designed
specifically to measure the Brillouin frequency shift, or changes in optical phase, if

such techniques were to be used successfully in the field [61].
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At the end of all these investigations reported in this series, the following conclusions
can be drawn. Although the laboratory experiments were successful in validating the
feasibility of the system, there remains scope for further experimental development.
For instance, it has been left to future studies to confirm the acoustic pressure
amplitude required to produce a measurable effect in a buried cable. In addition, the
following operational difficulties were identified in private communication with

engineers at Cable & Wireless:

e [t was noted that if the acoustic source were to be mounted on a remotely operated
vehicle (ROV), control decisions would be based on information coming from the
ROV’s own guidance system and the acousto-optic measurement system.
Therefore, a continuous link would be required between the two systems. This
could present problems in terms of the cost of maintaining the link, and in the
maximum permissible response time of the ROV (which was reported to be less

than half a second).

e Optical signals could be significantly distorted by repeater stations between the
end of the fibre (the point of measurement) and the acoustically-modulated region
of the fibre. Therefore, it may be necessary for the detection system to be
connected to the submarine repeater nearest to the cable break. This presents

obvious difficulties from an operational point-of-view.

This series of reports is based upon the PhD work of R. C. P. Evans [65-69].
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